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Preface

Power converter applications in power systems have a long history. One of the first
installations of high-voltage direct current (HVDC) transmission systems was on
the Swedish island of Gotland in 1954. Mercury arc valves were used in the project.
These were replaced by thyristor valves in 1967. Since then, other thyristor-based
devices like the static var compensator (SVC), the thyristor-controlled series com-
pensator (TCSC), etc., started finding applications in power transmission systems.
However, with the advance of insulated-gate bipolar transistor (IGBT) technology,
voltage source converters (VSCs) have started gaining prominence in power sys-
tem applications. Currently, several VSC-based devices have been used in power
transmission applications, such as in VSC-HVDC, flexible alternating current
transmission systems (FACTS) devices, etc. At the same time, VSC applications
in power distribution systems have been gaining prominence in custom power
technologies and in microgrids.

With increased concerns about climate change, there has been an increased
application of power electronic converters in power systems and an increase in
the use of solar photovoltaic (PV) or wind power generation. Since these renewable
generators are intermittent in nature, energy storage devices (predominantly bat-
tery energy storages) are being used for both storing energy and smoothing power
fluctuations. Since VSCs generate harmonics, they are equipped with output pas-
sive filters. These filters can cause resonance with the rest of the system. Therefore,
the control of power electronic devices has gained prominence in recent times.
A very large number of publications have appeared in different IEEE Transactions
about converter controls and their usages.

The concept of a microgrid has gained much attention in recent times. Micro-
grids are small power systems that have distributed generators (DGs), battery stor-
age units, and customer loads located in close proximity. They can either be
connected to the utility grids or be operated independently in an autonomous
mode. They can provide fuel diversity and can increase the reliability and

xvii
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resilience of power delivery systems. Microgrids have been installed in commu-
nities, university campuses, hospitals, manufacturing sites, as well as in military
installations. Moreover, remote area microgrids have the potential of providing
reliable power to locations that are far away from power lines. Even though small
or medium-sized diesel or gas-fired generators can be used in a microgrid, power-
converter-interfaced generators are most prevalent as they interconnect renewable
generators and battery storages. Therefore, power converter control is a very crit-
ical issue for microgrid applications as well.

The aim of this book is twofold: to review the control theories used for smart
power converter control and to review the applications of these control concepts
in power electronic converters used in power distribution systems. A voltage
source converter can have several different control aspects that depend on its
application. However, the basic principles are somewhat common. Therefore, a
systematic approach has been taken for the application-specific converter control
design in the book.

Three chapters in the book cover control theory. Most of the materials that are
presented in these chapters can be used for a senior level undergraduate course or
a junior level graduate course. There are several worked examples and design tips
that can be used in MATLAB®, a product of MathWorks. The advantage of using
MATLAB® is that complex control algorithms can easily be tested and verified
using this software. In this book, MATLAB® has also been used for power con-
verter controller design, while the design concepts have been verified through
the Manitoba HVDC Research Center’s EMTDC/PSCAD simulation package.

The book is organized in 11 chapters. Chapter 1 introduces the book. This chap-
ter presents a basic introduction to power electronic components and power con-
verter modes of operation and topologies. The need for harmonic filtering is also
discussed briefly. Since most of the power converters can be modeled as piece-wise
linear circuits, they need be linearized for feedback control design. This is also dis-
cussed in this chapter.

The methods of analysis of AC signals are presented in Chapter 2. Topics such as
symmetrical components (phasor and instantaneous), Clarke and Park trans-
forms, and the principle and use of phase locked loop (PLL) are covered in this
chapter.

Chapter 3 provides an in-depth review of the classical control for single-input,
single-output (SISO) systems. Since most classical control analysis and design
approaches are similar for both continuous-time and discrete-time systems, more
focus has been given to continuous-time systems in the book. Topics such as
Routh-Hurwitz’s criterion, root locus, frequency response methods, Nyquist sta-
bility criterion, relative stability, compensator design, and the PID controller and
its tuning are covered along with several numerical examples. At the end of the
chapter, discrete-time representation and z-transform are discussed.



Preface

Power converter control design in classical domain is discussed in Chapter 4.
Specifically, DC-DC converters, such as buck and boost converters, are analyzed
in detail. The process of deriving models of these converters using averaging meth-
ods and then designing classical controllers using these linearized models are
explained. It also shows that a simple output voltage control is not sufficient for
a boost converter since it has a right-half s-plane zero. A two-loop control design
is also presented.

State space analysis and control design in both continuous- and discrete-time
domains are presented in Chapter 5. Different topics such as the representation
of a SISO system in state space domain, solutions of state equations, eigenvalues,
and eigenvectors are covered in this chapter. Also, modal analysis using diagona-
lization, controllability, and observability are discussed. A state feedback control
design using pole placement and a linear quadratic regulator is explained. The
process of eliminating any steady state error using an integral control action is also
described. At the end of the chapter, the process of deriving a DC-DC boost con-
verter model using state space averaging as well as designing a controller that hasa
much superior performance are demonstrated.

Chapter 6 discusses control system design in the discrete-time domain, where
prediction-based controllers are explained. Topics that are covered in this chapter
include minimum variance prediction and control, pole placement in the polyno-
mial domain, generalized predictive control, and self-tuning adaptive control that
combines recursive parameter estimation with control design. A numerical exam-
ple of the self-tuning control of a boost converter is also presented.

The open-loop control of DC-AC converters is covered in Chapter 7, where hys-
teretic current control and sinusoidal pulse with modulation (SPWM) for both
bipolar and unipolar modulations are discussed. The concept of space vectors
and space vector pulse width modulation (SVPWM) are also presented in this
chapter. It also discusses how the performance of SPWM can be improved through
a third harmonic injection. Different multilevel converters — such as diode-
clamped, flying capacitor, cascaded, and modular - are also discussed in this chap-
ter, along with the SPWM methods that can be used in multilevel converter output
voltage modulation.

Chapter 8 presents several techniques of closed-loop control of DC-AC conver-
ters, and discusses both voltage and current controllers. To eliminate the harmo-
nics generated by voltage source converters, they are equipped by output passive
LC or LCL filters. First, a typical filter design principle is discussed. This is followed
by a discussion of the state feedback based PWM and SVPWM voltage control of
VSCs and sliding mode voltage control. Current control, using both state feedback
and output feedback, is also discussed.

Power conditioning devices that are used for power quality improvements in
power distribution networks use DC-AC converters that need to be controlled
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in some specific manner to achieve their goals. Such devices are discussed in
Chapter 9, where, in particular, the structure and operating principles of a distri-
bution static compensator (DSTATCOM) are presented. The chapter demonstrates
that this device can be used for both voltage control, where a distribution bus volt-
age can be controlled against the load harmonics and unbalance, and for current
control for load compensation. The associated converter control method is also
presented.

Chapter 10 discusses microgrids. Both DC and AC microgrids are considered.
The primary control applications in these microgrids are in the form of droop con-
trollers, which are covered in detail in this chapter. Examples of different converter
control principles that can be used for renewable energy integration are included
in this chapter as well as the evolving smart power distribution systems that may
contain several microgrids. Some of the possible connection and operating princi-
ples of microgrid networks are discussed. Specifically, the power exchange
between the connected microgrid through a dedicated feeder is discussed in detail.

With the increased usage of power converters in power systems, higher-
frequency harmonics have been causing concerns for the operational health of
power components and appliances. In Chapter 11, some of the aspects of harmonic
analysis and the harmonic propagation aspects in distribution system are high-
lighted. Furthermore, the standards that are evolving to tackle the harmonic prob-
lem are also presented.

Arindam Ghosh
Firuz Zare
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1

Introduction

Power electronic converters are used in myriad applications. Some of these are
adjustable speed motor drive systems, high-voltage direct current (HVDC) power
transmission, flexible alternating current transmission systems (FACTS), power
conditioning custom power devices, and microgrids. Several power electronic
installations use traditional thyristor-based naturally commutated power conver-
ters, which have been in use for over half a century. However, with the advent of
high-power insulated-gate bipolar transistors (IGBTs), voltage source converters
(VSCs) have become increasingly popular in almost all the applications mentioned
above.

With the present-day concerns about climate change and its effects on the well-
being of all living creatures of our planet, an increased amount of renewable
energy sources has been integrated with modern power systems. Traditionally,
power is generated through large turbo alternators that are rotated at a fixed
speed. Note that the system frequency is directly related to the generator speed
(n = 120 f/P, n is the generator speed in rpm, fis the frequency in Hz, and P is
the number of poles). Usually, these turbogenerators have large inertia that help
in maintaining synchronism during faults or transient disturbances. Renewable
generators, on the other hand, provide low inertia and are often integrated through
power electronic converters and therefore cannot maintain system frequency. Spe-
cial control strategies are therefore adopted for the integration of renewable
generators.

Renewable energy, as the name signifies, is a form of energy that is replenished
constantly. For example, our sun is an abundant source of energy, and it shines
throughout the year in all parts of the world. Similarly, wind blows all the time,
while its speed depends on the time of day and the terrain. These two are the most
prominent types of renewable energy that are used for electricity generation. An
excellent resource for renewable energy is the book by Masters [1].

Control of Power Electronic Converters with Microgrid Applications, First Edition.
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© 2023 The Institute of Electrical and Electronics Engineers, Inc.

Published 2023 by John Wiley & Sons, Inc.



2

1 Introduction

The other forms of renewable energy sources are water (e.g. hydro, wave, and
tidal), geothermal, etc. Out of these, hydro and geothermal plants are location
dependent. Hydropower is the production of electrical power using the gravita-
tional force of falling or flowing water, where electricity is produced by placing
a turbine generator in the path of the flowing water. For this, catchment areas,
water heights, and a continuous flow of water are required. Usually, hydro plants
are placed in mountainous terrains. Hydropower is the most common form of
renewable energy, which accounts for about 16% of the world’s electricity gener-
ation. The total installed capacity of hydropower in 2020 is 1330 GW [2].

A powerful form of natural energy is generated by the gravitation of the moon
and the sun, which causes low and high tides almost twice per day. The movement
of the rising and falling sea level alters the potential energy of water that can be
converted into electricity by the operation of a power plant. To use this energy, a
dam wall is created to enclose a certain amount of seawater in an artificial bay
serving the purpose of a reservoir, just like a hydropower plant. When the tide
rises, the water enters the reservoir through a turbine which produces electric
energy until the seawater inside the reservoir is almost as high as the outside water
level. At low tide, the reverse process occurs and the water inside the reservoir exits
into the sea through the turbine. Note that these two separate processes are not
continuous as there is a pause of about two hours between these two. The tidal
power has tremendous potential; however, it is still in the experimental stage of
development due to the excessive cost involved. Other forms of waterpower that
are also in the experimental stage are ocean current and wave power plants.

Geothermal energy comes from the core of our earth. The center of the earth is
6400 km below the surface. Since the temperature there is about 4200 °C, it is hot
enough to melt rock into magma. The molten rock forms the outer core. The heat
from the core rises to the earth’s mantle, which is the layer that surrounds the core.
It is this energy that powers volcanoes, geysers, and hot springs. In a geothermal
plant, water is pumped into the earth’s mantle and the resultant steam that rises is
used for electricity generation using steam turbines. Geothermal plants, however,
have a finite lifetime. The energy production ceases when the mantle at the loca-
tion of the plant cools down due to the continuous extraction of heat energy.

There are two possible ways of generating solar power: through photovoltaic
(PV) array and through concentrated solar power (CSP), which is also known
as solar thermal power. In CSP, power is generated using mirrors and lenses to
concentrate sunlight over a large area onto a receiver. The concentrated light then
produces heat energy, which drives steam turbines to produce electricity using
thermal generators. It is to be noted that water is not the only source that can
be used for heat extraction from CSP: molten nitrite salt and hydrides are also con-
sidered for their higher heat retention properties. Spain is the leading country in
CSP installation, followed by the United States.
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Most of the technologies mentioned above use rotary generators to produce
energy without any requirement of power electronic converters. This, however,
is not the case for solar PV and wind generators as they require power electronic
converters. A PV array produces power at DC voltage, which is then boosted
through a DC-DC converter. The DC-DC converter is also often used for maximum
power point tracking. The DC-DC converter output is converted into AC through a
VSC for grid connection.

There are several types of wind turbines. These are [3]:

o Type 1: Fixed speed in which a squirrel-cage, self-excited induction generator is
directly connected to the grid through a transformer. The turbine speed is syn-
chronized with the grid frequency and is therefore (nearly) fixed.

o Type 2: Limited variable speed in which a wound rotor induction generator is
connected directly to the grid through a transformer. The generator contains
a variable resistor in the rotor circuit, which can control the rotor current
quickly to keep the power constant, even during grid or wind disturbance.

o Type 3: Variable speed with partial power electronic conversion using doubly fed
induction generator (DFIG). In this, there are a pair of VSCs that are connected
back-to-back on the DC side through a capacitor. The grid side converter
exchanges power with the grid and holds the DC bus voltage, while the rotor
side converter can almost instantaneously control the magnitude and angle of
rotor current. The major advantage of the DFIG is that it can bring about a large
control of power in the stator circuit while using converters that have a much
smaller rating than the machine.

o Type 4: Variable speed with full power electronic conversion in which a perma-
nent magnet synchronous generator is connected to the grid through full-rated
back-to-back converters. The turbine, in this case, is allowed to rotate at its opti-
mal aerodynamic speed harnessing maximum power. Also, the need of a bulky
gearbox is eliminated since the machine speed is separated from the grid fre-
quency. The turbine side converter converts the generator voltage into DC
and the grid side inverter injects power to the grid at rated or prevailing grid
frequency.

Recently, several offshore windfarms have been installed. The power from these
plants is supplied to the mainland through either submarine DC cables at high
voltage or through multiterminal HVDC systems. All of these employ VSCs for
power conversion.

There are several smaller generators that are deployed in power distribution sys-
tems, though not all of them necessarily use renewable energy. The most prevalent
among these are the rooftop solar PV systems, which generate power with an out-
put DC voltage level. These are then converted into AC through DC-AC power
converters. There are others such as wind, fuel cells, and microturbines that

3



4

1 Introduction

use power electronic converters. Collectively these generators are called distribu-
ted generators (or DGs) because they are distributed throughout power distribu-
tions systems and are placed close to where the energy is consumed. Many of
the renewable sources (e.g. solar and wind), however, are intermittent in nature.
Therefore, storage systems are required to maintain continuity of the power flow.
The DGs, together with the energy storage systems, are usually called distributed
energy resources (or DERs). The most common energy storage such as battery
energy storage systems (BESS) require power converters for converting DC voltage
into AC.

From the above discussion, it is evident that power electronic converters play a
very crucial role in the modern-day operation of power systems. Therefore, the
control of these converters is also very crucial for the smooth and stable operation
of power systems. Section 1.1 presents a brief introduction to power electronics.

1.1 Introduction to Power Electronics

Power electronics essentially is power processing. It is the application of electron-
ics, control, and signal processing to adjust, regulate, or control electrical energy.
Power electronics consists of power and electronic circuitry. In the power circuitry,
DC or AC energy sources are converted to regulate or adjust voltage or current
waveforms in the form of DC or AC with specific amplitude or frequency suitable
for different applications. Figure 1.1 shows a schematic diagram of a power elec-
tronics system, which consists of an input source, a power converter, a load, and a
controller.

The input source can be DC (e.g. BESS, solar PV, fuel cell, etc.) or an AC (e.g.
grid, wind turbine, etc.). In some applications, the DC source can be in the form of

Power
Converter

iin(t) iom(t)

Control
L Signals

Controllers
and
Gate Drives

Measurement
Signals

Figure 1.1 Schematic diagram of a power electronic circuit.
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capacitors that can store energy. Furthermore, in an AC system, the input can be
single- or three-phase. The loads can be either AC or DC. They can operate at
either high or low voltage, where the frequency can be variable in the case of
AC applications. For example, in home applications, power electronics is used
in battery chargers (cell phones, laptops/desktops), electric motors, and induction
cooking devices among others.

The power converter consists of semiconductor switching devices and passive
elements, such as magnetic devices and capacitors. The semiconductor switching
devices, such as MOSFETs (metal oxide silicon field effect transistor) or IGBTS,
can operate at high voltage and current ratings that are suitable for different
applications.

The controller unit consists of (i) measuring devices including input and
output voltage and current signals to monitor and protect the system, (ii) a micro-
controller with signal processing capability, and (iii) digital and analog electronic
circuits. The controller synthesizes signals in the form of pulses suitable for the
power converter to convert the input energy suitable for a load. The interface
between the controller and the power converter is through gate drives, which take
the control signals based on a pulse pattern and turn the semiconductor switches
on and off at high voltage and current amplitudes.

Overall, the main aim of modern power electronic systems is to convert and
deliver input power with maximum efficiency, high quality, minimum cost, and
weight, in an integrated and high-power density circuit.

The main components used in the controller and the gate drive units are shown
in Figure 1.2. As the voltage and current ratings of the controller and gate drives

Figure 1.2 The main active and
passive components used in _ —\/\/\/\—

controllers and gate drive units. Integrated Resistors

Circuits /

CII‘CUIt

/I\ Elements
Capacitors / |nductOrs

T
i

Tranformers
Switched Linear
Mode Mode
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Power Diodes Figure 1.3 The main active and
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are very low compared to the power converters, resistors, and operational ampli-
fiers (OPAMPS), linear mode switches are used in these units without any loss due
to their high efficiency. On the other hand, their circuitry and design are very com-
plex as the total power electronics system needs to be monitored and controlled
through these units.

The power converter consists of four main components, as shown in Figure 1.3.
Resistors and power switches in linear mode are not used in the power converters,
because they incur significant losses when currents pass through these compo-
nents. The energy conversion is usually based on a pulse width modulation
(PWM) method where a desired signal is generated by pulse patterns at higher fre-
quencies. The switching devices chop the input voltage or current (at high voltage
and/or current rating) based on the control signals synthesized by the controller.
Thus, the major issues of the power electronics system are (i) the generation har-
monics and high-frequency noises which should be controlled and mitigated using
filters and (ii) conduction and switching losses.

Figure 1.4 shows four different configurations of power converters that can con-
vert energy from DC or AC sources to adjustable and regulated DC or AC current
or voltage waveforms suitable for different loads. Figure 1.4a shows a DC-DC con-
verter that has an input DC voltage source (e.g. battery or PV). The output voltage
can be adjusted (increased or decreased) during the operation, as in a DC motor
control or regulated power supplies. In Figure 1.4b, the energy from an AC source
(fixed or variable amplitude or frequency), can be changed into an AC signal with
adjustable amplitude and frequency, as in variable speed motor drive systems, or
with regulated amplitude and frequency, as in grid-connected renewable energy
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Figure 1.4 Four different configurations of power converters: (a) DC-DC, (b) AC-AC,
(c) AC-DC, and (d) DC-AC.

systems. Figure 1.4c shows a power converter can transfer the energy from an AC
source (e.g. grid or wind generator) to an adjustable or regulated DC signal (e.g. DC
grids, power supply). The input source can be either a single-phase or a three-
phase for low- or high-power applications. In the last configuration, shown in
Figure 1.4d, a DC source is connected to a power converter and the output AC sig-
nal amplitude and frequency can be adjustable (e.g. induction heating and weld-
ing) or regulated (e.g. uninterruptable power supply or controllable AC sources).

1.2 Power Converter Modes of Operation

While designing a power converter, its modes of operation should be determined
according to the system operation and the load characteristics. The instantaneous
values of the load current i,,(f) and voltage v,,(t) can either be positive or negative
in amplitude. These values represent four modes of operation for the power con-
verter, as shown in Figure 1.5. The converter topology will be different when it

@ (b)
iin(t) : iozu(r) ’ 1
Mode I Mode |
Power +
vin(t) Converter Vum(l‘) Load Vo
Mode Il Mode IV
Source
Side ' Load Side |

Figure 1.5 (a) Power converter supplying a load and (b) four quadrants of operation.
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(b) iOll[

Mode Il || Mode |

Load v

out

Mode IIl || Mode IV

Figure 1.6 (a) Power converter in unidirectional power flow and (b) two modes of
operation.

operates in one, two, or four quadrants. These conditions and operating modes are
explained in this section.

Figure 1.6 shows a power converter with a unidirectional power flow in which
the power is controlled and processed from the input side and transferred to the
output side. The converter may operate either in quadrant I (when both voltage
and current values are positive) or in quadrant IIT (when both voltage and current
values are negative), or both these quadrants.

A power converter with a bidirectional power flow can operate in four different
quadrants and the power can be transferred from the source to the load (consump-
tion) or from the load to the source (regeneration). The converter may operate in
any quadrant, based on the instantaneous voltage and current values and the load
operating modes, as shown in Figure 1.7. The operating modes of a power con-
verter with different topologies and semiconductor switches (type and configura-
tion) will be explained in the following section.

ut

fou(0)
—

Mode Il | Mode |

Power Load ’

Converter

out

Mode Il | Mode IV

Figure 1.7 (a) Power converter in bidirectional power flow and (b) four modes
of operation.
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1.3 Power Converter Topologies

Several different topologies are utilized in energy conversion systems. The most
common systems are shown in Figure 1.8 and are classified as:

o Low-frequency (at grid frequency 50 or 60 Hz) power converters such as diode
rectifiers or controlled rectifiers with slow power switches, such as diodes or sil-
icon-controlled rectifiers (SCR). These converters rectify AC signals (single-
phase or a three-phase) to a DC form. These are shown in Figure 1.8a-d.

o High-frequency (at a switching frequency in kHz range) power converters are
based on fast semiconductor switching devices such as MOSFETs or IGBTs.
These converters are controlled based on PWM signals (modulated signals)
and are used in different DC-DC or DC-AC energy conversion systems. The size
of passive components utilized in these converters can be reduced if the switch-
ing frequency of the PWM signal is increased. This is shown in Figure 1.8e.

o A cascaded topology is based on a combination of a few low- and high-frequency
power converters. For example, in Figure 1.8f, two power converters are in

(a)
iin ( h iom ( h ivm
i o
Half/Full |+ Half/Full| +
Vin Wave | v, Load Wave | Vour Load
Rectifier | _ Rectifier | —

Ac side |_—®— JpC side

J

—*— Jocside

C

(©) (d)

Control Control
Circuit Circuit
lin ( ) l(ﬂl» ] ( ) @L
Zin_ _a,
+ +
Vin Vout Load Vout Load
Controlled | Controlled |~
AC Side |_Rectifier ) DC Side \_Rectifier ) DC Side|
(e)
DC I, DC or AC
Vi —] Load P, —|li} —|lf)} Pou

Power Converter Converter-1 Converter-2
Figure 1.8 Power converter topologies: (a) and (b) Low-frequency diode rectifiers, (c) and (d)
lower frequency-controlled rectifier, (e) high frequency power converters, and (f) cascade
power converter.
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cascade with a storage element to convert an AC signal into a DC form and then
the resulting DC signal back into an AC signal with adjusted or regulated ampli-
tude and frequency. This is also called back-to-back (B2B) connection.

1.4 Harmonics and Filters

Harmonics and high-frequency noises are the two main aspects of power conver-
ters which have a negative impact on the quality and efficiency of the overall sys-
tem. These phenomena are caused due to low- or high-frequency switching
transients of the semiconductor switches in power converters. For example, to
change a DC voltage to a desired level that is suitable for a load, a pulse train is
applied to a DC-DC converter with a controlled duty cycle in such a way that
the average voltage over each switching cycle can be controlled, as shown in
Figure 1.9. The DC-DC converter is shown in Figure 1.9a. For the converter,
the duty cycle is generated by comparing a reference signal (v,.) with a sawtooth
signal (vs) and a gate signal is generated, as shown in Figure 1.9b. It is to be noted

(a) (b)
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st waveform

ENS
\<

Ny

Vref
+ s
V.nCD D C<i RSV,
ON OFF._ON OFF. ON OFF
AN

Gate Signal

lon | lorr
b
hns & v n '

t
Gate Drive

71
\4
|
~

Duty Cycle = 50%

__Average Output
Voltage

t

Average Output

/ Voltage

it ;

f?

Figure 1.9 (a) A DC-DC converter, (b) its modulated signal, and (c) the output signal in time
and frequency domain.
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that the cycle time is Ty = ton + torr- The switching frequency is f; = 1/T, and the
percentage duty cycle is defined as d = (ton/Ts) X 100%.

Let us assume that the duty cycle is controlled at 50% and the converter is
designed such that the average value of the output voltage (V,,,,) for this duty ratio
is 50% of the DC value (V;,,). Although the pulse train is synthesized to control the
average value of the output voltage, the proposed pulse waveform has harmonics,
as shown in Figure 1.9c. This signal in time domain is not suitable for interfacing
with electronic systems and the high-frequency harmonics should be filtered using
an LC filter, as shown in Figure 1.9a.

Figure 1.10a shows a single-phase AC-DC converter where the input voltage is
supplied from a low-voltage grid. The line current is not sinusoidal, and it is dis-
torted due to the diode rectifier operation and its DC link filter (capacitor). The
current harmonic amplitudes must be reduced according to international standar-
dizations. There are several active or passive methods to mitigate current harmo-
nics at the grid side.

Based on the above discussion, a general block diagram of a power electronics
system is shown in Figure 1.11, where two filters — one at the grid side and the

(@) (b)

(1)
>

X3 l NN f

: of i —

Vull) ; Load 7
r{:_;[ A /’\ 4@ \ i”’_(?" ‘.

Figure 1.10 (a) A diode rectifier connected to a DC-AC converter and (b) voltage and
current waveforms of the diode rectifier.
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Figure 1.11 A general block diagram of a power electronic system with different filters.
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other one at the load side - are utilized to mitigate low- and high-frequency har-
monics. The grid side filter consists of two different types of filters: harmonics and
electromagnetic interference (EMI) filters. A harmonic filter is designed to miti-
gate low-order harmonics below the order of 40th or 50th harmonics depending
on standardization limits. The EMI filter is designed for high-frequency harmo-
nics, mainly above 150 kHz to suppress conducted emission noise.

1.5 Power Converter Operating Conditions, Modelling,
and Control

Power electronics systems are nonlinear as there are several semiconductor
switching devices which are turned on and off thereby splitting a power converter
circuitry into sub-circuitries. The system might have more subsystems when the
inductor current is not continuous during the operation. Figure 1.12 shows all
operating conditions of a DC-DC converter, which can operate in either a contin-
uous conduction mode (CCM) or a discontinuous conduction mode (DCM). The
steady state analysis is used to design a power converter under different load con-
ditions. This includes the selection of passive and active elements, switching fre-
quency, losses, and quality analysis. The system can be simplified when internal
parasitic and stray components are neglected, including the voltage drops across
the diodes or switches, the internal resistance of magnetic elements, or the stray
inductance of the interconnections.

Dynamic behavior of a power converter takes place when a change occurs in the
reference signal or input voltage or the load. This includes the startup condition
when a power converter is turned on, as shown in Figure 1.13. In this case, the
instantaneous value of the inductor current is increased from zero. The inductor
current at the beginning and at the end of each switching cycle is not the same.

DC-DC
Converter

Dynamic

Steady State
Modelli
Ideal/Real odelling
cCcM/DeM Componets
Control
Design

Figure 1.12 Operating conditions of DC-DC converters.
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Figure 1.13 The time
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However, when it reaches a steady state after several switching cycles, the inductor
current at the beginning and the end of each switching cycle is the same. Thus, the
dynamic behavior of a power converter, i.e. reaching the steady state value with
minimum transient time, error, and overshoot, can be improved using a proper
control system.

The general approach of designing a controller is to find the transfer function of
a system. Most power electronics systems are nonlinear with discrete operating
modes. For example, Figure 1.14a shows a buck or step-down DC-DC converter
operating in CCM where the current through the inductor is always continuous.
When the switch is turned “ON” or “OFF,” the converter circuitry is changed into
two different equivalent circuits, as shown in Figure 1.14b,c. As the power con-
verter is switched on in the frequency range of kHz, it has different subsystems

(a)

L
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Figure 1.14 (a) A buck converter, (b) when the switch is turned ON, and (c) when the switch
is turned OFF.
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that cannot be modeled and analyzed based on conventional control theory. Thus,
small signal modeling, averaging approach, and linearization techniques are
required to model a power converter as a continuous system. In this book, different
power converters based on the averaging method and stability analysis of power
converters are studied at the device and system levels. Discrete modeling is a help-
ful step to recognize the delays in control.

1.6 Control of Power Electronic Systems

In this section, the concept of feedback control is briefly discussed and the appli-
cation of control on a simple power electronic circuit introduced. Our discussion
starts with the advantage of feedback control.

1.6.1 Open-loop Versus Closed-loop Control

Consider a first-order system given by the differential equation

(1) + ay(t) = u(t) (1.1)
where y(¢) is the output, u(t) is the input, and « is a scalar. Assume that the system
is at rest, i.e. y(t)l; <o = 0 and a control input u(f) = K X uy is applied at time t = 0,
where 1 is a unit step and K is a scalar constant. Then the system response will be
given by

o) = I;{(l—e_‘”), £>0 (1.2)

If a > 0, the exponential term will tend toward zero as t — oo. Therefore, the steady
state value of y(t) as t — oo will be K/a. If, on the other hand, a < 0, the output will
tend toward infinity as time progresses, resulting in an unstable system. The sche-
matic diagram of the open-loop system is shown in Figure 1.15a.

The main aim of a control system is to follow a reference input y,(t) asymptot-
ically. To achieve this, a negative feedback of the output is used to form the control
law as

u(t) = K{yy(£) =9() } = Ke() (13)

(a) (b)
O CUN P LUR

u(t) —
u—w K > [y@nde [0

[y () dt > (1)

Figure 1.15 (a) Open-loop control system and (b) feedback control system.
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where e(f) is defined as the tracking error. Substituting (1.3) in (1.1) and assuming
u(t) = Ke(t), we have

Y1) + (K + a)y(t) = Ky (1) (1.4)

The closed-loop system is shown in Figure 1.15b. Let us assume that the refer-
ence input is a unit step. Then, the output is given by

K
y(t) = T(1—e—<K+"‘>‘), £>0 (1.5)
a

The closed-loop system will remain stable (bounded) so long as K+ a> 0.
If @ > 0, then the system will be stable for positive values of K. On the other hand,
if a is negative, K should be greater than lal. This is one of the advantages of the
feedback control. Another important aspect of the feedback is reference tracking,
where the output y(f) needs to be close to the reference input y,.(t) in the steady
state, which can only be achieved if the system is stable. In that case, the steady
state tracking error is defined from (1.5) as

_ K
T K+a

ess(t) = () =2 (O} (1.6)

The steady state error can be minimized by choosing a large value of K.
Figure 1.16 shows the behavior of the open- and closed-loop systems for lal = 0.5.
For the open-loop system, it is assumed that « >0 and K = 1. This is shown in

(8.2) Open-loop with @ =0.5and K =1
T I T
1 |
0 1 1 L 1 L 1
0 1 2 3 4 5 6 7 8 9 10
(b) ;
1 Closed-loop witha=0.5and K=5
T T T T T
0.5 .
0 | 1 1 1 1 1 | 1 |
0 1 2 3 4 5 6 7 8 9 10
(c) Closed-loop with a = 0.5 and K = 5
1 T T T T T T |
0.5 |
0 1 1 1 1 1 L 1 L 1
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 1.16 (a) Open-loop control system, feedback control system (b) with a>0 and
(c) with a<0.
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Figure 1.16a, where the output reaches its steady state value of 2. The closed-loop
response for a > 0 is shown in Figure 1.16b, while Figure 1.16c shows the closed-
loop response for a < 0. The value of the gain for both these cases is chosen as
K = 5. Even though the open-loop system is unstable for a < 0, the closed-loop sys-
tem is stable in Figure 1.16¢ since K+ a > 0.

1.6.2 Nonlinear Systems

Consider the following system

3(t) + a(1) = sin (6) (1.7)
This is obviously a nonlinear system. Even though there is a vast amount of liter-
ature dealing with the stability and control of nonlinear systems, usually linear
controllers are designed by linearizing the system around an operating point.
For linearization, Taylor series expansion is performed around an operating point,
where the second- and the higher-order terms are neglected. This aspect is dis-
cussed later in the book. However, we present a simple method here.

Let us assume that the system operates under a steady state operating point of y,
and 6, such that (1.7) can be written as

$olt) + ayf(t) = sin (6) (1.8)
Let us also assume that the system is perturbed with small increments such that
V() = yo(t) + Ay(t) and 0 = 6, + A6
The substitution of the above two equations in (1.7) yields
Po(t) + AY(t) + aly,(t) + Ay(t)}* = sin (6 + AH) (1.9)

Since the increments Ay(f) and A# are very small, the following assumptions can
be made

AY*(H) = 0, sin(A6) = A0, and cos(Af) = 1

Substituting these in (1.9), we have

Yo(t) + Ay(t) + ayy(t) + 2ay,(t)Ay(t) = sin (6) + cos (6p) A0 (1.10)
The following linearized model is obtained by subtracting (1.8) from (1.10)
Ay(t) + 2ay,(t)Ay(t) = cos (6p) A6 (1.11)

To determine the steady state condition, the first step is to choose a value of ;.
Once the system attains the steady state, the derivative of the output in (1.8) will
be zero, i.e. y,(t) = 0, and therefore, the steady state of the output is obtained as
Yo =/ sin (6p)/a. For example, if @ = 2, then the steady state values for 6, = 10°,
6o = 20°, and 8, = 30° are 0.2947, 0.4135, and 0.5 respectively. Starting from
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Output Response (y) for 6 = 10°
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Figure 1.17 The response of the nonlinear system with three different values of 6.

Y(®)li=o = 0, the response of the system with these values of 6, are shown in
Figure 1.17. It can be seen that the output attains these values in the steady state.

1.6.3 Piecewise Linear Systems

Consider the buck converter model shown in Figure 1.14a. From Figure 1.14b, the
following equations are obtained when the switch is ON.

Do __ 1 Vour + =1
dd ~  RC ™7 c*
1.12
di (112)

1 1
ar o g Ve + Zvin

On the other hand, when the switch is OFF, the following equations describe the
system

Advour 1 .
dt = - Evout + ElL (1 13)
dip 1 :
dar - - Zvout

Both these sets of equations are linear. However, the behavior of the circuit is con-
trolled by the duty ratio or duty cycle shown in Figure 1.9c. This is best described in
terms of the state space description of the system, which is explained in Chapter 5.

17
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Let us define a state vector as x = [V, iz]". Then (1.12) and (1.13) can be written
respectively as

X = Ax + BV, (1.14)
X = AX (1.15)
where
Ao -1/RC 1/C B 0
o ISP

Now assume that the switch closes at f,, opens at t;, and subsequently closes at ¢,,
as shown in Figure 1.9b. In the steady state, the duty ratio D is constant, and
therefore

tl - to = DTS, tz _tl = (].—D)TS (116)

where D is the duty ratio and Ty is the cycle time. Then the solutions of (1.14) and
(1.15) respectively are

f DT,

x(ty) = J(Ax + BVi)dt + x(ty) = J (Ax + BVi)di +x(6) (117
t (1-D)Ts
x(i>) = JAxdt +x(ty) = J Axdi + x(11) (1.18)

In the steady state, we have x(t,) = x(¢,). Solutions of (1.17) and (1.18) will yield the
description of the system between ¢, and t,, which is dependent on the duty ratio,
which appears in the exponential terms of the solutions of (1.17) and (1.18). Thus,
even if the circuit is piecewise linear, the overall behavior of the circuit is nonlin-
ear. Furthermore, the DC-DC converter is controlled by its duty ratio. Therefore,
the system will have to be linearized for control design, as is discussed in Chapter 4
(Section 4.1.5) and Chapter 5 (Section 5.11.2).

1.7 Power Distribution Systems

Power systems’ voltages and currents can be represented either though their
instantaneous components or through their phasor components. The instantane-
ous voltage of the form v(f) = V,,, sin(wt + §), where V,,, is the voltage magnitude, @
is the angular frequency in rad/s, and é is its phase angle. Phasor components rep-
resent the sinusoidal steady state, i.e. the voltage (or current) magnitude and its
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angle when the transients have died down and all the quantities in the system
are in a pure sinusoidal state. For the instantaneous voltage given above, the
phasor component is represented in polar of cartesian form as V =
(Vin/V2)é® = (Viu/V/2)[cosd + jsind]. A diagram representing the phasors in
a circuit is called the phasor diagram.

One of the main applications of power converters is in power distribution sys-
tems. These applications are discussed in Chapters 9 and 10 of this book. Consider,
for example, the radial power system shown in Figure 1.18a. It contains a source Vi
that supplies an RL load with the impedance of Z;. Let us assume that the switch S
is open. The phasor diagram of this system is shown in Figure 1.18b. The lagging
load current (I) has two components: the real component (Iz) and the reactive
component (Ip). It is the real component that is doing any practical work, while
the reactive component is present due to the load power factor. However, due
to the reactive component, the current magnitude becomes larger. This causes
more line voltage drop and larger RIII* drop in the line that can lead to excessive
heating in the conductors.

When switch S is closed, the capacitor, with a reactance of —jX, is connected in
parallel with the load bus. This will draw a leading current I from the system, as

ZL
Vs VSC @Z

I v, =

Figure 1.18 (a) A radial distribution system, (b) phasor diagram when the capacitor is not
connected, (c) phasor diagram when the capacitor is connected, and (d) power factor
correction through a VSC.
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shown in Figure 1.18b. If this current is such that I = I, then the source will only
supply the current I. Then, the load and the capacitor will draw power from the
source at unity power factor, as shown in Figure 11.18c.

The main problem with the above proposition is that the load may change, and
therefore fixing the value of the capacitance with all load changes is not feasible.
A better approach is to connect a VSC in shunt with the load bus. This VSC,
through proper control, can not only correct the power factor but also provide har-
monic compensation, balance the load bus voltage, and regulate the bus volt-
age [4].

A microgrid is a small, localized grid with its embedded control capability. It can
operate along with the main utility grid or can also disconnect from the grid and
work autonomously while supplying power to its local loads. Microgrids are sup-
plied by their local generators with most of them harnessing power from renew-
able energy sources. Additionally, a microgrid may even contain battery storage
systems. These power supply sources are collectively called DERs. Most of the
DERs are connected to microgrids through VSCs and are required to supply power
in the autonomous mode, while regulating its bus voltage and frequency. There-
fore, converter control plays a significant role in the operation of microgrids. Since
microgrids have local generators, they are very suitable for combined heat and
power applications. Microgrids have tremendous potential for remote area power
systems where power lines are not present or have very weak connections. Also,
microgrids are being developed for university campuses, for commercial/commu-
nity buildings, military usage, etc. Microgrids have even been conceptualized for
space applications [5].

1.8 Concluding Remarks

In this chapter, a brief introduction to the book are presented. Topics mentioned in
this chapter are elaborated in subsequent chapters. Specifically, several control
analysis design principles are covered in detail. Furthermore, the control of both
DC-DC and DC-AC converters is covered, along with the applications of these con-
verters to power systems.
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Analysis of AC Signals

From a circuit theory point of view, a DC circuit is much simpler to analyze than
an AC circuit. In the steady state of a DC circuit, the voltage across a capacitor is
open circuited and the current through an inductor is short circuited. The tran-
sient response of the capacitor voltages and inductor currents can be solved
through differential equations.

AC circuits can be single- or three-phase. Instantaneous active power in a single-
phase circuit oscillates at twice the fundamental frequency around a DC value. The
instantaneous real power in a three-phase circuit, on the other hand, has a DC
value in a balanced system, while it behaves like a single-phase circuit in an unbal-
anced system. Reactive power in an AC circuit occurs due to the presence of induc-
tors and capacitors. It does not contribute to any useful work but can cause voltage
drops and increase line losses. A three-phase circuit can have voltage and/or cur-
rent unbalance due to unbalance in loads. Also, AC signals can have harmonics,
which are nonfundamental frequency waveforms that are superimposed on the
fundamental frequency waveforms. Both unbalance and harmonics have detri-
mental effects on appliances and power apparatus connected to the system.

Control design or analysis in a DC circuit is simpler as all the signals have DC
values in the steady state, while in an AC circuit they have a constant magnitude
and phase once the transients die down. This allows us to perform a sinusoidal
steady state analysis. However, from the control design perspective or for stability
analysis, it may be desirable to represent these circuits as equivalent DC circuits.
Also, the AC circuits need to remain synchronized always such that all the differ-
ent interconnected components can function stably.

In this chapter, we discuss the various aspects of AC signals: analysis of unbal-
ance, instantaneous real and reactive power, harmonics, frequency estimation, dq
transformation, and phase locking that are important for the integration of power
electronic circuits with AC power systems. We start our discussion with the anal-
ysis of unbalance.

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.
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2 Analysis of AC Signals
2.1 Symmetrical Components

Usually, symmetrical components are used to analyze unbalance in a three-phase
system in the phasor domain. A three-phase system is termed as balanced when its
voltage (or current) waveforms have the same magnitude and are displaced from
each other by 120°. Failing these two conditions, the voltages (or currents) are said
to be unbalanced. Let us consider a set of three-phase voltages defined by

Vo= Vmallpe: Vo= [Villop, Ve=[Vimel oo, (2.1)

where |Vql # 1Vupl # Vil and @, @5, and ¢, are not phase displaced by 120°
from each other. These unbalanced vectors are resolved into three balanced vec-
tors using the following transform

Vao 1 1 1 Va Va

Val = 1 a (12 Vb =T Vb

1
3 (2.2)
Vo 1 & a V. V.

= Vqo12 = TVpe

where V,, V,1, and V,; respectively are the zero-, positive-, and negative-sequence
voltage vectors and a = ¢**, such that a = — 0.5 + j/3/2, a* = a* (complex con-
jugate of a), and 1+ a + a” = 0. Note that the zero- and negative-sequence com-
ponents will be zero for balanced voltages, when |V,,,o| = [V,,pl = Vil @p = 90 —
120°, and ¢. = ¢, + 120°. The phase voltages can be recovered from the symmet-
rical component voltages using the inverse transform

Vape = T_lva012 (2-3)
where
1 1
T !'=1|1 a2 a
1 a &

Note that we can use the transformations of (2.2) and (2.3) for three-phase cur-
rents as well.

Example 2.1 Consider the following set of voltages
V. =100/10°V, V,=110/—120°V, V.=90/120°V

These constitute an unbalanced set. The sequence components are then
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Vao = —0.5064 + j0.0148 V
Va1 =99.4936 + j5.7883 V
Va2 = —0.5064 + j11.5618 V

These are written in polar form as
Vo = 0.51/178.33°V, Vg =99.66/3.33°V, Vg =11.57/92.51°V

Note that the zero-sequence components for the three phases are the same and
are given by

Vao = Vo = Vo = 0.51/178.33° V

The positive sequence phasors are balanced and have the same phase sequence
as the original vectors, i.e.

Va1 =99.66/3.33°V, Vp =99.66/—116.67.51°V, V. =99.66/123.33°V

The negative sequence vectors are also balanced, but the phase sequence is
reverse of the original phasors, i.e.

V= 11.57/92.51°V, V= 11.57/212.51°V, V= 11.57/—27.49°V

The original unbalanced signals can be written in terms of the symmetrical com-
ponents as

Va VaO Val Va2
Vel = V! + | V| + | Ve (2 .4)
Vc VCO Vcl ch

It can be verified that we can express the unbalanced phase voltages using (2.4).

2.1.1 Voltage Unbalanced Factor (VUF)

Voltage unbalance occurs in power distribution systems primarily due to single-
phase loads. Usually, domestic power is supplied from one of the three phases
and neutral. Even though the utilities try to balance the loads between the phases,
the installments of rooftop photovoltaics (PVs) worsens the situation as most of the
PV inverters are single-phase. There might be some influence of unbalances in
transmission lines or supply transformers on voltage unbalance.

The voltage unbalance of a circuit is defined based on different references such
as IEEE and IEC [1, 2]. This is given terms of the ratio of negative sequence to the
positive sequence voltage magnitudes as

25
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1%
VUF = ‘V“Z X 100% (2.5)

al

The detrimental impacts of voltage unbalance on induction motors are analyzed
in [1, 3]. It is desirable to maintain the VUF below 3% for the health of induction
motors, which are the workhorse of industry. In Example 2.1, the VUF is 11.61%.

2.1.2 Real and Reactive Power
The complex power (S) in an AC circuit is given by
S=P+jQ=Vr
Therefore, for a three-phase circuit, we can write this as
S=Vo, + VpI; + VI = VL I,

Using (2.3), the above equation can be written as

S= VZsz_T(T_IIaOlZ)* (2:6)
Now
300
T (T '=]|0 3 0
00 3
Therefore
S=3Vally + Vall + Vall,) (2.7)

Example 2.2 Consider the voltages of Example 2.1. Assume that these voltages
supply an unbalanced load such that the currents are given by

I,=10/—10°A, I,=11/—100°A, I.=12/110°A
The sequence components of the currents are

I =1.28—j0.43 =1.34/—-18.63° A
I, =10.67—0.02 = 10.67/—0.1° A
Ip,=—210—j1.29 =2.46/—148.48° A

Then computing the complex power, we get
S=Val,+ VoIl + Vel =3(Vaoliy + Vall + Vall,) = (3.14+j0.116) X 10°

It is to be noted that, for balanced voltages or currents, the negative- and zero-
sequence components will be zero and the symmetrical component transforma-
tion will result only in the positive sequence components.
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2.2 Instantaneous Symmetrical Components

In Section 2.1, we demonstrate how to represent a set of three voltages or currents
in terms of their symmetrical components. The symmetrical component transfor-
mation can also be applied to instantaneous voltages and currents [4]. Through
this transformation, we can convert three-phase instantaneous quantities into a
zero-sequence component and two other phasor components. Let the instantane-
ous three-phase voltages be given by v,, v, and v.. We can then define the instan-
taneous symmetrical components as

Vao 1 1 1 Vg Vg

1 2
Va | = 3 1 a a v | =T | v (2.8)
Vaz 1 a*> al|ve Ve

where v,0, V41, and v,, respectively are the instantaneous zero-, positive-, and neg-

ative-sequence components. It is interesting to note that zero sequence is a time-

varying real number, while the positive and negative sequences are vectors.
Consider the following set of balanced instantaneous voltages

Vg =Vpsin(wt), vp=Vysin(wt—120°), v.=Vysin(wt+ 120°)
Since v, + v, + v, = 0, the zero-sequence vector for the balanced signals will be
zero. The positive sequence vector is

1 1 1 A3
Vg1 = g{va + avp + azvc} = 5 {Va - E(Vb + Vc) +]7(vb _vc)} (2-9)

Again since v, + v, + V. = 0, we have

1 3 3WVm .
Vg — E(Vb +V) = Sy, = Tm sinwt

2
V3
2

3
(vp—ve) = %Vm{sin (wt—120°) — sin (ot + 120°)}

3 3 3V
fVm(—Zcosa)tx {) = — Tmcosa}t

-T2

Substitution of the above two equations in (2.9) yields
Vin . .
Va1 = T(sma)t—Jcoswt) (2.10)
The negative sequence vector is

v 14 1 /3
Vo = Tm{va + v +ave} = Tm{va— i(vb + V) +]7(vc—vb)}
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This can be simplified as

|4 . ;
Va2 = 7m(s1na)t + jcoswt)

(2.11)

Comparing (2.10) with (2.11), it can be observed that v,, is the complex conju-
gate of v,; and both these vectors have a magnitude of V,,,/2. Table 2.1 lists the
values of these vectors for one fundamental cycle, where the frequency is chosen
as 50 Hz (it can be 60 Hz as well). The rotation of these two vectors over one fun-
damental frequency is shown in Figure 2.1 for V,,, = 1. The positive sequence vec-
tor starts from 0.52—90° at time t = 0 and moves in the counterclockwise
direction, while the negative sequence vector starts its rotation in the clockwise
direction from 0.5 £ 90°.

Table 2.1 Values of the sequence vectors over a fundamental cycle.

wt (in deg) Va1 Va2
0 0.5V, 290’ 0.5V, £90°
90 0.5V, 20 0.5V, 20
180 0.5V, 290 0.5V, 2—90°
270 0.5V,, £180° 0.5V,, £180°
(a) - (b) |
05 ositive Sequence Trace 05 Negative Sequence Trace

g | ot=210° ot=90° ot=90 4
5 o
©
£
=_0.1

02 02

03 -0.3

o4 ot=0° 04 wt=180°

-05 05

-05 0 05  -05 05

Real

Figure 2.1 Trace of (a) a positive sequence and (b) a negative sequence over a cycle for a

balanced system.
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(a) Positive Sequence Trace (b) Negative Sequence Trace
0.6 0.6
0.4 0.4
0.2 0.2
> -
g g
> 0 > 0
© ©
E E
-0.2 -0.2
-0.4 -0.4
—0.6 -0.6
-0.5 0 0.5 -0.5 0 0.5
Real Real

Figure 2.2 Trace of (a) a positive sequence and (b) a negative sequence over a cycle for an
unbalanced system.

Example 2.3 Let us now consider what happens when the system is unbalanced.
For this, the following instantaneous voltages are chosen

vy = sin(wt), v, =0.5sin(wt—110°), v, = 1.5sin(wt + 100°)

The traces of the two vectors are shown in Figure 2.2. They are not circles, but
ellipses. However, these vectors are still complex conjugate of each other, and their
directions of rotation are the same as those of the vectors in the balanced system.
Obviously, the zero sequence will not be zero in this case since v, + v, + v, # 0.

2.2.1 Estimating Symmetrical Components from Instantaneous
Measurements

Let us define a set of unbalanced phasor voltages as

— |Vma‘ej%’vb — |Vmb|ej(pb’VC= |Vmc‘

V2 V2 V2

The phasor symmetrical components of these quantities are then written from
(2.2) as

ej(ﬂc

Va

VaO |Vma|ej% + |Vmb|ej¢b + ‘Vm0|ei%
Va | = —= |Vma|ej% + a‘Vmb|ej% + a2|VMC|eWC (2'12)
Va [Vinal€@% + Q2|Vp|@? + a|V |/
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The instantaneous values of the phasor voltages given by
Vg = |Vimal sin (@t + @5), V6 = |V b sin (o + @), Ve = |V el sin (ot + ¢,)

The phasor symmetrical components will now be estimated from the instanta-
neous measurements of the voltages of the three phases.

Let us first consider the zero sequence. The instantaneous zero sequence can be
written from (2.8) as

1 . . .
Vao = §{|Vma\ sin (wt + @,) + |V sin (ot + @) + |Vine| sin (ot + ¢,) }
(2.13)

The zero-sequence voltage vy, is now multiplied with e ~/(“*=%°)_and the prod-
uct is averaged over a time period T, to form
To To
1 . o 1
Xao = o J Vaoe @t =9 gy = T J Vao(Sin wt + j cos wt)dt (2.14)
0

0 0
0

Substituting (2.13) in the above equation, we get
To

J{|Vma| sin (ot + @,) + |Vi| sin (ot + @)
0
+ |Vine| sin (@t + @) }(sin ot + j cos wt)dt (2.15)

1

X0 = ——
0737,

Now consider the following terms

|V mal
2
|

Vv
JIVmal sin (ot + ¢,) cos wt :ijal{sin (pq) + sin 2ot + ¢,)}

|V el sin (ot + ¢,) sinwt = { cos (pg) — cos 2wt + ¢g)}

If these two terms are integrated over half a fundamental cycle (i.e. T = 0.01 sec-
onds for fundamental frequency of 50 Hz), the double frequency components will
be zero. Therefore, adding these two terms and integrating over half a fundamental
cycle, the following expression is obtained

To
Vv
\™ J sin (ot + ¢,)(sinwt + jcoswt)dt = T0| mal {cos (p,) + jsin (¢,)}
0
Vial
= To%ef% (2.16)

In a similar way, the following expressions can be written for the other two
phases
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Ty
|4 .
\Z J sin (wt + ¢, )(sinwt + jcoswt)dt = To%e’%
0

. (2.17)
|4
[V e J sin (ot + @,)(sin ot + jcos wt)dt = | mc' &7
0
Therefore substituting (2.16) and (2.17) in (2.15), we have
1 ; ) .
Xo0 = 3 (IVimale? + Vb €7 + |V ie|€?) (2.18)
Comparing (2.18) with the first row of (2.12), we get
Vao = V2Xq0 (2.19)

The instantaneous positive sequence is given from (2.8) as

1 . . .
Va1 = §{|Vma\ sin (@t + @g) + a|Vp| sin (ot + @) + @*|Viye| sin (ot + ¢,) }

(2.20)
In the same fashion as (2.14), x,; is defined as
To To
1 . o 1
X = — J vare @ gy = — J Va1 (sinwt + jcos wt)dt (2.21)
T() TO
0 0

Now since both a and a* are complex numbers and are independent of ¢, the
same procedure as before is followed to write

1 ; . )
Xa1 = 5 (IVinale” + alVi|e” + @2 Vincle”) (222)

Comparing (2.22) with the second row of (2.12), we get

Va = V2xa (2.23)

For the negative sequence, X, is given by

To To
1 : o 1
Xy = — J Vape IO de = — J Vaa(sin wt + j cos wt)dt (2.24)
To Ty
0 0

This can then be expressed as

Va = V2% (2.25)
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The numerical computations for the sequence component estimation are per-
formed in a digital computer using a fixed sampling frequency. First, from the
measurements of the instantaneous voltages (or currents), the instantaneous
sequence components are computed at each sampling instant from (2.8). Then
the integrals (2.14), (2.21), and (2.24) are computed. One easy way of computing
them is to use a moving average filter (MAF). The time window for the MAF is
chosen as half a cycle, i.e. Ty = 0.01 seconds. This is then divided into N number
of equally spaced samples. The integrals are then the average of the N samples. In
an MAF, the samples are stored in an array. Once a new sample arrives, it is placed
as the first element of the array, while the other elements are shifted down and the
Nth element is discarded. Thus, at any given time, only the latest N elements are
stored in the array. An MAF has a fast settling time of 0.01 seconds. Alternatively, a
lowpass filter (LPF) can also be used, which will have a slower settling time.

Example 2.4 Let us consider the set of voltages of Example 2.1. The instantane-
ous voltages are

Ve = 100v/2sin (ot + 10°), v, = 110v/2sin (wt —120°),
Ve = 90v/2sin (ot + 120°)

where the fundamental frequency is chosen as 50 Hz, i.e. @ = 100z rad/s. The pha-
sor sequence components of these are computed in Example 2.1. Figure 2.3 shows
the estimated magnitudes and phases of the sequence components. It can be seen
that they are the same as those given in Example 2.1. These values are then used in
inverse transformation to obtain the phasor values of the three phases. These are

(a) —— Zero-sequence — Positive-sequence Negative-sequence
100 T T T
S 80 =
3 60
el
2
T 40 =
(=2}
(]
= 20+ i
0 | Il L L L
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
(b)
200 T T T
150
jo2}
(5]
=2
o 100} =
12}
©
=
o 50} Jl
o | ) . ) ) .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)

Figure 2.3 Estimated (a) magnitude and (b) phase of the phasor sequence components.
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Phase-a — Actual — Estimated
200 T T T T T T
0 \/ /\ /
_200 | 1 | 1 Il 1
0 0.005 0.001 0.015 0.02 0.025 0.03 0.035 0.04
Phase-b
200 T T T T
0] -
_200 Il 1 Il 1 Il 1
0 0.005 0.001 0.015 0.02 0.025 0.03 0.035 0.04
100 Phase-c 1
0
—100C L I L L
0 0.005 0.001 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)

Figure 2.4 Estimated and actual waveforms for the three phases.

then used to recreate the instantaneous waveforms using inverse symmetrical
component transform. Figure 2.4 shows the estimated and actual waveforms.
The output of the MAF is zero till the buffer is full until half a cycle is complete.
Thereafter, the estimated waveforms coincide with the actual waveforms.

Example 2.5 Let us consider the instantaneous voltages of Example 2.4. It has
been assumed that these waveforms are corrupted by 3rd, 5th, 7th, 9th, and 11th
harmonics with their magnitude being inversely proportional to their harmonic
numbers. The symmetrical components are estimated with a time window (T,)
of a halfa cycle, i.e. 10 ms. Figure 2.5 shows the instantaneous distorted waveforms
and the corresponding fundamental waveforms that are recreated from the esti-
mated sequence components. Comparing these with those in Figure 2.4, it is obvi-
ous that the fundamental waveforms are the same for both the cases.

Note that, in Example 2.5, only odd harmonics are considered. Since they have a
quarter-wave symmetry, their average over half a cycle is zero. Therefore, T, can be
chosen as 10 ms. However, if the signals contained both even and odd harmonics
or just even harmonics, the MAF window will have to be a full cycle (T, = 20 ms) to
eliminate both even and odd harmonics.
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200 : : : Pha{se-a 1 — Actual r— Estimated
. ’\/-\,\/\f\/\ /
_200 L 1 1 L | 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
200 | . Pha‘se-b .
0 W\_/\/ |
_200 Il 1 1 Il Il 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
100 Phase-c
0 /\/\
-100C !
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Figure 2.5 Estimated fundamental and actual distorted waveforms for the three phases.

2.2.2 Instantaneous Real and Reactive Power

Let us define a set of three-phase voltages and currents as

Va g
Vabe = | Vb |, dape= | p
Ve i

Then the instantaneous real power is given by the dot product of these two
vectors

_ . I _ . . .
D = Vabelabe = Vgpelabe = Vala + Vplp + Vel (2'26)

The instantaneous reactive power is defined as the cross product of these two
vectors [5]

v el ]
ib L
a Ve Vg
Qope = Vabe X1ghe = | qp | = . . (2.27)
le g
9.
Va Wb
L| la ib J



2.2 Instantaneous Symmetrical Components

The instantaneous reactive power can then be given as the algebraic sum of q,,
qp and, q. as

qa + qb +qc
= - == 2.28
q Ve (2.28)

The expression of (2.28) retains the polarity of the reactive power. It is also possible
to express the real and reactive power in terms of the instantaneous symmetrical
components [4]. These are not discussed here.

Let us suppose a voltage V'« 0° supplies a current I £ 6. Then the complex power
is defined by

S=P+jQ=V(I/5) =VI/—5=VI(cosé—jsind)

This implies that the reactive power is negative if the current leads the voltage
(6>0), while it is positive when the voltage leads the current (§<0).
Equation (2.28) preserves the sign notation.

Example 2.6 Let us consider a set of balanced voltages and currents, given by
Ve = VV2sin (wt), vp=VV2sin(wt—120°), V.=V 2sin(ot+120°)
i =I1V/2sin (wt—), ip=I1v2sin(wt—120° =), i.=Iv/2sin(wt+120°—¢)

Then, from (2.26), the instantaneous power is given by
p = 2VI[sin (wt) sin (wt — ¢) + sin (ot —120°) sin (0t — 120° — ¢)
+ sin (wt + 120°) sin (ot + 120° — ¢)]
Noting that

cos(A—B) cos(A+ B)

sinAsinB = —
2 2

we can write

p=VI[3cos(—¢)— cos (2wt —¢)— cos (2wt —120° — ) — cos (2wt + 120° — )]
=3VIcos¢ =Py,

This implies that the instantaneous power is equal to the average power in a bal-
anced three-phase circuit.
Now, q, in (2.27) is expressed in terms of the voltages and currents as
sin (wt —120°) sin (wt + 120°)

q,=2VI
sin (wt—120°—¢) sin(wt + 120°—¢)

=2VI[sin (wt + 120° — ) sin (wt —120°) — sin (wt —120° — @) sin (wt + 120°)]
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This can be simplified as
q, = VI[cos (240° — ¢) — cos (2wt — ) — cos (—240° — ) + cos 2wt — ¢)]
= VI|[cos (240° — ¢) — cos (240° + ¢)] = —/3VIsin¢
Following the same procedure, we can compute the reactive power for the other
two phases and can verify that q, = g, = q. for a balanced circuit. Then the reactive
power is computed from (2.28) as
q=3VIsing = Q,,
Therefore, the instantaneous reactive power is also the average reactive power.
To see what happens in the case of voltage unbalance, let us define
V,=1kV,V, =1/—120°kV, V, = 1/120° kV
I, =15/0 A, T, = 10/(—120° + 0)A,I. = 20/(120° + ) A
where 6 is chosen as +30°. Then the average complex power VI + Vul}, + V. I
is given by
(38.97 +j22.5) x 10* for = —30°
(38.97—j22.5) x 10> for 6= +30°
This means pg, = 38.97 kW for both power factor angle and q,, = 22.5 kVAr
when 6 = — 30° (lagging current) and q,, = — 22.5 kVAr when 6 = +30° (leading

current). Figure 2.6 shows the instantaneous real and reactive power, where their
averages are also shown. The instantaneous quantities oscillate at double the

(58(')) Active Power (kW) — Instantaneous  — Average
T T T T T
40
30 | 1 1 | | 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
(b) Reactive Power (kVAr) for 6 = — 30°
30 / T T / T
20 =
10 Il 1 1 Il 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
() ;
10 Reactive Power (kVAr) for 0 = + 30°
- T T T T T
20 -
30k / 1 / | / 1 / s
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)

Figure 2.6 Instantaneous real and reactive power. (a) Active power, (b) reactive power
for 6 = -30° and (c) reactive power for 8 = +30°.
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fundamental frequency (100 Hz) around the average values calculated above. In
fact, these quantities can be written as

D =DPg t+ Do
q = qﬂv + qOSC

where the subscript “osc” denotes the double frequency oscillating components.

2.3 Harmonics

Harmonics cause distortion in voltages and currents. These are waveforms that are
integer multiples of the fundamental frequency that are impressed on the funda-
mental frequency waveform. In addition, there may be interharmonics, which are
noninteger multiples of the fundamental frequency. Interharmonics that have fre-
quency components below the fundamental frequency are termed subharmonics.
Our subsequent discussion is restricted to integer harmonics. Chapter 11 covers
the effects of harmonics and their standards in detail.

The rise in the use of power electronic converters and the increasing use of
power factor correction capacitors has caused a general rise in the level of harmo-
nics. Harmonics in a power system can increase losses, reduce equipment life,
interfere with protection and communication circuits, and reduce the lifetime
of appliances. There are several other effects of harmonics that are discussed in [4].

Harmonics in a circuit is usually defined in terms of total harmonic distortion
(THD). This is defined as

2V
n=2
THD= '~ (2.29)

1

where V,, is the magnitude of the nth harmonic component and V; is magnitude of
the fundamental voltage. Based on IEEE or IEC standards, THD is measured up to
the 40™ or the 50 harmonics.

Example 2.7 Consider a distorted voltage waveform, given in per unit (pu) as
. 1. 1. 1. 1. 1 .
v=sin(wt)+ §s1n(3a)t) + gsm(Swt) + §s1n(7a)t) + §s1n(9a)t) + s (11wt)
The voltage waveforms (distorted and fundamental) and the harmonic spectrum

of the distorted waveform are shown in Figure 2.7. The THD of the waveform is
given by



38| 2 Analysis of AC Signals
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Figure 2.7 (a) Distorted voltage waveform and (b) its harmonic spectrum.

THD = VO O+ 0+ 0+

In other words, the THD is 43.83%.

The problem with the definition of THD given in (2.29) is that it becomes infinity
if no fundamental waveform is present. To avoid this problem, an index called the
distortion index (DIN) (or distortion factor) is used, which is defined as

n=2
DIN= +——— (2.30)

DIN = THD
V1 + THD? 231
DIN (2:31)
THD =



2.4 Clarke and Park Transforms
Continuing with Example 2.7, the DIN is computed as
el VO ORI
VIO + O + @+ @+ )

It can be easily verified that that THD and DIN obey the relations of (2.31).

= 0.4015

2.4 Clarke and Park Transforms

In this section, we discuss two transform methods that are used in power systems
extensively: Clarke and Park transforms. Their interdependence is also discussed.

2.4.1 Clarke Transform

Let us consider a set of three-phase voltages, v,, v, and v.. These voltages can be
converted from abc- to afy-frame by Clarke transform as

1 1
1 - =
2 2 2 | va
wl=21o V3o V3l, (2.32)
3 2 2
Yy 1 1 1 Ve
2 2 2

where v, is the zero-sequence component, which is zero for balanced voltages. Let
us consider a set of balanced voltages, given by

Vg = Vpsin (wt), vy = Vpysin(wt—120°), v, = Vysin (ot + 120°)

Substituting these in (2.32), we get

2V
Vg = T’"[sin (wt) —0.5sin (wt —120°) — 0.5sin (wt + 120°)]

. (2.33)
= Tm[sin (wt) + 0.5sin (wt)] = Vi, sin (wt)
vy = U [sin (@t —120°) — sin (0t + 120°)] Vm[ 2cos (wt) sin (120°)]
= — ot — - @ =—[- @
VG V3
= —Vpcos(wt) = Vysin (wt—90°)
(2.34)
Vm . . (e} : (e}
v, = [sinwt + sin (wt—120°) + sin (ot + 120°)] =0 (2.35)

3
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(a) (b)
V.

Vg . Va .
- a-axis P a-axis
Va Va
vV
Vq d
Vb
vp vp

Figure 2.8 (a) Clarke and (b) Park transform of a balanced three-phase voltage.

The graphical representation of the a-f transform is shown in Figure 2.8a, in
which the a-axis is aligned with the a-axis and the p-axis lags the a-axis by 90°.
The inverse Clarke transform is given by

1 0 1
Va 1 \/§ 1 Va
wl=| 2 2 Vg (2.36)
Ve — 1 — é 1 Vy
2 2

Example 2.8 Consider the following set of voltages
Vg = Vgsin (ot + @,), Vb = Vpsin (ot + @), Ve =V sin (ot + ¢,)

The voltage magnitudes are chosen as V, =100V, V,, =90 V, and V. =110V,
while the angles are selected as ¢, = 0°, ¢, = —120°, and ¢, = 120°. The Clarke
transformed voltages are shown in Figure 2.9a. It can be seen that the zero-
sequence component is not zero here, and oscillates at 50 Hz with a maximum
voltage of 5.77 V. From these voltages, the original waveforms are recovered using
the inverse Clarke transform, which are shown in Figure 2.9b.

2.4.2 Park Transform

A set of voltages in the a-b-c plane can be converted into dq components using the
transformation matrix
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Figure 2.9 (a) Clarke and (b) inverse Clarke transform of unbalanced voltages.

sin (0) sin(#—120°) sin (6 + 120°)

Vg Va
b | = 2| cos(d) cos(6—120°) cos (0 +120°) "
.| =
3|, ) ) (2.37)
Vo - - - Ve

2 2 2
= Vdqo = TVape

where 0 = wt + § is the angle between the rotating and fixed frames at time ¢t and 6
is the initial phase shift of the voltage. This is graphically shown in Figure 2.8b. The
inverse transform is

Va sin () cos (6) 1] [va
v, | = | sin(6—120° cos(0—120°) 1] |v

: (0-120°)  cos(9-120°) 1| v, 23
Ve sin (6 + 120°) cos (6 +120°) 1| |wo

_ -1
= Vgpe =T Vidgqo

2.4.3 Real and Reactive Power
Consider a set of balanced voltages, given by

Vg = Vmsin (0t), vp = Viysin(wt—120°), v, = Vysin (ot + 120°)
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Let us also align the dq reference with the synchronous reference frame,
i.e. @ = wt. Then from (2.37), we have

vy - sin(0) sin(0—120°) sin(6+ 120°) sin (6) Vi

v | = Tm 0051(9) cos (01— 120°) cos (9-1|- 120°) | | gip 6-120°) | = | 0

Vo 3 3 3 sin (6 + 120°) 0
(2.39)

Therefore, d-axis and g-axis voltage can be written respectively as vy = V,,, and
vg = 0. Consider now a set of balanced currents, given by

ig=Ipsin(wt—@), ip=ILysin(wt—120°—¢), i.=Iysin(wt+120°—¢)
Again assuming 6 = wt, d-q-0 axis current can be given by

sin (@) sin(#—120°) sin(6+120°)

iq sin (6—¢)
21 _— o o
iy :Tm cos(6) cos(6—120°) cos(6+120°) sin (6 —120° — )
, 1 1 1 , )
io 3 3 3 sin (6 +120° —¢)
Imcos ()
= | —Insin(g)
0

(2.40)

We thus have iy = I,,, cos(p) and iy = — I,,, sin(g).
In the three-phase balanced circuit with the currents and voltages defined above,

the rms voltage and current are V,,/v/2 and I,,/\/2 respectively. Then the real
and reactive power are given respectively by

3
P= 3 Vinlm cos (¢)

3 .
Q= 5 Vnlm sin (@)

With the d-axis- and g-axis voltages and currents obtained from (2.39) and (2.40),
the real and reactive power can be written as
3
P= 5 V4 id
3 (2.41)
Q = - EVdiq
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In general, however, when & # 0, we have
Vg =Vpcos(d), vg= —Vpsin(6)
ig=Incos(6—¢), ig= —Insin(6—¢)
Then the real and reactive power are

P= ; (vaig + vgiq)
(2.42)

3
Q=-3 (Vaiq = vgia)

2.4.4 Analyzing a Three-phase Circuit

Consider the simple radial system shown in Figure 2.10. The differential equations
governing the circuit are

di R 1

@ = Tplt s

dip R 1

— = ——i — - 2.43
i A L(VSb VRb) (243)

dic _ Ri+1(v VRe)
dt_ Lc L Sc Rc

Taking inverse dqO0 transform of (2.38), the three equations given in (2.43) can be
combined as

d . R__.. 1,__
(T Mggo) = — =T iggo + ZT ! (Vsdgo — VRdgo)

dt L
d 1\ 1 d . R__,. 1__

= a (T 1)1dq0 +T ! a (lqu) = — ZT llqu + ZT ! (VquO —Vquo)
d R 1

= a (iqu) = —TE (T_l>idq0 - Zidqo + Z (VquO _VquO)

(2.44)

Let us assume 6 = wt. Then, taking time derivative of T~! in (2.38), we have

Figure 2.10 A simple radial system.
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cos (wt) — sin (wt) 0
T ' =w| cos(wt—120°) - sin(wt—120°) 0
cos (ot + 120°) — sin (wt + 120°) 0

Therefore
[ sin (wt) sin (wt—120°) sin (ot + 120°)
o 20| cos (wt) cos(wt—120°) cos (ot + 120°)
31 1 1
L 2 2 2

cos (wt) — sin (wt)

0
cos (wt—120°) — sin (wt—120°) O
0

| cos (wt +120°) — sin (wt + 120°)

The solution of the above equation is

0 —w O
T '=|w 0 o0 (2.45)
0 0 0

R
- — 0} 0
d .. L . 1
i (iago) = | _ w B oo+ (Vsdgo — VRdgo) (2.46)
0 0 0

Example 2.9 Consider the circuit of Figure 2.10, where the system is assumed to
be balanced. The parameters are

1 1
Visa = \/—5130 kV, Vg, = ﬁZO kV,R=12.42 Q,L =77 mH
Using phasor analysis, the three-phase real power is computed as 2.54 MW and
the reactive power is computed as 0.41 MVAr. Then two different sets of simula-
tions are performed. These are:

e Method 1: The instantaneous three-phase system of (2.43) is simulated in
MATLAB®. Once the line currents are computed, the instantaneous real power
is computed from (2.26) and the reactive is computed using (2.28). These are
shown in Figure 2.11a,b.
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Figure 2.11 Simulation results of the circuit of Figure 2.10 using instantaneous and
dg-domains. (a) Real power in abc-frame, (b) reactive power in abc-frame, (c) Real power
in dg-frame, (d) reactive power in dg-frame.

o Method 2: The instantaneous sending and receiving end voltages are then trans-
formed into dq-domain. The system is then simulated using (2.46). The instan-
taneous real and reactive power are then obtained using (2.41). The results are
shown in Figure 2.11c,d. Comparing Figure 2.11a with Figure 2.11c, and
Figure 2.11b with Figure 2.11d, it can be stated that both these methods yield
the same results. Specifically, the steady state the real power is identical for both
the methods. Similarly, the reactive power is also identical.

2.4.5 Relation Between Clarke and Park Transforms

To determine a relationship between Clarke and Park transforms, we define

v
6= tan! <v—ﬁ> (2.47)
Then from Figure 2.8b, we can write
Vg4 cosf sind 0] [ v,
Vg| =| —sin@ cos@® O |v (2.48)

Vo 0 0o 1]y
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Figure 2.12 (a) apf components, (b) the angle 6, and (c) dg components of a balanced
system.

Example 2.10 Let us consider a set of balanced voltages with a peak voltage
V,» = 100 V. The system frequency is assumed to be 50 Hz. The aff components
are plotted in Figure 2.12a. These components vary sinusoidally, where v, is
aligned with v,. From these values, the angle 0 is computed using the “atan2” func-
tion in MATLAB® (Version 2021a). This is shown in Figure 2.12b. Note that it var-
ies between —180° and 180° in 20 ms. Alternatively, if the “atan” function is used 6
will vary between —90° and 90° in 10 ms. This would have given an erroneous
result. The dq components are shown in Figure 2.12c. It can be seen that v, is a
constant and equal to V,,, while v, is 0, as expected. When the signals are sinewave,
then the g-axis component is zero, whereas for cosine wave signals the d-axis com-
ponent is zero. However, in general, both the d- and the g-axis components are DC.
This is an advantage from the point of control system design.

2.5 Phase Locked Loop (PLL)

The basic aim of a phase locked loop (PLL) is to make a signal to track another.
A typical schematic diagram of a PLL is shown in Figure 2.13. Here the aim is to
keep the output signal x, synchronized with the input signal x; both in terms of
frequency and phase. The PLL, shown in Figure 2.13, contains a phase detector
(PD), an LPF, and a voltage-controlled oscillator (VCO).
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Figure 2.13 Schematic diagram of a PLL.

Let the input reference (x;) and output (x,) signals be given by

xi(t) = Asin (Cl)it + 51)

Xo(t) = Bsin (wot + ¢p) (2.49)

These two signals have a phase difference. The accuracy of PLL is defined by its
ability to detect the phase difference between two signals. The information about
the error in the phase difference between the two signals is then used to control the
frequency of the loop. If the two sinewaves of (2.49) are normalized to pu values
and are plotted on the same graph, the following three different behaviors can be
observed:

 If the zero-crossings of the two signals coincide all the time, then they have the
same frequency and phase.

« If the zero-crossings occur at fixed time differences in every cycle, then the sig-
nals are not in phase, but their frequencies are the same.

o If the zero-crossings’ time differences between the signals vary continuously,
then the signals do not have the same frequency and/or phase.

The reference signal and the output of the VCO are fed to the phase detector. The
error signal v, from the PD passes through the LPF to remove any high-frequency
elements from the error. The output of the LPF is fed to the VCO, which tries to
reduce the phase difference between the signals and hence between the frequen-
cies. Initially, the loop will be out of the lock, and the error voltage will pull the
frequency of the VCO toward that of the reference, until it cannot reduce the error
any further and the loop is locked. When the phase is locked, a steady state error
voltage is produced. By using an amplifier between the PD and the VCO, the actual
error between the signals can be reduced to very small levels. However, some volt-
age must always be present at the control terminal of the VCO as this is what pro-
duces the correct frequency.

2.5.1 Three-phase PLL System

The block diagram of the three-phase PLL system is shown in Figure 2.14, where
the voltages v, v, and v, are measured from a utility bus. The estimated angle &
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Figure 2.14 Block diagram of a three-phase PLL.

needs to be synchronized with the utility voltage angle 6. Let us assume that the
input (utility) voltages are balanced and are given by

Vg sin ()
Vape = | Vp | = Vi | sin(6—120°) (2.50)
Ve sin (6 + 120°)

These voltages are then converted to an af-frame to obtain the vector v,; =
[V vﬂ]T using (2.32). These are then converted into dg-axis quantities by the

estimated angle 6 using [6]

[vd} _ { cosd siné} {Va] = T4y (0)Vap (2.51)

Vg —sing cos@ | v

Combining (2.32) and (2.50) with (2.51) we have

2V - % - % in ()
vag = =" Taq (9) i sin (0 —120°)
0 = —— ] [sin(0+120°)

vl oo 6 sind]|[ sin(0)
"| —sind cosd || —cos (9)
Of particular interest is the d-axis voltage, which can be written from the above
equation as

Vg = V[ cos@sing — sindcos (6)] = Viysin (0—0) = Viusin(p)  (2.52)

where ¢ = 0 — 6.

The main aim is to force ¢ to zero such that the difference between ¢ and 6
asymptotically tends to zero. This can be achieved when v, is equal to zero. Thus,
it is compared with 0 and then the difference is passed through a loop filter with a
transfer function of K;(s). The output of the loop filter is fed into the VCO, which is
an integrator. The output of the VCO is the estimated angle 6. It is to be noted that
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Figure 2.15 Linearized block diagram of the three-phase PLL.

this angle is to be restricted between 0 and 2z (i.e. between 0° and 360°). Thus, the
integrator is reset every time it reaches 2z, as is indicated in Figure 2.14.

Assuming ¢ = 6 — 0~0, (2.52) is linearized as
Avg = Vo (2.53)
Also, from Figure 2.14, the estimated angular frequency is given by

do
» = — = K¢A 2.54
&= =KyAvq (2.54)
The linearized block diagram of the PLL system is shown in Figure 2.15. The
loop filter is a proportional plus integral controller of the form

_ sKp + K;

K (s) g (2.55)

where Kp and K respectively are the proportional and integral gains. The closed-
loop transfer function is then given by
0(s) Vn(sKp + K)

— = 2.56
(s) $2+ VuKps+ VK ( )

Example 2.11 Consider a set of balanced voltages, given by
Vg = Vi sin (wt), vy = Vpysin(wt—120°), v, = Vysin (ot + 120°)

where V,,, = 9 kV. The frequency at the beginning is 49 Hz and is changed to 51 Hz
at 0.5 seconds. From the measurement of these instantaneous voltages, we need to
produce current references that are given by

ig =Ipsin(wt+¢), ip=Iysin(wt+¢—120°), i.=I,sin(wt+ ¢+ 120°)
where the power factor angle is chosen as ¢ = — 90° and I,,, is the magnitude of the

current, which is taken as 3 kA. Note that the PLL output angle € = wt. Therefore,
the currents for the three phases are obtained as

ig = I;psin (0—90°), ip =Ipsin (0—210°), i. = I sin (0 + 30°)
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Figure 2.16 PLL performance: (a) reference voltage, (b) synthesized current, and (c) output
frequency.

The proportional gain Kp is chosen as 8, while the integral gain K; is 1000. The
results are shown in Figure 2.16, where the phase-a voltage, current, and the esti-
mated frequency can be seen. It is obvious that the current waveform lags the volt-
age waveform by 90°, while the frequency change is tracked accurately. It can also
be seen that the output frequency reflects the change in the input frequency.

2.5.2 PLL for Unbalanced System

The three-phase PLL system discussed in Section 2.5.1 is valid for balanced sys-
tems. Consider now a set of unbalanced voltages, given by

Va Vma Sin (0t + @)
Vabe = | Vo | = | Vi sin (@t + g — 120°) (2.57)
Ve Ve sin (ot + ¢, + 120°)

where Vo # Vi # Vines ®a 7 @b # @, and o is an unknown frequency. Obvi-
ously, the derivations presented in Section 2.5.1 will not be valid. However, even
if the signals are unbalanced, they have the same frequency. Therefore, we will
synthesize a balanced three-phase waveform from the signal of one of the three
phases.
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From (2.57), phase-a voltage is given by
Vg = Vg sin (ot + @)

From this voltage, the voltages of the other two phases that have the same mag-
nitude and are phase displaced by 120° from each other will be estimated. These
balanced estimated voltages can then be used in the algorithm given in
Section 2.5.1. The derivative of the voltage 7, is given as

df)a Vma
A= — =
dt

Then the estimates of the other two phases are

cos (ot + @) (2.58)

Vp = Vg sin (ot + ¢, —1200)
= Vmgsin (ot + ¢,) cos (120°) — Vg cos (w t + ¢,) sin (120°)

(2.59)
1. V3
= — - i
2 2
N . 1, 3
Ve =Vmgsin (ot + ¢, +120°) = — 5V + %w/l (2.60)

The block diagram of the PLL is shown in Figure 2.17. Note that the term w in
(2.58) can be chosen as the fundamental frequency. This will result in a negligible
error in the computation of 1 provided that system frequency does not have a large
deviation from the fundamental frequency.

Example 2.12 Consider a set of unbalanced voltages, given by
Vg =9sin (wt) kV, vy = 8sin (wt—120°)kV, v, =10sin (ot + 120°) kV

The frequency at the beginning is 49 Hz and is changed to 51 Hz at 0.5 seconds.
We must produce a set of balanced current references of peak magnitude of 3 kA,
while the phase-a of the current is in phase with phase-a of the measured voltage.
The results are shown in Figure 2.18, where the synthesized current is in phase
with the phase-a voltage. The frequency, however, has more ripple than that

0
R Loop Filter veo
N . v X K :
Va —»] = o d K, — 0
. . f
v; | Estimator s 2% T(,q(é’) -/ S
Ve RN i Vi Va Reset

Figure 2.17 Block diagram of a PLL for unbalanced voltages.
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(a) Phase-a Voltage (kV) Current (kA) — Voltage — Current
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Figure 2.18 Performance of PLL for unbalanced signals: (a) reference voltage and
synthesized current and (b) output frequency.

observed in Figure 2.16. The assumption that w in (2.59) and (2.60) is the funda-
mental frequency is the cause of these ripples.

2.5.3 Frequency Estimation of Balanced Signal Using af§ Components
Consider a set of balanced supply voltages, given by
Vg = Vmsin (wt), vy =Vysin(wt—120°), v.=V,sin(wt+ 120°)

where both the magnitude V,,, and frequency w are unknown. The aff components
of these voltage are denoted by v, and v respectively, while their angle is given
from (2.47) as 6 = tan""(vs/v,).

Let us now define a set of balanced voltages with a known frequency as

v, = sin (wst), v, = sin (w5t —120°), V., = sin (w5t + 120°)

where o is the synchronous frequency. The aff components of these voltage are v/,
and vj, respectively, while the angle is ¢’ = tan™" (v;, / vjl) Let the angle error be

defined by ¢ = 60— 6. This is shown in Figure 2.19a for V,, = 1000 V,
@ = 100.8z rad/s (i.e. 50.4 Hz) before 0.12 seconds, and w; = 100z rad/s (50 Hz)
thereafter. It can be observed that the error keeps on increasing as time progresses.
We now design a proportional plus integral controller of the form

p = Kpep +K]J€g dt (261)
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Figure 2.19 Frequency estimation in aff components: (a) angle error, (b) Pl controller
output, and (c) estimated frequency.

The frequency estimate is then given by
® = ws + prad/s (2.62)

The frequency of the supply voltage is changed from 50.4 to 49.2 Hz at 0.12 sec-
onds. The controller gains are chosen as Kp = K; = 1. Figure 2.19b shows the out-
put p of the proportional plus integral (PI) controller. It can be seen to have a
jump discontinuity when the frequency changes. Nevertheless, it has a fast set-
tling time. The estimated frequency that is shown in Figure 2.19c also has a small
settling time following the change in frequency. In this example it has been
assumed that the supply voltage and the synthesized voltage have the same
phase. The settling time of the frequency estimator can be considerably larger
when this is not true. The frequency detection scheme under unbalanced
conditions using Clarke’s transform is discussed in [7].

2.6 Concluding Remarks

In this chapter, various aspects of sinusoidal signals are discussed. We discuss how
system unbalance can be analyzed, how to estimate the symmetrical components,
Clarke and Park transforms, and PLL. In general, DC/AC converters may have to
work under unbalanced and/or distorted voltage conditions. Therefore, their
working principle under different conditions must be systematically analyzed.
The concepts discussed here can be used for the feedback control design of DC/
AC converters.
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Problems

2.1 The voltage at the terminals of a balanced load consisting of three 10 Q resis-

2.2

tors connected in wye are Vg, = 100 £0°, V,. = 80.8 £—121.44° V, and
Vea =90 £130° V, as shown in Figure P2.1. Determine a general expression
between the symmetrical components of the line and phase voltages that is
between V;,; and V,,,; and Vi, and V,,,. Assuming that the load neutral is
not connected with the source neutral n, find the current in phase-a from the
symmetrical components of the given voltages.

Figure P2.1 Circuit of Problem 2.1.

In the circuit shown in Figure P2.2, the open delta load is supplied by a bal-

anced three-phase supply. The value of the load impedance is Z =18 + j10 Q.

Assume that the line-to-line supply voltage is V,;, = 400 £0° V.

(a) Find the currents I, and Ip.

(b) Using the values calculated in (a), find I;pg, Iop1, and Iyp,.

(c) Using the values of Ipg, I;p1, and I, obtained in (b), find the sequence
components of the line current Iy, I,;, and I,.

I
-

Figure P2.2 Open delta circuit of Problem 2.2.
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2.3 Consider the wye-connected distribution system, the single line diagram of
which is shown in Figure P2.3. In this, a balanced load voltage supplies an
unbalanced load. The system parameters are:

Source voltage: Vy = 400 (L-L)

Feeder impedance: Z; = 0.08 + j0.04 Q

Unbalanced wye-connected load: Z;, = 10 + j4.51 Q, Z;, = 8.5 +j3.83 Q, and
Zr.=2+j9Q
Determine the percentage VU of the load voltage V7.

Z VL5

Il
Load ? Zy

AAA
\AJ

-

Figure P2.3 Distribution system supplying unbalanced load of Problem 2.3.

2.4 Consider the circuit shown in Figure P2.4, in which a harmonically distorted
voltage source supplies a load. The system fundamental frequency is 50 Hz.
The instantaneous source voltage is given by

sin(5wt)  sin(7wt)
5 7

Vs = 325.269 [sin (wt) + A%

Zs v,

+ >

Q)
s L 7

Figure P2.4 Distribution system for VU calculation of Problem 2.4.
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The line and load impedances respectively are
Zs=Rs=2Q, Ls=001H, Z;, =R, =10 Q, L; =05H

The current I draws a fundamental frequency current of 1.5 A with phase
angle of 0°. Find the THD of the load bus voltage.

2.5 The symmetrical component transform of (2.2) is rewritten as

Vo 1 1 1 Va Iqo 1 1 1 1,
Val =K|1 a a®||Vy|and |In| =K|1 a a*||I
Va 1 a? V. I 1 a® al|l|l

Determine the value of K such that the transformation matrix is power
invariant, i.e.

S=V I, + VI + VI, = Vool + Val, + Val,

2.6 Consider a set of balanced voltages, given by
v, = 100cos (wt), v, =100cos (wt—120°), v, =100cos (wt + 120°)

Determine the d-axis and the g-axis component of the voltages.
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Review of SISO Control Systems

Many industrial processes can be controlled through a single input, which can be
used for controlling one specific output. Consider, for example a DC motor. The
speed of the motor can be controlled by controlling the armature voltage. Even
though there are other parameters in the motor circuit (e.g. mechanical torque),
the input-output relationship between armature voltage and output speed can be
written by a single linear ordinary differential equation (ODE). Systems that can be
adequately described by a single ODE are usually referred to as single-input,
single-output (SISO) systems in continuous-time domain. In this chapter, we
discuss the control of SISO systems. For control analysis and design, a SISO system
is represented by its transfer function, which is the ratio of the Laplace transform
of the output over the Laplace transform of the input, assuming the initial condi-
tions of the ODEs remain zero. Once a system is described by its transfer function,
we can analyze the system and synthesize its control using several tools that have
been formulated over the years. In the following, we present a review of these
techniques - starting with system pole-zero description, followed by time
response, Routh-Hurwitz’s stability analysis, root locus, frequency response
methods, the Nyquist stability criterion, and system gain and phase margins
(PMs). Basic control actions such as PID (proportional plus integral plus
derivative) and lag-lead compensators are also discussed.

A discrete-time control or digital control system is the basic backbone of indus-
trial control as most controllers are realized using microprocessors these days. In
this chapter, we introduce the basic concepts of digital control. A discrete-time sys-
tem is represented by a z-transform and difference equation. It is to be noted that
the control analysis techniques for both continuous time and discrete time are
essentially the same. We therefore do not discuss the digital control in detail here;
control design using the difference equations is covered in detail in Chapter 6.

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.

© 2023 The Institute of Electrical and Electronics Engineers, Inc.

Published 2023 by John Wiley & Sons, Inc.

59



60

3 Review of SISO Control Systems
3.1 Transfer Function and Time Response

Consider a linear time system that is represented by the block diagram of
Figure 3.1, where Y, is the reference input and Y is the output. The open-loop
transfer function of the system is G(s)H(s). The transfer function of the closed-loop
system is given by

Y(s) _ Gs)
Y.(s) ~ 1+ G(s)H(s)

(3.1)

Note that, if H(s) = 1, then the system will be called a unity feedback system.
The characteristic equation of the system is given by

1+ G(s)H(s) = 0 (3.2)

It is essentially a polynomial in s. The stability of a system is governed by the roots
of the characteristic equation, which are also called the poles of the system.
A system is stable if all the poles are on the left half of the s-plane. If any of the
roots have a positive real part (i.e. any pole is on the open right-half s-plane),
the closed-loop system will be unstable. The system can be marginally stable if
simple poles are on the jw-axis, except at the origin. However, the system will
be unstable if there are multiple poles on this axis.

3.1.1 Steady State Error and DC Gain

Let the open-loop transfer function of the system be defined by

P(s)

G(S)H(S) = SNQ(S)

where P(s) and Q(s) are polynomials in s and the system has N poles at the origin.
The system order is then equal to the total number of roots of the polynomial Q(s)
plus N, while the system type is defined by N. For example, the system will be
called Type-0 if N = 0 or Type-1 if N = 1, and so on.

E(s) Figure 3.1 Block diagram of a closed-loop

Y, (s5)—% G(s) Y(s)  system.

H(s)




3.1 Transfer Function and Time Response

From Figure 3.1, the error equation is given by

E(s) =Y,(s)—H(s)Y(s) = Y,(s) — G(s)H(s)E(s)

_ Yy SNQ(s) (3.3)
=17 owHE ~ Y T sap)

The steady error is obtained from (3.3), where a system with a fixed reference input
will have a fixed error as time ¢ tends to infinity, provided that the system is stable.
A system cannot have any steady state error if any of the poles are either on the
right-half s-plane or on the imaginary axis, except for the poles located at the ori-
gin. For a stable system, the steady state error can be determined using the final
value theorem of Laplace transform as

e = lims X SYH()Q(s) lim [V * 1Y, (s)] x Q(0)

0" " P(s) +5VQ(s) ~ 0 P(0) + {%g%sN} X Q(0)

(3.4)

Usually, the reference inputs are step, ramp, and parabolic. The steady
state error depends on the types of input and the system types, as listed in
Table 3.1.

The DC gain (K,.) of a system is defined as the steady state output of the system,
when the input Y,(s) in (3.1) is a unit step, i.e.

yss = hmy(t) = lll’l’lS1 G(S) G(O)

o S T+ Glo)HE) ~ 1+ GO)H(©) — (3.5)

In a unity feedback system, the steady state error is zero when the DC
gain is 1.

Table 3.1 The steady state error depending on the system type for different inputs.

Input Y,(s) type

System type Step (1/5) Ramp (1/s%) Parabolic (1/s°)
Type-0 (N = 0) Finite Infinite Infinite
Type-1 (N =1) Zero Finite Infinite
Type-2 (N = 2) Zero Zero Finite

Type-3 or above (N > 3) Zero Zero Zero
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3.1.2 System Damping and Stability

Let us consider a second-order system that is traditionally written in the form of

Y 2
Y, (s) §* 42w, + 02

where w,, is the undamped natural frequency of the system and ¢ is the damping
ratio. Note that the system will have a DC gain of 1 when £ > 0, i.e. the poles are on
the left half of the s-plane. In general, the system response will be governed by the
damping ratio &. The roots of the characteristic equation of the system are given by

S12= =&, + jou/1- & (3.7)

In (3.7), the roots will have positive real parts when ¢ is negative. This means a
negatively damped system is unstable. For non-negative values of the damping
ratio &, the system can be classified into the following four different categories:

o Undamped (or critically damped): when & = 0; the roots are on the imaginary
axis of the s-plane at +jw,,. Since there is no damping in the system, a sustained
oscillation occurs at the frequency of w,,, and therefore, it is called the undamped
natural frequency.

o Underdamped: when 0 < £ < 1: the roots are at the locations given by (3.7). The
unit step response of the system is then given by

—wpt
sin| wgt + tan — " ———

) =1— ——
(t) -2 z
where @, is the damped natural frequency of the system, given by

g :(un\/l—f2

From (3.8), it can be surmised that the system oscillates with a frequency of w,; and
the transient dies out faster as the damping ratio increases.

(3.8)

o Critically damped: when £ = 1; both the roots are at the same location on the real
axis at —w,,. This means that the system will exponentially reach the steady state
of 1 for a unit step input.

o Overdamped: when & > 1; it can be seen from (3.7) that the system will have two
positive roots, both on the real axis. The system response will be sluggish.

Example 3.1 Consider a system of the form (3.6) with w,, = 9 rad/s. The input is
assumed to be a unit step. The system response is shown in Figure 3.2 for different
values of &. It is evident from Figure 3.2b that the system damping increases as the
damping ratio increases. Moreover, the system takes longer to attain the steady
state for the overdamped case.
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Figure 3.2 Step response of a second-order system: (@) undamped, (b) underdamped, and
(c) critically damped and overdamped.

3.1.3 Shaping a Second-order Response

For a second-order system, the following terms are defined to quantify the system
response:

« Rise time: the time required for the system response to rise from 10 to 90% of its
final value.

o Settling time: the time required for the system response to attain the steady state.
Usually, the steady state here means that the response reaches and stays within
2% of its final value.

e Maximum (or peak) overshoot (Mp): the maximum value the response curve
reaches when measured from unity. This is usually defined in terms of percent-
age by the formula

Mp = e~ (V1=8)7 « 100% (3.9)

o Peak time (¢p): the time required for the response to reach its first peak (which is
usually the maximum overshoot). It is given by

l'p = — (310)
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Example 3.2 Consider a simple RLC circuit containing a resistor, an inductor,
and a capacitor shown in Figure 3.3a. The transfer function of the system is given by

Vc (S) _ I/LC a)2

n

Vin(s) ~ 2+ SRC/LC + 1/LC _ & + 2Ew,s + 2

where the undamped natural frequency and the damping ratio are given by

1 1 RC 1

Wy = \/T_C’ &= 5 \/T_C = 5

We now choose the RLC parameter such that the system has the following
specifications:

RCw,

o Undamped natural frequency: around 50 Hz
e Peak overshoot: around 20%.

The undamped natural frequency for 50 Hz is w,, = 100z = 314.1593 rad/s. If we
choose C = 500 pF, then L should ideally be
1
L= — =20.26 mH
Co?
Instead, we choose L = 20 mH. This will slightly change w,, to 316.23 rad/s or
50.33 Hz.

0.8

ve (V)

0.6

0.4

ite

1 Il 1 Il 1 1 Il
0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

L I
0 0.005 0.01

Figure 3.3 (a) An RLC circuit and (b) its step response.
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From (3.9), the peak overshoot is given as

02=e (VI=8)r o _16004= — ¢ 7
1-¢

Solving the above equation, we get £ = 0.456. Therefore

2

= =577Q
Cwy,

Instead, we choose R = 5.5 Q to have the following transfer function

Vel(s) 10°

Vin(s) ~ s2 4 2755 + 10°

This gives us the following:

Damping ratio (£) = 0.435

o Peak overshoot (Mp) = 21.94%

o Damped natural frequency (wy) = 284.77 rad/s
Peak time (tp) = 0.011 seconds.

The unit step response of the system is shown in Figure 3.3b. The peak time and
peak overshoot are the same as those calculated above.

3.1.4 Step Response of First- and Higher-order Systems
Consider the following first-order system

Y(s) 1
Y, (s)  st+1

(3.11)

where 7 is called the time constant of the system. When the reference input Y,.is a
unit step, (3.11) is rewritten as

1 1 1 1

v(s) = L — L 3.12

(s) sst+1 s s+1/z (3.12)
Taking the inverse Laplace transform of (3.12), we get

y(t)=1—el" (3.13)

Note that when t = 7, y(¢) is equal to 0.6321. Therefore, the time constant (z) of the
system is defined as the time required by the system to reach 63.21% of its final
value. The smaller the time constant, the faster the time response. Figure 3.4 shows
the step response of the system of (3.11) with two different values of the time con-
stant. It can be seen that the system reaches the steady state faster when z = 0.5 s.
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Figure 3.4 Step response of a first-order system with two different values of time
constants.

A third-order system can have three real roots or a real root and a pair of com-
plex conjugate roots, e.g.
Y(s) 1 »?

= n 3.14
Y. (s) st+1 8%+ 2w,s+ o (3-14)

The transient response of such a system will depend on the relative position of
these roots. Consider, for example, a third-order system where the second-order
term has w, = 9 rad/s and £ = 0.1. The roots of the second-order polynomial
are located at —0.9 +j8.955. The system response for two different values of 7 is
shown in Figure 3.5. For 7 = 1 s, the root of the first-order polynomial is at —1.
Hence it is close to the decaying term of the second-order poles, and thus the sys-
tem almost exhibits a critically damped response. On the other hand, when
7 = 0.2 s, the root of the first-order polynomial is at —5. Therefore, the system
response is dictated by the complex conjugate poles, resulting in an oscillatory
response, as in a second-order system. Since the system response is governed by
the closed-loop poles that are closest to the jo-axis, they are called the dominant
poles.

3.2 Routh-Hurwitz’s Stability Test

As mentioned in Section 3.1, the stability of a closed-loop system will depend on
the roots of the characteristic equation. Consider the characteristic equation

Cs)=s"+an_15" " +ap_2s" 4+ - +as+a =0 (3.15)
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Figure 3.5 Step response of a third-order system with two different values of z.

It is easy to evaluate the roots of the system using MATLAB® with the “roots” com-
mand. From the perspective of checking the overall stability, Routh-Hurwitz’s cri-
terion has been losing prominence these days. However, from the design
perspective, it is still very useful. We briefly discuss this method in this section.

The first step is to determine if the polynomial C(s) is Hurwitz or not. The nec-
essary, but not sufficient, condition for the polynomial C(s) to be Hurwitz is that all
its coefficients should be positive and there must not be any zero coefficients
except for a. If this condition is satisfied, the Routh’s table is constructed, which,
for (3.15), is of the form

s" 1 Gn—2 Gn-s
-1
Y P S PR S MR
"y a as
n—3 3.16
S 12 b ( )
0 ao
where
ap-1ap-2—0ap-3 Ap-10p-4—0ap_s
Ga=———"""">5 Mm=———""
Ap-1 an-1 (3 17)
_ nAp-3—a0p-1 _ nAp—5—a30p-1 '
=" =

ay ay
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From (3.16), the following statements can be made about the stability or instability
of the closed-loop system:

e The system is stable if, and only if, all the elements of the first column are
positive, i.e. a,_1>0,a; >0, f1>0 ...

o There are as many roots on the right-half s-plane as there are sign changes in the
first column.

Example 3.3 shows how Routh-Hurwitz’s criterion can be used for design.

Example 3.3 Consider a system, the open-loop transfer function of which is
given by

_ (s+1)(s+2)
O =K G 55+ 29)

We shall determine the range of K for a stable operation of the system. The char-
acteristic equation of the system is

C(s) = s° + 30s* + 1255° + Ks* + 3Ks + 2K = 0

Then Routh’s table will be

s 1 125 3K
st 30 K 2K
8 3750—K 90K — 2K
30 30
s a 2K
st Vi
s 2K
where
3750K —K?> 30 x 88K
30 - 30 _ 1110K — K>
“= 3750 —K T 3750—K
30
88K 3750 — K
“30 ~ 2K< 30 )
ﬁ =
a

To ensure that all the elements of the first column are positive, the following
conditions must be satisfied.From s° row, K > 0.
From s° row

3750 - K
30

> 0= K <3750
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1) If the above condition is satisfied, then a will be positive when
(1110-K)K > 0

Since K> 0, we have K< 1110.
Now f > 0 implies

88K 2K (3750 - K>
= —F— >0

30 a \ 30
1 3750 — K)?

= 88K—2K% >0
30 1110K — K

The above equation can be simplified as

—90K? + 112680K — 28125000 > 0
= 90K? —112680K + 28125000 > 0

The solution of the above quadratic equation is
(K + 344.2625)(K + 907.7375) < 0

The above equation is valid in the range 344.2625 < K < 907.7375.

Note that conditions (1-3) are also satisfied by condition (4). Now for
K = 344.2625, there is a complex conjugate pair at +j2.98, indicating a
sustained oscillation at a frequency of 2.98 rad/s. Similarly, for K = 907.7375,
there is another set of complex conjugate pairs at + j5.3, indicating a sustained
oscillation at this frequency as well. The behavior of this system is investigated
when we discuss root locus in Section 3.3.

3.3 Root Locus

The transient response of a closed-loop system is dictated by its closed-loop poles.
These poles are the roots of the characteristic equation. Sometimes the closed-loop
poles can be placed at certain desired locations by using a simple gain (propor-
tional control). Root locus is a plot of the system poles when this gain changes from
zero to infinity. Consider the characteristic equation

1+ KG(s)H(s) =0

318
= KG(s)H(s) = —1 (3.18)
where K is the system gain. Eq. (3.18) gives the angle condition of
/G(s)H(s) = +180°(2k + 1),k =0,1,2,---
(5)H() = + 180°(2k + 1) 519

= /G(s)H(s) = + 180°, + 540°, + 900°, - -
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and the magnitude condition of
IKG(s)H(s)| =1 (3.20)

The root locus is a plot in the complex plane (s-plane) in which the values of s fulfill
the angle condition. The roots of the characteristic equation for a given value of
gain can be determined from the magnitude condition.

There are several rules for plotting a root locus. These rules were important
when they were plotted manually. With the current day availability of powerful
software tools like MATLAB®, most of these rules have become superfluous.
Therefore, only the most critical ones are discussed here. For more information,
readers should consult a textbook on the subject.

3.3.1 Number of Branches and Terminal Points
Consider an open-loop transfer function of the form

(s+z1)(s+22) (S+2m)

KG(s)H(s) =K ,n>m 3.21
) = K b6+ p) 5+ p,) 21

The characteristic equation is then given by
(s+p)s+py)-(s+p,) +K(s+z1)(s+22)(s+2m)=0 (3.22)

From (3.22) it can be surmised that when K is equal to zero the closed-loop poles
are equal to the open-loop poles. Since the root locus is a plot in which K changes
from 0 tooo, the starting point of any root locus is at the open-loop poles. Again, as
K — oo, m number of poles will terminate in the open-loop zeros. The rest n — m
number of poles will move to infinity. This is illustrated with the help of
Example 3.4.

Example 3.4 Let us consider an open-loop system with three poles and a zero,
given by

s+ 5
KG(s)H(s) =K ——+———
(s)H(s) S +32+55+6

The poles are at —2, — 0.5 +j1.66 and the zero is at —5. Now we choose a large
value of gain, say K = 10'% The characteristic equation is given by

S +32+10%+5x102% =0

The roots of the characteristic equation are at —5, — 1 +j10°. From this it is
evident that one of the poles terminates at the system zero, while the other
two poles move toward infinity. The root locus is shown in Figure 3.6.
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Figure 3.6 Root locus plot of the system of Example 3.4.

From the above example, following can be concluded:

e There are as may branches of the root locus as there are open-loop poles.

o The root locus always starts at the open-loop poles.

e Given that the open-loop system has m - zeros and n - poles, a total number of
m -loci terminates at the open-loop zeros.

e The rest m —n number of loci asymptotically approaches infinity.

e The complex conjugate poles have a constant real component when they
approach infinity.

3.3.2 Real Axis Locus

The root locus on the real axis depends only on the poles and zeros on this axis. The
complex conjugate pairs of poles and zeros have no influence on the real axis locus.
Consider, for example, the partial root locus shown in Figure 3.7, in which three
points (4, B, and C) are identified on the real axis. The sum total of the angle con-
tributions of the complex conjugate poles all along the real axis is 0° (i.e. ¢ — ¢) or
360° (i.e. ¢p — 360° — ¢p). These poles cannot have any contribution on the real axis
locus. Now consider the segment between points A and B. The angular contribu-
tion of the pole in point A is —180°, whereas the angular contribution of the pole at
C and the zero at B cancel out. Therefore, this segment will be on the real axis
locus. For the segment between points B and C, the angular contribution of the
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Imaginary
3

< O« ’i~\¢ »Real

Figure 3.7 Root locus on the real axis.

pole in point A and the zero at B cancel out, whereas the angular contribution of
the pole at C'is 0°, and hence this segment cannot be on the real axis locus. Finally,
for the segment to the left C, the angular contribution of the pole in point A and the
zero at B cancel out, whereas the angular contribution of the pole at C is —180°.
Thus, this segment will be on the real axis locus. In the real axis locus shown in
Figure 3.7, the pole in point A terminates in the zero at B, and the pole at point C
progresses to infinity along the real axis.

Following the logic mentioned above, the portions of the real axis that fall on the
real axis can be determined using the following simple logic:

Choose a test point on the real axis. If the total number of real axis poles and
zeros to the right of this point is odd, then this point is on the real axis locus.

Consider Example 3.5.

Example 3.5 Let us consider the following open-loop system

S+ 21
(s +p1)(s+p,)

where z;, p1, and p, are strictly real and positive. We shall draw the root locus for
the following three conditions.

KG(s)H(s) =K

a) p1>21> P
b) p1>p.>z
) z1>p1> P2

Case (a) is like the plot shown in Figure 3.7. This is shown in Figure 3.8a in
which one pole terminates at the zero and the other pole moves to infinity. Case
(b) is also like Case (a), except that the direction of the pole movement reverses for
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Figure 3.8 (a, b and c) Root locus plots for the three cases of Example 3.5.

one of the two poles. This is shown in Figure 3.8b. Case (c), however, is completely
different. From our discussion above, we know that the real axis locus will be in the
segment between p; and p,, and the segment to the left of z;. We also know that
one of the two poles will terminate at the zero. However, there is no way to restrict
the movement of the poles on the real axis only. Therefore, the poles must break
away from the real axis somewhere in the segment between p; and p, (at point A)
and break in somewhere in the segment on the left of z;, say at Point-B. Thereafter,
one pole will terminate at the zero, while the other pole will move toward infinity.
This is shown in Figure 3.8c.

3.3.3 Breakaway and Break-in Points

It is obvious from Example 3.5 that sometimes a root locus breaks away from or

breaks into the real axis. Just by inspection, it is easy to determine from which seg-

ment it will break away and to which segment it will converge (break in). How-

ever, we cannot determine the exact value at which the locus will break in or

break away. To determine this, consider an open-loop transfer function of the form
P(s)

KG(s)H(s) = K@ (3.23)
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Then the characteristic equation will be

Q(s)
+KP(s) =0=>K=——= 3.24
Qs) + KP(s) ) (3.24)
Consider Figure 3.8c again. The poles start moving along the segment between
p1 and p, as Kincreases from 0. At a particular value of K, they converge at Point-A
on the real axis. A slight increase in the value of K will make them break away from
the real axis. A similar argument can be made about the break-in Point-B. There-
fore, it can be concluded that the breakaway (or break-in) point occurs when the
value of K is maximum. To determine this point, the derivate of K with respect to s
is equated to zero. Thus from (3.24), we get
dK _ P(s) x dQu)5— Q(s) x dPG) 4

o =- e =0 (3.25)

Example 3.6 Consider the following open-loop system

s+5 s+ 5
KG(s)H(s) =K =K
($)H(s) (s+1)(s+3) 2 +4s+3

From (3.25), we have
(" +4s+3)x1—(s+5) x (2s+4) =0
=5 +10s+17=0

The solution of the quadratic gives s; , = — 3.17, — 7.83. The root locus plot for
the system is shown in Figure 3.9.

4 . = =
0.995 0.92 0.85 0.74 0.56 0.3
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2
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>
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[=))
@
£
-1
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0.995 0.92 0.85 0.74 0.56 0.3 ‘
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Real

Figure 3.9 Root locus plot for the system of Example 3.6.



3.3 Root Locus |75

Example 3.7 Let us now revisit Example 3.3, where the open-loop transfer func-
tion is given by

(s+1)(s+2)
$3(s + 5)(s + 25)
It was shown that the system remains stable for 344.2625 < K < 907.7375. The root
locus plot is shown in Figure 3.10a, while the zoomed portion around the imag-
inary axis is shown in Figure 3.10b. It is obvious from the figures that, of the three

G(s) =K

(@)
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Figure 3.10 (a) Root locus plot for the system of Example 3.7 and (b) zoomed portion
around the imaginary axis.
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Y

Kp

) —a( YR > K/s

G(s) -Y(s)

> sKp

PID Controller

Figure 3.11 Block diagram of the PID control of a unity feedback system.

poles at the origin, one terminates at —1, while the other two start moving in the
right-half s-plane. These poles move over to the left-half s-plane for K = 344.2625
and remain there till K = 907.7375. Thereafter, these poles move again to the right-
half s-plane. Their imaginary axis crossing points are at the locations that are
obtained in Example 3.3.

3.4 PID Control

Consider the unity feedback system shown in Figure 3.11. Given in the forward

path are three blocks: one proportional (P), one integral (I), and a derivate (D).

The functions of these blocks are defined as:

o Proportional block: up(t) = Kpe(t) = Up(s) = KpE(s)

o Integral block: u;(t) = Ky | e(t)dt = Uj(s) = I%E(S)

de(t)
dt

The outputs of these blocks are summed to form the control input u, given by

e Derivative block: up(t) = Kp

= Up(s) = sKpE(s)

U(s) = (Kp + % + sKD>E(s) = Ge(s)E(s) (3.26)

Note that the most popular form used in industrial control is the proportional
plus integral (PI) controller. However, in some cases, this controller may have
detrimental effects and it will be desirable to use a proportional plus derivative
(PD) controller instead. These two controllers are discussed in Section 3.4.1
and 3.4.2.
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3.4.1 PI Controller

Consider an open-loop transfer function of the form

(s+2z1)(S+22) (S + zm)

G(s) = > (3.27
)= S )G+ P s+ ) :
The closed-loop transfer function of the system with a P-type controller is

Y(s) Kp(s+z1)(s+22) (S + 2Zm)

Ye(s)  (s+Dp)(s+py) (s +py) + Ke(s+21)(s + 22) (5 + Zm)

(3.28)
The DC gain of the system then is
K e -
Kue PR X X XE (3.29)

TP XDy X XP,+KpXZI X2 X X T

The DC gain can be brought closer to 1, if a large value of Kp is used. However,
as we have observed before, a large gain can also move the poles to the right-half
s-plane causing system instability.

Instead, a PI controller is used which is of the form

K sKp + K
Gc(S)ZKP‘FfI:#
S S

The closed-loop transfer function of the system then is

Y(s) (SKp + Kp)(s+z21)(s +22)- (S + 2Zm)
Y, (s)  s(s+p)(s+py)--(s+p,) + Kp+Kp)(s+2z1)(s+22) (S + 2m)
(3.30)
The steady state output with a unit step response will then be
K K ..
vy = lim (S p+ I)(S + Z1)(S + Zz) (S + Zm) -1 (331)

5—0 (sKp + K1)(s +21)(S + 22) - (8 + Zm)

This implies that the DC gain will be 1 and the system will not have any steady
state error. We can therefore conclude that a PI controller is used to eliminate
any steady state error. Also note that the system defined in (3.27) is that of a
Type-0 system. The inclusion of the PI controller in the forward loop changes
the system Type to 1, and hence, from Table 3.1, it is obvious that the steady state
error will be zero for a step input.
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Example 3.8 This example demonstrates a procedure for the choice of PI con-
troller gains. Consider a unity feedback control system with

G(s):s1

(s+4)
It will be controlled by a PI controller of the form

_ 10s + K;
- s

GC (S)

We want to determine the limiting value of K;. The open-loop transfer function of
the system is
10s + K;
G(s)Ge(s) = 5——
(5)Gel(s) 2 (s+4)

Therefore, the characteristic equation of the system is given by
S(s+4)+10s+ K; =s(s* +4s+10) + K; =0
The Routh’s table then is
s? 1 10
SZ 4 K 1
. 40-K;

40
S0 K I

From s' row, the limiting value of the integral gain is obtained as K; < 40.
The characteristic equation can be rewritten as

1

L+ KG) =0 Gl = 757555 10)

This is in the form of (3.18) and hence is suitable for the root locus plot.

The root locus plot is shown in Figure 3.12. It can be seen from the figure that the
roots cross the imaginary axis over the right-half s-plane. For K; = 40, the complex
conjugate poles are located at + j3.16 and the real pole will be located at —4. The
system step response with this value of the integral gain is shown in Figure 3.13,
where a sustained oscillation can be observed. The step system response with a
different value of K; = 20 is also shown in Figure 3.13. The system is stable in this
case with a steady state error of zero.

3.4.2 PD Controller

Consider a unity feedback system with an open-loop transfer function of

1
52

G(s) =
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Figure 3.12 Root locus plot for the system of Example 3.8.

System Output for Different Values of K
T

' ‘ L K=40"--K=20

Times (s)

Figure 3.13 Step response with two different values of integral gain in Example 3.8.

With only a proportional controller, the characteristic equation of the system
will be

P+Kp=0

The system will have two closed-loop poles at + +/Kp and hence the system will
have a sustained oscillation when subjected to a step input.
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We now use a PD controller of the form
Gc(s) =Kp + sKp
The characteristic equation of the system then is
s+ sKp+Kp=0

The closed-loop system response then can be shaped by proper choice of the values
of the gains Kp and Kp. It can, therefore, be concluded that a PD controller
improves the transient response of a system.

Example 3.9 Consider a unity feedback control system with

25
Gls) = s(s+0.1)

This is a Type-1 system, and the steady state error will be zero for unit step input.
However, without any controller, the closed-loop transfer function is given by
Y(s) 25
Yr(s) s+ 0.1s + 25

which is a second-order system with w,, = 5 rad/s and £ = 0.01. Since the damping
is very small, the step response of the system is oscillatory and will take a very long
time to attain a steady state, as shown in Figure 3.14a.

We now employ a PI controller of the form

s+0.3
N

GC (S) =

The closed-loop system is then unstable, as is evident from the step response
shown in Figure 3.14b. Note that the characteristic equation with the PI
controller is

S +01s> +255+75=0

This gives the closed-loop poles of —0.299 and 0.1 + j5. This implies that the com-
plex conjugate poles are causing instability. This is not surprising, since the inclu-
sion of the PI controller, changes the system type to 2, and this will result in an
unstable response when the input is a unit step.

Alternatively, we employ the following PD controller instead of the PI controller

Ge(s) =25+ 5s

The inclusion of the PD controller does not change the system type, and hence the
steady state error to a step input will be zero. The closed-loop transfer function
then is
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Figure 3.14 Step response of the system of Example 3.9 with (a) no controller, (b) Pl
controller, and (c) PD controller.

Y(s)

Y (s) -

125s + 625
s2 + 125.1s + 625

This implies that the system has a DC gain of 1 and the closed-loop poles are stable.
The step response of the system is shown in Figure 3.14c.

Often the derivative part of the PID (or PD) controller is not implemented in the
form shown in Figure 3.11. An ideal derivative action can generate spikes every
time the set point changes. The PID controller, with the modified derivative action,
is given by

Ns
s+ N

K
Gc(S) =Kp + ?I + Kp (332)

where 0 < N < 200. Note that the derivative of (3.32) contains a lowpass filter with
the transfer function of N/(s + N) that will eliminate the high-frequency terms.

3.4.3 Tuning of PID Controllers

Often, PID controllers are tuned by trial-and-error methods. Even though this usu-
ally produces satisfactory results, a more systematic approach is needed for tuning
the controllers. We present a method here that was developed by J. G. Ziegler and
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N. B. Nichols, and hence the technique is referred to as the Ziegler-Nichols oscil-
lation method. This method is only valid for plants that are stable in the open loop.
As a first step, the controller transfer function of (3.26) is rewritten as

1
Gc(S) =Kp (1 + 5 + TDS) (333)

where K; = Kp/7;and Kp = Kprp. We shall now discuss the procedure for the selec-
tion of the controller gains with the help of Example 3.10.

Example 3.10 Consider a unity feedback control system with the open-loop
transfer function of

6= L = 1

(s+3)° $*+9s+27s+ 27

The first step in this process is to consider a proportional control with a gain of K...
The next step is to find the value of the gain K. at which the open-loop poles exhibit a
sustained oscillation. We can easily find this gain using Routh-Hurwitz’s method.
With the proportional controller, the characteristic equation of the system is given
by s® + 95* + 27s + 27 + K, = 0. The partial Routh-Hurwitz’s table is then formed as

s 1 27
s* 9 27 + K,
g 27 x9—(27 + K,)

9

Note that the system will have a sustained oscillation when the element of s* row is
zero, i.e.

27x9—(27+K.) =0= K. =27 x8 =216

We now form an auxiliary polynomial from row s* with this value of K,

[243
95 +27+216=0=s5= +j 7:«/27

This means that the undamped frequency is w, = v/27 = 5.196 rad/s, which is
equivalent to f,, = @,/2z = 0.827 Hz. Therefore, the undamped oscillation period
ist, = 1/f,, = 1.21 s. This oscillation period is shown in Figure 3.15a. The empirical
formulas for the selection of the time constants based on K. and ¢, are given in
Table 3.2. From this table, we get

Kp = 0.6 X 216 = 129.6
K 129.6
K=-2=-_"27

 05x1.21
Kp = Kprp =129.6 X 0.125 X 1.21 = 19.589

= 214.357

The system response with a unit step input is shown in Figure 3.15b.
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Figure 3.15 (a) Sustained oscillation time period and (b) step response of the system of
Example 3.10 with PID controller.

Table 3.2 The selection of PID parameters.

Type Kp T p
P 0.5K,
PI 0.45K. t,/1.2
PID 0.6K. 0.5¢, 0.125¢,

3.5 Frequency Response Methods

When a physical system is suddenly excited by a sinusoidal waveform, it goes
through a transient before attaining steady state, which is called the sinusoidal
steady state. In an electrical system, we often perform phasor analysis, assuming
that system is in the sinusoidal steady state. In this state, the voltages and cur-
rents are sinusoids with a constant frequency and amplitude. Similarly, the fre-
quency response analysis in a control system is the steady state response of a
system when it is excited by a sinusoidal input. In general, however, the fre-
quency of the sinusoidal input is varied over a large range to study the resulting
output.
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Consider the open-loop transfer function given by

Y0 _ Gisym(s) = —

U(s) s+a

It is excited by a sinusoidal input, u(t) = Vsin(wt), such that
Aw

Uls) = —— 3.34
() = 522 (3:34)
The output then is
1 Aw
Y(s) =U(s)G(s)H(s) = —— X 5—— 3.35
(5) = USGIOH() = —— x 57" (3.35)
The partial fraction expansion of (3.35) gives
A A* B
Y(s) = + + (3.36)

S+jo  s—jo s+a
where A* is the complex conjugate of A. The time response of the output is then
yss(t) :Ae—jwt +A*ejwt + Be—at

a

If a > 0, i.e. the system is stable, then the exponential term e~ will go to zero.

Therefore, we have the following steady state output
Yys(t) = Ae ™I + AT (3.37)
Now from (3.35) and (3.36), the following values are obtained.
%4 %4
A =G(—jo)H(—jo) 5 A = G(]'w)H(]'a))j—2
Now define
G(jw)H (jo) = |GH|e* (3.38)
Therefore
\%4 : Vv .
A= — —|GH|e7/*, A" = —|GH|e"”
Jj2 Jj2
Substituting the expressions in (3.37), we have
1% . .
Ves(t) = 7 |GH| x | —e @ *9) L J@i+0)| = V|GH|sin (ot + ¢) (3.39)

Equation (3.39) indicates that the output of a stable system, when excited by a
sinusoidal signal of a particular frequency, is also a sinusoid of the same frequency
at the sinusoidal steady state. The output can be written from (3.39) as

Y (jw) = V|GH| /g (3.40)
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From (3.40), it can be summarized that the amplitude of the output gets multi-
plied by the gain of the transfer function and its angle gets phase shifted by the
phase of the transfer function. We can then write

YGo)| _ Y(w)

=0 ) U(jw)

C T e

3.5.1 Bode Plot
Consider an open-loop transfer function of the form

a)Z

Gls)H(s) = s(s + a)(s? +y12§wns + ?) (3.41)

Replacing s by jw, the transfer function is rewritten as

[ 2

Gljw)H (jo) = jo(jo + a) (jZ&:,lw + w? — wz) (3:42)

A. Magnitude Plot: From (3.42), the magnitude condition is given as

w2

2 ; (3.43)
o X Vo + a? X \/4(5(1)"(1))2 + (@2 — 0?)

|G(jo)H (jo)| =

In Bode plots, the magnitude is often calculated in decibels (dB). A dB is defined
as 20 times the log of the gain. Therefore, the gain |G(jw)H(jw)| in (3.43) is
given as

2
wy,

+ log dB
\/4(§wnw)2 + (02— w2)2

|G(jw)H (jw)| = 20 | log 1 + log
®

1
V? + a?
(3.44)

Equation (3.44) indicates that each individual term can be plotted separately and
then can be added together to form the composite magnitude plot. Example 3.11
illustrates this.

Example 3.11 Consider the following open-loop transfer function

9 1
G(s)H(s) = ~3
(8)H(s) s(s+3)(s2+3s+9) 3 s(% + 1) (s +35+9)

—

85



86

3 Review of SISO Control Systems

The transfer function has a pole at the origin (integral term), a first-order pole at
—3, and a second-order term with w,, = 3 rad/s and £ = 0.5. Replacing s by jw, the
above transfer function is rewritten as

1 1 1
— X

J joo 8 J :
® 0
— +1 1+ =
(1) (+5-5)
A semilog scale is usually used for Bode plots. Note that 20 log(1/3) = —9.54 dB
and is constant. For an integral term with a gain of 1, we have the following

G(jw)H (jo) = = X

W | =

=0

1
w w=1

= 20 and 20log L

1
20log L
Dlly =01
Therefore, the integral term drops 20 dB per decade, which is usually written as
having a slope of —20 dB/decade. Using a similar argument, the slope of a deriv-
ative term is +20 dB/decade. The magnitude plots of the gain and the integral
terms are shown in Figure 3.16.
For the first-order term, we have

1 Oforw<<3
20log |——| =
jo 4 —20log (w/3) for w > 3
3
(a) The Gain Term
-8.5 T T T
-9
-9.5f =
8
10+ -
-10.5} ~
11 1 1 i 1 HH
102 107" 10° 10 102
(b) The Inte:
gral Term
40 T
20
] 0

ol " L L iy
10 102

—40 . L £ i i . s B ag
102 107" 10°
Frequency (rad/s)

Figure 3.16 The magnitude plots of (a) the gain and (b) the integral terms.
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(a) The First Order Term
0 ' = 3rad/s i
o —10F .
©
-20
-30 L . N I O O A 1 | L " e W 0 O O | L . - P | / L R Y ol s
102 107! 100 10° 102
(b) The Second Order Term
T
o -
o —20F -
©
—40+
—80 L L PR T O A | " " sty it L " e al " s ' T
1072 107! 10° 10! 10

Frequency (rad/s)

Figure 3.17 The magnitude plots (a) the first- and (b) the second-order terms.

The Bode plot of the first-order term is a combination of two asymptotes that inter-
sect at w = 3 rad/s, as shown in Figure 3.17a. One asymptote is a 0-dB straight line,
while the other has a slope of —20 dB/decade. The frequency w = 3 rad/s is called
the corner frequency. The Bode plot, however, does not have a discontinuity and is
a smooth curve, as shown in Figure 3.17a. Note that a first-order term in the
numerator like (jw/w. + 1) will have a rise at the rate of 20 dB/decade from the
corner frequency of w..

In a similar way, the Bode magnitude plot of the second-order term can also be
obtained. This term is given by

1 w? w?\?
- —20log/— + (1— —
1+ jo @ & 9 ( 9 >
3 9

Therefore

Oforw << 3(=wy)

1
—40log( >w>>3(:wn)

: 2
jo o
1+———

The gain plot of the second-order term also has two asymptotes, where the slope of
one of the asymptotes will be —40 dB/decade. The magnitude plot of the second-
order term is shown in Figure 3.17b. The bump divergence from the asymptotes

@

@p
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near the corner point will depend on the damping ratio: the less the damping, the
more will be the divergence.
B. Phase Plot: From (3.43), we can write

1 1 1
[G(jw)H (jo) = L— + /- +/ 2
Jjo Jo+a @ [0}

n @p

(3.45)

Therefore, the phase can also be plotted by adding all the individual elements.

Example 3.12 Consider again the open-loop transfer function given in Exam-
ple 3.11. The gain term does not have any phase and hence does not contribute
to the phase plot. The integral term (1/jw) will have a constant phase of —90°
as it is independent of the frequency value. The phase of the first-order term is

1 (@
ij = — tan (g)
— +1
3
Therefore, we can write
0° foro~0
1
/= = —45° forw =3
Jjo
3 +1 —90° asw — o

The phase plot of the first-order term is shown in Figure 3.18a. The phase of the
second-order term is

[0)
1 bt
|| = —tan ! 3 3
1+ 222 1- 2
3 9 9
We can therefore surmise
0° for o~ 0
1
|| = —90° for w = w,
1+ 22 180°
3 9 — as @ — oo

The phase plot of the second-order term is shown in Figure 3.18b.

The composite Bode plot of the system of Examples 3.11 and 3.12 is shown in
Figure 3.19. Note that from this plot, we can determine the gain and phase of
the system for a particular value of frequency. For example, for @ = 10 rad/s,
the gain is —61 dB and the phase is —325°. This can also be calculated analytically
by substituting s = j10 in the open-loop transfer function.
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Figure 3.18 The phase plots of (a) the first- and (b) second-order terms.
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Figure 3.19 The composite Bode plot of Examples 3.11 and 3.12.

3.5.2 Nyquist (Polar) Plot

A Nyquist plot (or polar plot) is the graph of the magnitude of the transfer function
G(jw)H(jw) versus its phase angle in polar coordinates as the frequency changes
from —oo to oo. Consider, for example, the following transfer function
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50

GRS = s+ 10)

Then

: L 50 3 50
G(jw)H (jo) = o+ 2o +10) - (10=120%) +j(2lo—a?) (3.46)

From (3.46), we have the following conditions

Glj)H (o) - o = 5/0°

NN 50 .
G(.]a))H(]w”a) = -0 — W =0/270
N 50 .
Gljw)H(jo)l, - o = =0/-270
W= o0 (jw)3
w—

To determine the direction of rotation, we first determine the imaginary axis
crossing point, where the real part of G(jw)H(jw) is equal to zero. From (3.46), this
is calculated as

10
10-120%, =w= + 5= = 0.91rad/s

For the imaginary axis crossing at w = —j0.91, (3.46) is rewritten as

50

G(—j0.91)H(—j0.91) T jlw + o)

=j2.72
w = —j0.91

For the real axis crossing, the imaginary component must be zero, i.e.
2lw—0*=0 = w=0andw= + V21 = +4.583rad/s
Therefore, from (3.46), we have

. . 50
Gl j4.483)H (+ j4.483) = - — = -0.21
» = +j4.483
The Nyquist plot is shown in Figure 3.20. The plot starts at @ = — oo, for
which the magnitude of G(jw)H(jw) is zero and has a phase angle of 270°. Then
atw = — j4.483 rad/s, it crosses the real axis at Point-B. As the frequency decreases,
it crosses the imaginary axis at Point-A when w = — j0.91 rad/s. As the frequency
reduces further to w = 0, the magnitude becomes +5 on the real axis. The rest of
the plot is a mirror image of the above. Thus, the plot travels in a clockwise direc-
tion from @ = 0 and enters the origin with an angle of 90° as w tends to infinity.
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Imaginary Axis
o
T

-1 0 1 2 3 4 5
Real Axis

Figure 3.20 Nyquist plot of the transfer function given in (3.45).

An open-loop transfer function can be written in the frequency domain as G(jw)
H(jw) = |GH(w)| £ 8(w), where both the magnitude and the phase angle vary as w
varies. These two quantities are plotted separately against frequency in a Bode plot.
In the polar plot, however, as the name suggests, the locus of the tip of the vector G
(jw)H(jw) is plotted in the complex plane as the frequency changes. Both these
plots convey certain information that are critical for control system performance
evaluation. However, these can be explained better through the Nyquist stability
criterion, which is discussed in Section 3.5.3.

3.5.3 Nyquist Stability Criterion

In this section, the Nyquist stability criterion is discussed, without presenting the
formal proof of the theorem. An open-loop transfer function can be written as

q(s)
G(s)H(s) = —=
S = T
Let us define the following rational function
p(s) +4(s)
p(s)

Note that the zeros of F(s) are the roots of the characteristic equation, while its
poles are also the poles of the open-loop system G(s)H(s). The first step is to form
a closed contour in the s-plane that encloses the entire right half of the plane.

F(s) =1+ G(s)H(s) = (3.47)
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(a) (b) Figure 3.21 Nyquist path

jo Jjo (a) without a singularity on

} } the jw axis and (b) with a

singularity at the origin.
\ \
o0 o0

0 > oL —>

\ \

s-plane s-plane

The contour consists of the jo axis as w varies from —oo to oo and a semicircular
path with a radius of oo, as shown in Figure 3.21a. Clearly, the direction of travel is
clockwise. This path is usually called the Nyquist path and it encloses all the poles
and zeros F(s) that have positive real parts. It is also necessary that the Nyquist
path does not pass through any pole or zero of F(s). Therefore, if F(s) has any pole
or zero along the jw axis, then a detour is taken to avoid this point, as shown in
Figure 3.21b. Here ¢ is a very small number and 6 varies from —180° to 180°.
The Nyquist stability criterion is then expressed as

Z =N +P (3.48)

where

Z = number of zeros of F(s) that are in the right-half s-plane.

P = number of poles of F(s) that are in the right-half s-plane.

N = number of clockwise encirclements of the origin in the F(jw) - plane.

Consider the contours shown in Figure 3.22a. Notice that F(jw)is the sum of a
unit vector and G(jw)H(jw). Thus 1 + G(jw)H(jw) is identical to the vector drawn
from —1 + jO point to a point on the path formed by the vector G(jw)H(jw), as
shown in Figure 3.22b. Therefore, the encirclement of the origin in the F(jw)-plane
is equivalent to the encirclement of the —1 + jO point in the G(jw)H(jw)-plane.
Therefore, we redefine the Nyquist stability criterion as

Z=N+P (3.49)

where

Z = number of zeros of the characteristic equation 1 + G(s)H(s) = 0 (or closed-
loop poles) that are in the right-half s-plane.

P = number of poles of G(s)H(s) (i.e. open-loop poles) that are in the right-half
s-plane.

N =number of clockwise encirclements of the —1+j0 point in the G(jw)
H(jw) - plane.
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(a) (b) ,
Imaginary Imaginary
3 A
N By
T » Real » Real
1+ G(jw)H( o) 1+ G(jw)H(jw) ~~G(jo)H(jw)
F(jw)-plane G(jw)H(j w)-plane

Figure 3.22 Polar plots in two different planes: (a) F(jw) = 1 + G(jw)H(jw) plane and
(b) G(jw)H(jw) plane.

For stability, we must have Z = 0. Now suppose an open-loop system has m num-
ber of poles on the right-half s-plane, i.e. P = m. Then for the system to remain
stable, we must have N= — m. This means that the Nyquist path must have m
number of counterclockwise encirclements of the —1 + jO point.

Example 3.13 Consider the open-loop transfer function, given by

-1
G(s)H(s) =
(s)H(s) 53 — 552 + 1.53s + 10.764

It has got poles at 3.9, 2.3, and —1.2. Since there are two open-loop poles in the
right-half s-plane, we have P = 2. Now

—w*—1
(5w?* 4+ 10.764) + j(1.530 — @?)

G(jo)H(jo) =
The terminal values of the plot are

G(ja))H(ja))L” -0 = m =0.093/—180°

w— 0

1
G(]a))H(]a))| = ; =0/-90°

3
J w— 00

The Nyquist plot is shown in Figure 3.23. To find the real axis intercept, equate the
imaginary part to zero, i.e.

(1530 —w’) =0
=w=0and w= +Vv1.53= +1.2369
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Figure 3.23 Nyquist plot of the system of Example 3.13.

Now
G(jcu)H(ja))|w — 12360 = —0.1374 = 0.1374/—180°

From the Nyquist plot of Figure 3.23, where there is no encirclement of the
—1 +jO point and thus N = 0. Therefore, from (3.49), we get Z = 2, i.e. there are
two closed-loop poles on the right-half s-plane. It can be verified from the
characteristic equation of the system that the closed-loop poles are located at
—1.23, 2.61 +j1.06.

Example 3.14 This is a design example, where we shall determine the range of
Kp for a stable operation of the system given by the following characteristic
equation

14+ G(s)H(s) =s* + 4Kps* + (Kp + 3)s + 10 =0

From the characteristic equation, the following open-loop transfer function is
obtained
4s? + s

COH() =Kr 535 10
The open-loop poles are at —1.7, 0.85 +j2.273, and hence P = 2. Thus, to have a
stable operation (Z = 0), we must have two counterclockwise encirclements of
the —1 + jO point (N = — 2). Now

jo —4a?
10 + jo(3 — w?)
— K, o(w—40*) — 400” + j[100 + 40° (3 — »?)]
100 + (3 — w?)?

G(jo)H (jo) = Kp
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The terminal points are then
Gj)H(jo)|,, = = 0/0°,  G(jw)H(jw),, ., = 0/=90°

=

The real axis crossing will occur when
10w + 40°(3—*) =0

The above equation has roots at w = 0 and w = +1.92 rad/s. Hence
Gljo)H(jo)l, - 1.0, = —1.47Kp

For the frequency of @ = 1.92 rad/s, we can write
1 + G(jo)H(jo) =1—1.47K =0

1
=K=—-=0.68
1.47

The Nyquist plot for K = 0.68 is shown in Figure 3.24a. It passes through —1 + jO
point indicating that the system is critically stable, i.e. undamped with two com-
plex conjugate poles on the imaginary axis. We know that the Nyquist plot needs
two counterclockwise encirclements of the —1 + jO point for stability. Therefore,
from Figure 3.24a, we can surmise that, for stability, K must be greater than
0.68. The Nyquist plot for K = 0.9 is shown in Figure 3.24b. Since this plot encircles
the —1 + jO point twice in the counterclockwise direction, the system is stable for
this value of K. This result can also be verified using Routh-Hurwitz’s criterion.

3.6 Relative Stability

Consider the three Nyquist plots of the unity feedback system shown in Figure 3.25.
These plots are for three different values of the open-loop gain |G(jw)|. Assume that
the open-loop system is stable. Therefore, for stability, there shall not be any encir-
clement of the —1 +jO point. When this gain is small, the Nyquist path does not
encircle this point (Curve-1). As the gain increases, the Nyquist path changes - it
passes through —1 +jO point (Curve-2) or encircles this point (Curve-3). This
implies that the system is critically stable when it is on Curve-2 and is unstable
when it is on Curve-3. Therefore, it can be surmised that, with the gain |G(jw)l,
the system stability changes. In this section, we evaluate how far a system is from
instability using both Nyquist and Bode plots.

3.6.1 Phase and Gain Margins

Consider the Nyquist plot of the open-loop transfer function of the unity feedback
system shown in Figure 3.26a. Also plotted in this figure is a circle with unit radius.
The Nyquist plot intersects the unit circle at point p; and the real axis at point p,.
These two intersections points are defined as
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Figure 3.24 Nyquist plot for the (a) undamped system and (b) stable system of
Example 3.14.

Imaginary Figure 3.25 Nyquist plots as the open-loop gain |GH| of
a unity feedback system changes.
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(a) . (b) .

Imaginary Imaginary
A A
K

3
LA \

G(jo)

»Real

1

Figure 3.26 Nyquist plot of a system with (a) positive phase and GMs and (b) negative
phase and GMs.

e pj: gain crossover point. At this point, the plot is on the unit circle and hence the
gain |G(jw)! is equal to 1. The frequency at which this occurs is called the gain
crossover frequency w,.

e p: phase crossover point. At this point, the plot intersects the negative real axis
and hence the phase 2G(jw) is equal to —180°. The frequency at which this
occurs is called the phase crossover frequency wp.

Now note that in Curve-2 of Figure 3.25 the gain and phase crossover points of the
critically stable curve are the same, and it occurs when the curve intersects the unit
circle. Therefore, for critical stability we can write G(jw) = —1+j0 =1« —180°,
i.e. the gain should be 1 and the phase should be —180°.

The PMs are defined as the additional phase lag required at the gain crossover
point to bring the system in the verge of instability. In Figure 3.26a, the angle that
G(jw) makes at gain crossover point p; is (360° — ¢). Noting that at the critical
point the phase must be —180°, the PM is defined by how many additional degrees
the system will require to reach this critical point, i.e.

PM =y = 360° — p — 180° = 180° — ¢ (3.50)

In Figure 3.26a, since ¢ < 180°, the PMs y > 0, and the system is said to have pos-
itive PM. On the other hand, since ¢ > 180° in Figure 3.26b, the system is said to
have a negative PM, i.e. y <O0.

From Figure 3.26a, we find that |G(jw)| < 1 at phase crossover frequency. Let us
denote the gain at phase crossover frequency as IG(jo,)l = K,. The gain margin
(GM) defines how much additional gain is required to push the system on the
verge of instability. It is given in terms of decibels by

1
GM = 0—-20logK, = 20log (K_) dB (3.51)
g
From (3.51), it is obvious that the GM will be negative if K, > 1. The system with
the Nyquist plot of Figure 3.26b has both negative GM and negative PM. However,
the system’s stability is affected by either of them being negative.
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Figure 3.27 Bode plot of a system with (a) positive phase and GMs and (b) negative phase
and GMs.

The Bode plot of a system with positive GM and negative PM is shown in
Figure 3.27a, in which, the phase is greater than —180° at the gain crossover fre-
quency g, while the gain is below 0 dB at the phase crossover frequency w,. In
Figure 3.27b, a system with both negative GM and negative PM is shown. At
@y, the phase is below —180°, while the gain is above 0 dB at w,. A system is stable
when both gain and PMs are positive.

Example 3.15 The open-loop transfer function of a unity feedback control
system is
Kp
G(s)H(s) = ————
($)H(s) s(s2 +5s+2)
We shall determine the value of Kp such that the PM of the system is 50°. The trans-
fer function can be rewritten as
. , Kp
G(jo)H =
(o)H ) jo(2—? + jo)

At the gain crossover frequency w,, the phase must be equal to —180° + 50° =
—130°. Therefore

. . (o] —_ a) o
/G(jwg)H (jwg) = —90° — tan 1<2 iﬂ) = —130

%
= tan‘1< e 2) =40°
Z—wg
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Solving the above equation, we get the following quadratic equation
2 —
o; + 11920, —2 =0

Solving the quadratic equation gives us w, = 0.94, —3.13 rad/s. At the gain
crossover frequency, the gain must be equal to 1 and hence

K K
|G(j0.94)H (j0.94)| = |- F e
0.94(2—0.94* +j0.94)| ~ 1.371

From the above equation, we get Kp = 1.371.
Note that the phase crossover will occur when the imaginary component is zero
(see Figure 3.27a). Therefore

wp(Z—wIz,) =0
= w,=0and @, = +V2rad/s= + 1.4142rad/s

We then get

K, = |G(j1.4141)H(j1.4142)| = 0.6855

The GM is then 20log (1/Kg) = 201log (14 6s55) = 3.28 dB. The Bode plot, where

the margins and crossover points are also indicated, is shown in Figure 3.28.

Bode Plot
GM = 3.28 dB (at 1.41 rad/s), PM = 50 deg (at 0.939 rad/s)
T T

o-‘\_\—‘—f—_ J
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Figure 3.28 Bode plot for the system designed in Example 3.15.
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Example 3.16 A unity feedback system with an open-loop transfer function of

4
6= e+

will be controlled by a PD controller of the form G(s) = Kp + sKp. The controller
will be designed such that the compensated system has a PM of 50° at the gain
crossover frequency (wg) of 1.7 rad/s.

At the gain crossover frequency

1.7
/G(j1.7) = —90° — tan ~!(1.7) — tan ~! (7) = —189.9°

At this frequency, the phase of the compensated system must be equal to
(50 —180)° = —130°. Therefore

/Ge(j1.7) —189.9° = —130°
= /Gc(j1.7) = 59.9°
Now we can define G at the gain crossover as
Ge(j1.7) = |G (j1.7)]€°* = |Ge(j1.7)] X (0.5015 + j0.8651)
Also note that at the gain crossover
|Gc(j1.7)| X |G(j1.7)| =1
Since

4
G(j1.7)| = = 0.4545
617 17X V172 +1x V172 +4

we have |Gc(j1.7)| = Vg 4s45 = 2.2. Then
Gc(j1.7) = Kp + j1.7Kp = 2.2 X (0.5015 + j0.8651) = 1.1035 + j1.9035

This results in the following proportional and derivative gains

1.9035

Kp=1.1035 Kp=
P b 1.7

1.2

The Bode plot of the compensated system is shown in Figure 3.29, while its step
response is shown in Figure 3.30. Notice that the open-loop system has a pole at the
origin and hence no integral action is required. The system shows an under-
damped response with a zero steady state error.
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Bode Plot
GM = Inf dB (at Inf rad/s), PM = 50 deg (at 1.7 rad/s)
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Figure 3.29 Bode plot of the compensated system of Example 3.16.
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Figure 3.30 Step response of the compensated system of Example 3.16.

3.6.2 Bandwidth

The bandwidth of a system defines how well the system will be able to pass a sinus-
oidal input. Consider the Bode plot shown in Figure 3.31. In this, the magnitude
becomes —3 dB at wj, which is called the cutoff frequency of the system. The

101



102

3 Review of SISO Control Systems

|G(jw)| dB Figure 3.31 Bode plot showing bandwidth
A and cutoff frequency.
0
-3

Bandwidth

»logw

bandwidth of the system lies in the frequency range 0 < w < wj, where the mag-
nitude is above —3 dB. A system will pass sinusoidal signals of frequency below
wp, but will attenuate signals of higher frequencies. For example, consider a trans-
fer function of the form

1
=¥y

At the cutoff frequency w,, the gain will be —3 dB, i.e. 0.7079. Then

1
G(jwp)| = ——==—= = 0.7079
Solving we get @, = 0.9976 rad/s. The gain plot in dB is shown in Figure 3.32a,
where the gain around the cutoff frequency is zoomed in Figure 3.32b, from which
it is evident that the gain is nearly —3 dB at 1 rad/s. Obviously, the gain |G(jw)! will
become smaller as @ increases.

(a) Gain (dB)
0 T gy | ¥ ! T Gl G |
-10f
—-20
-30|
—40 [
_50 L L - | & - | L L L ik L L - i
1072 107" 10° 10! 102
(b()) Gain (dB) Zoomed around Cutoff Frequency
T
— o
2L =
-3}
—4 . L L . . 1
1071 100

Frequency (rad/s)

Figure 3.32 Log magnitude of a first-order system. (a) gain plot and (b) gain around the
cutoff frequency.
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function of

G(s) = —

The closed-loop transfer function is

G(s)

25

1+ G(s)

T & + 1085 + 25

3.6 Relative Stability | 103

Consider a unity feedback system with an open-loop transfer

This indicates that the closed-loop system has an undamped natural frequency of
5rad/s. Now we obtain the following cutoff frequencies for different values of the

damping ratio

=01,
£=0.5,
£=0.9,

wp =7.71rad/s
wp = 6.36rad/s

wp = 3.72rad/s

The step response of the system for these three different values of damping ratio is
shown in Figure 3.33. From these, the following observations can be made:

o As the damping ratio increases, the cutoff frequency decreases.
o As the damping ratio increases, the peak overshoot decreases.

Therefore, the peak overshoot and cutoff frequency are directly related to

each other.
System Response when ¢ = 0.1
2 T T T T T T T
1 -
0 1 | | 1 1 1 1 1
0 1 3 4 5 6 7 8 9 10
15 System Response when ¢ = 0.5
g T T T T
1k
0.51 i
0 L | L L | L L I
0 1 3 4 5 6 7 8 9 10
15 System Response when & =0.9
- T T T T
1
0.5 J
0 1 | | 1 1 1 1 1
0 1 3 4 5 6 7 8 9 10
Time (s)

Figure 3.33 Step response of the system of Example 3.17 for three different values of the

damping ratio.
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3.7 Compensator Design

Compensators are basically controllers. They shape the response of the closed-loop
system, just like the PID controller discussed in Section 3.4. These are, however,
called compensators as they can compensate the phase of an open-loop system.
There are two basic forms of compensators: phase lead and phase lag. They can
also be combined to form a lead-lag compensator. Phase lead compensators
improve the transient response but have little or no effect on the steady state prop-
erties. Therefore, they are similar in their performances to PD controllers. Phase
lag compensators, on the other hand, improve the steady state performance, albeit
at the expense of transient response. Consequently, they are akin to PI controllers.
Lead-lag compensators combine the two and hence can alter both the transient
response and the steady state performance, just like a PID controller.

3.7.1 Lead Compensator

A lead (or phase lead) compensator has the following transfer function

s+ 14 ts+1
Ge(s) = =a ,a
C() s+ 1, ars+ 1

<1 (3.52)

It can be seen that G(jO) = @ and G(joo) = 1. The polar plot of the lead compen-
sator is shown in Figure 3.34a.

The maximum value of the phase lead angle is denoted by ¢,,.. This is the angle
between the imaginary axis and tangent drawn from the origin to the semicircle
shown in Figure 3.34a. Then we can write

1-a)y 1-a
1+ayy, 14a

sing,, =

(3.53)

This equation gives us a relation between the maximum phase lead angle and a.

The Bode plot of the system, using asymptotic approximation, is shown in
Figure 3.34b. This has two corner frequencies: one at @ = 1/, and the other at
o =1,. Since a < 1, the numerator term dominates the response, holding it to
0 dB before w = 1/and 20 dB/decade rise thereafter till ® = 1/,,. The denominator
term is 0 dB before w = 1/,, and a fall of —20 dB/decade thereafter. The overall
magnitude curve becomes constant after = 1/, since the numerator and the
denominator terms cancel each other out. The phase plot also shows a similar
behavior. In fact, the lead compensator will show a highpass filter response.

The frequency of the point at which the tangent touches the semicircle is
denoted by w,, (Figure 3.34a). From the phase plot, we can surmise that the
maximum phase lead occurs at the geometric mean of the two corner
frequencies, i.e.
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(a) (b)

A
Imaginary 0
A dB
-20
w’ﬂ
»log(w
fn (1-a)2 &)
o 1 » Real Degree /I\
w=0 w=0w ¢m \
1+0)/2 0 "/ > log(w)
o V2, 1/ 1ot

Figure 3.34 (a) Polar plot and (b) Bode plot of a lead compensator.

log (wm) = %[108 G) + log (éﬂ = %k’g (é) = log (ﬁ)

Therefore, we can write
1
Var

Example 3.18 Consider a unity feedback system with an open-loop transfer
function of

O = (3.54)

Gs) = 5

The Bode plot of the uncompensated system is shown in Figure 3.35. We now want
to design a phase lead compensator such that the PM of the compensated system
is 45°.

The designed lead compensator will have the following form

Ts+1

Ge(s) =aK,———,
cls)=a ‘ars+ 1

aK.=1
The phase lead condition of (3.52) gives
. o l—a
sin45" = —— = a = 0.1716
l1+a
At the maximum phase lead frequency of wn, = V/,/,, we have
T X ]— +1 .
. Var j+Va 1+a 1
(Geljeom)| = J ='a+\/(3: Z+a Va
arx ——+1 4
ar
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Bode Plot of the Uncompensated System
GM = 0dB (at 1rad/s), PM = 0deg (at 1rad/s)

Magnitude (dB)
o
T

-179 . ——

)

_179.5- | 1

ree

(deg

—-180

Phase
L
o]
o
(9]
T
1

—181 .
107! 100 10’
Frequency (rad/s)

Figure 3.35 Bode plot of the uncompensated system of Example 3.18.

The frequency at which the maximum phase lead occurs to be the gain crossover
frequency, i.e.

|Gc(jom)| + |G(jom)| = 0dB
= 2010, i = —20Io L

Therefore
1
w? = NG = @y = 1.5537 rad/s

Again from (3.54), we get

= 1.5538

1
= wm/a
Therefore, the lead compensator is

1.5538s +1

Go(s) = =205 T 2
c(8) = 526665 1 1

The Bode plot of the compensated system is shown in Figure 3.36.

Note that a simple unit feedback of the uncompensated system will result in an
undamped system with the poles located at +jl. The step response of the
closed-loop system is shown in Figure 3.37, where it is well damped. We can
therefore reiterate that a phase-lead compensator improves the transient response
of the system, just like a PD controller.



Bode Plot of the Compensated System

GM = —Inf dB (at Orad/s), PM = 45deg (at 1.55 rad/s)

3.7 Compensator Design
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Figure 3.36 Bode plot of the compensated system of Example 3.18.

Step Response of the Closed-Loop System
T T T

Output y

0.4

0.2

T

1 L I

4 5 6
Time (s)

Figure 3.37 The closed-loop step response of the compensated system of Example 3.18.
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3.7.2 Lag Compensator
The transfer function of a lag compensator is of the form

Crs+1 1 s+,
S Prs+1 T Bos+ly]

Ge(s) p>1 (3.55)

This can be written as

Jjot +1

Therefore, the phase of the compensator is given by
HGe(jo)} = tan " (arw) — tan ~! (zw) (3.56)

To minimize the phase, the derivative of 2{G(jw)} is taken with respect to w and is
equated to zero to get

T _ pr
(01> +1  (wpr)’ +1

1 . (3.57)
TS )T T

Consider a lag compensator with # = 10 and = = 0.01. Then from (3.57) we get
® = 31.62 rad/s. Substituting this frequency, the compensator is given by
G(j31.62) = 0.32 £ — 54.9°. The gain of the compensator at 31.62rad/s is 10
dB. The Bode plot of the lag compensator is shown in Figure 3.38, which has a
low pass response. If a system has a desirable transient response but unsatisfactory
steady state characteristics, then the lag compensator is employed. The basic pur-
pose is to increase the open-loop gains without moving the closed-loop poles
appreciably.

3.7.3 Lead-lag Compensator

The transfer function of a lead-lag compensator is of the form

(h@):<s+%4>><<s+9@>,ﬁ>1 (3.58)

s+ b, s+ Vg,

The Bode plot of this compensator is shown in Figure 3.39. It is obvious that it is a
combination of a lag network and a lead network. The response of this network
can be shaped by the proper choice of the gains and time constants.
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3.38 Bode plot of the lag compensator with g =10 and 7z = 0.01.
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3.39 Bode plot of a lead-lag compensator with =10, 7; =0.1 and 7, = 0.4.
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3.8 Discrete-time Control

Currently there is an abundance of low-cost digital processors in the form of digital
signal processors (DSPs), microcontrollers, field-programmable gate array (FPGA)
based devices, etc. The advantage of these processors is that they can be repro-
grammed easily and can be tuned online. As a result, most of the industrial con-
trollers these days are digital. A digital controller uses input signals in the form of a
pulse train, obtained by an analog-to-digital converter (ADC) from the measured
output data. It executes the control algorithm that resides inside a computer. The
calculated control variable is then sent to the actuator of the plant through a dig-
ital-to-analog converter (DAC). The schematic diagram of a digital control system
is shown in Figure 3.40.

A digital control is not the application of continuous-time controller in a digital
computer. The sampling process gives it an altogether different characteristic. In
digital control, we use z-transform and difference equations as opposed to Laplace
transform and differential equations used in continuous-time systems. However,
there are similarities between these two different approaches. Most of the techni-
ques that are used in classical continuous-time control systems (such as roots
locus, frequency domain analysis, etc.) can also be used for digital control systems.
Therefore, these are not discussed in detail in this section. Since all power elec-
tronic circuits involve switching, they are more suited for digital control
application.

3.8.1 Discrete-time Representation

A continuous-time signal is sampled, and the sampled data are held between the
two samples for it to be processed by a computer. Hence sampling is an integral
part of a digital control system. The sampling process is discussed first before
we proceed to derive the z-transform from the sampled signal.

The sampler is a switch that closes periodically to input physical measurement
through ADC. Once the switch closes, it remains on for a short period of time to

\i

Digital Computer > DAC

Controlled Process (Plant) >

A

ADC -

Figure 3.40 Schematic diagram of a digital control system.
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(@) (b)

f——r ”

T

0 T 2T 3T 4T 5T

Figure 3.41 The sampling process: (a) ideal sampler and (b) impulse modulated sampling
waveform.

capture the signal. In practice, however, this time period is very small compared to
the sampling time T and, therefore, is neglected. The sampling process then can be
graphically represented, as in Figure 3.41a, where the input to the sampler (S) is
the signal f(t), while the output is a train of impulses f*(¢). The sampler in this case
is called an ideal sampler. The train of impulses for an arbitrary signal is shown in
Figure 3.41b and is expressed mathematically as

= 3 F(kT)S(~ kT)
k=0
= F(0)8(t) + F(T)5(t—T) + f(2T)8(t — 2T) +

Taking the Laplace transform on both sides of (3.59), we get

Fi(s) = L{f"(t J{i t—kT}‘“dt kaT = skT

(3.60)

(3.59)

3.8.2 The z-transform

The Laplace transform of the train of impulses given by (3.60) is not a rational
function, given the presence of the e~ terms on the right-hand side. Thus, it is
desirable to have a transform that converts F*(s) into a rational function F(z). This
is called the z-transform of f(t). To convert F*(s) into F(z), we substitute

z=¢" (3.61)

Then the z-transform is given by

F(@) =F(s)],_pr = i f(kT)z™* (3.62)
k=0
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Using (3.62), the z-transform of a unit step function is given as

F(Z):ZZ_k:1+Z_1+Z_2+"': = —— (3.63)
k=0

3.8.3 Transformation from Continuous Time to Discrete Time
Consider a continuous-time transfer function given by

bps™ + by 18" 4 - + bis + by
A" + ap_1S" L+ -+ as+ap

G(s) =

n>m (3.64)

Assuming that the system has n-distinct poles, (3.64) can be expanded in a partial
fraction as

G(s) = Z Ky (3.65)

i:1S+pi

where p;, i =1, 2, ..., n are the poles and K;s their respective residues. Equa-
tion (3.65) can be written in time domain (impulse response) as

g(t) = Xn:Kie‘p” (3.66)

i=1

Therefore, we have

g(kT) = iKie‘K"fT (3.67)

i=1

—at

Let us now consider a function f{t) = e~*. Using (3.62), its z-transform is given by

o0

Z e—asz—k =1+ e—aTz—l + e—ZuTZ—Z + e—3aTZ—3 + ...
k=0

F(z)

1 z

- l_e—aTz—l - z_e—uT

Using the above result, the discrete-time transfer function G(z) of (3.67) is given as

G(z) = Z%;Tz_l (3.68)

i=

3.8.4 Mapping s-Plane into z-Plane

Note from (3.61) that z = ¢*”. Therefore, as s = 6 + jw is a complex number so is
z=¢"". We shall now determine the region of stability in the z-plane, given that the
region of stability in the s-plane is the closed left half. Assume that a pole is at a
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Figure 3.42 Stable and unstable operating Imaginary

regions on the z-plane.
/ 1
Stable

Region
location s = jw on the imaginary axis on the s-plane. Then, in the z-domain, it will
be at z = 1 ZwT. Now if the pole remains on the imaginary axis on the s-plane,
then correspondingly it will have a magnitude of 1 on the z-plane and it will turn
a full circle every time T changes by 360°. Thus, the imaginary axis is mapped
into a circle with unit radius, as shown in Figure 3.42. This circle is usually called
the unit circle.
Now assume that s = ¢ + jw. Then

Real

z= e((r +Jjo)T _ e”TZ(a)T)

= le| =€
If 6 < 0, i.e. the pole is on the -half s-plane, then, in the z-domain 0 < Izl < 1, i.e. the
pole in the z-domain will be inside the unit circle. Conversely, if ¢ > 0, i.e. the pole
is on the right-half s-plane, then Izl > 1. This means that the stable region in the
s-plane is mapped inside the unit circle in the z-plane, and hence it can be stated
that a discrete-time system is stable when its poles are inside the unit circle in the
z-plane.

3.8.5 Difference Equation and Transfer Function

There are several properties of z-transform. We shall state only two of them that
are important for our discussions. Let us define F(z) = 3[f(¢)]. Then

o Real Translation (Shifting Theorem): 3[f(t —nT)] = 2~ "F(z)

3(f(e+nT)) = 2"

F(z)— nif(kT)Z"‘}
k=0

e Final Value Theorem: If (1 — z~")F(z) does not have a pole on or outside the unit
circle (i.e. if the system is stable such that the final value exists), then
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fis = lim f(kT) = lim (1-z7Y)F(z) (3.69)
— 00 =

A discrete-time system can be represented by a finite difference equation,
given by

Y ay[(k—i)T] = bu[(k—i)T], n>m (3.70)

Henceforth, we shall drop the sampling time T for brevity, where y(k) will signify
the sampled value of y(t)|, — 7. Then (3.70) can be expanded as

apy(k) + ay(k—1) + - -- + apy(k —n) = bou(k) + byju(k—1) + - - - + bu(k—m)
(3.71)

Using the shifting property of the z-transform, we get 3[f(t—n)] =27 "F(z).
Therefore, the transfer function of (3.70) can be determined as

Y(z) bo+biz '+ +buz™ 1 boZ 4+ bz 4+ by
U(z) T Aotz 4+ az M qut a4+ +ay
(3.72)

Assume that U() is a unit step function of the form given in (3.63). Then from
(3.72), we have

_ 1 bytbiz 44z
T l-zlagtmzl o+ ag”

Y(z)

Using the final value theorem of (3.69), the DC gain is obtained as
( 1 b+ biz™! +-~-+bmz—m> _bp+by+ -+ by

=lim(1-z7!
Yss zal( ) 1-z7t ap+aiz=t+ - +ax" a+az+ -+ ay

(3.73)

Therefore, the DC gain is the sum of numerator coefficients over the denominator
coefficients. The major advantage of the difference equation is that it can be used
in recursive computation. For example, consider (3.71). This equation can be
rewritten for the kth sample as

agy(k) = —ayy(k—1)—- - —ayy(k—n) + bou(k) + byu(k—1) + - - - + bpu(k—m)
Then replacing k by k + 1, we get

agy(k +1) = —ayy(k)—---—apy(k—n—1) + bou(k + 1) + byu(k)
+ -+ buulk—m—1)

Therefore, we find that y(k + 1) is computed with the new input u(k + 1) and shift-
ing the previous values of inputs and outputs by one.
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If n = m —1 in (3.70), the transfer function is written as

Y(z) 1 b2 +bi2" '+ +by  bg+bz '+ +buz"

Uiz) z ! az"+az" 1+ +a, az '+az 2+ - +ag "}
This results in the following difference equation
apy(k—1) + ary(k—2) + --- + apy(k—n—1) = bou(k) + bju(k—1) + - - - + buu(k —m)

We can then see that the system becomes noncausal, i.e. y(k — 1) depends on u(k).
This implies that the output at k — 1 depends on the future input at k, which is not
possible from a control design perspective. Thus, to ensure causality, it is stipulated
that n > m.

3.8.6 Digital PID Control

Consider the PID controller given in (3.26). There are several methods for repre-
senting s in discrete form, like forward Euler, backward Euler, or trapezoidal form.
The backward Euler method is given by

(3.74)

where T is the sampling time. Then we can write (3.26) as

U(z) KT  Kp .
) _K 2=
E(z) rt 1-z7! 7 (1-27)

K
Kp(1=27") + KiT + =2 (1-27")
1-z7!

, (3.75)

In difference equation form, (3.75) is written as
u(k) —u(k —1) = ape(k) + are(k—1) + aze(k—2) (3.76)

where
Kp _ Kp

ay =

Kp
ap=Kp + K;T + T, (11=—Kp—2?, T

In Chapter 6, we discuss control design in the discrete domain, where several
control design methods are discussed.

3.9 Concluding Remarks
In this chapter, a review of the classical control system is presented, along with

various techniques that are used for the control design of power electronic conver-
ters. Continuous-time control systems are discussed in some detail. We discuss the
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control of power converters using classical techniques in Chapter 4. An introduc-
tion to discrete-time control is also covered. Most of the techniques that are used in
continuous-time systems are also valid for discrete-time systems and, therefore,
are not discussed in detail. One of the most important aspects of discrete-time sys-
tems is the representation of SISO system in difference equation form. This has
been extensively used in power converter control systems. Therefore, this is intro-
duced in the chapter; their use in the design of controllers in the difference equa-
tion domain is discussed in Chapter 6.

Problems

3.1 Find the transfer function E,(s)/E,(s) of the operational amplifier (OPAMP)
circuit shown in Figure P3.1.

C
| £
IX
R

— AN\

+

e _+

€

=
Figure P3.1 OPAMP circuit of Problem 3.1.

3.2 Consider the unity feedback system of where the plant transfer function is
given by (Figure P3.2)

Controller Plant

Figure P3.2 Unity feedback control system of Problem 3.2.

1

Ge(s) = s2+6s+9

(a) Find the steady state error to a unit step input (i.e. Y,(s) = 1/s) when the
controller is a proportional controller with G(s) = Kp.

(b) We now replace the proportional controller with a PI controller of the
formG(s) = Kp + K;/s. Determine the values Kp and K;of such that the
damping ratio and the undamped natural frequency of the dominant
complex conjugate poles are 0.5 and 3 rad/s respectively. The remain
closed-loop pole is assumed to be placed at —3.

(c) For the controller designed in (b), find the steady state error to a unit
ramp input.
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3.3 For the system, the root locus for which is shown in Figure P3.3, find the
characteristic equation and the values of ¢; and wy.

1 e
\ g

Imaginary
L o
T
I\/y
2

Figure P3.3 Root locus for Problem 3.3.

3.4 Consider again the unity feedback system shown in Figure P3.2, where

400
T 2 + 40s

Ge(s) = K
C(S)—Kp-f-?, Kp>1

GP(S)

(a) Draw the root locus as K; changes from zero to infinity.
(b) Find the relation between Kp and K; for the absolute stability of the
system.

3.5 The open-loop transfer function of a unity feedback control system is
given by

_ s+ p
G(S)_Ks2(s—+2)

Draw the root locus and the value (or range) of the parameter § when

(a) There is only one breakaway point at s = 0.
(b) When there are two breakaway points including the one at s = 0.
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3.6

3.7

3.8

3.9

3.10

Consider the open-loop transfer function of

s+ 2
s(s + 1)(s? + 4s + 10)

G(s)H(s) = K

(a) Determine the maximum value of K for system stability using Routh-
Hurwitz’s criterion.

(b) Determine the imaginary axis crossing point for the maximum value of
K obtained in (a).

(c) Draw the Bode plot of the system for the maximum value of K obtained
in (a), and hence comment on the stability margins.

Using the Nyquist stability criterion, determine the absolute stability of the
unity feedback system, given by
50
G(s)= ———F——
(s+1)°(s+ 10)

Determine through the Nyquist stability criterion, the limiting value of K
for the absolute stability of the system shown in Figure P3.8, where K > 0.

10
Yr(s) 5 K(s + 2) 5 m > Y(s)

Figure P3.8 Feedback system of Problem 3.8.

A unity feedback system has the open-loop transfer function of

K
(s+1)"

G(s) =

Using the Nyquist stability criterion, determine the range of K for stable
operation, when (a) n = 2 and when (b) n = 3.

The open-loop transfer function of a unity feedback control system is
given by
K

OO = (@ rs+a)

Determine the value of K such that the PM of the system is 30°. What is the
GM of the system for this value of K?



3.11

3.12

3.13

3.14

3.15

Problems

The open-loop transfer function of a unity feedback control system is
given by

1+ 1zs
(s +1)(1 + 0.01s)

G(s) = .

Determine the smallest possible value of 7 such that the system has an infi-
nite GM.

Consider a second-order system of the form

Y(s) w?

- n

Yi(s)  $%+ 2w,s + 0?

Show that the bandwidth w, is given by
wp = W, X \/1—252 +1/4E =282 42

Consider the feedback control system of Figure P3.2, where

K
Gc(S) =Kp + ?I + sKp

Let w,, be the gain crossover frequency at which the compensated system
has a PM of ¢,,. Then prove that

cosd K sin @
Kp = ———7 and w,Kp — t

[Ge (jag)| g~ [Gp(jeg)]

where 0 = £ G(joy).

In the feedback control system of Figure P3.2, the plant and the controller
are given by

Gp(s) = and G¢(s) = Kp + sKp

4
s(s+1)(s + 2)
Using the results of Problem 3.13, find Kp and Kp, such that the compen-

sated system has a PM of 50° at the crossover frequency of 1.7 rad/s.

In the feedback control system of Figure P3.2, the plant transfer function is
given by
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Design a phase lead compensator such that the PM of the compensated sys-
tem is 45°.

3.16 In the feedback control system of Figure P3.2, the plant transfer function is
given by

80

Gr(s) = s(s+4)

Design a phase lag compensator such that the PM of the compensated sys-
tem is at least 50°.

3.17 Find the z-transform of the following sequences:

0 fork = 0and even integers
fkT) = o
1 fork = odd integers
1 fork = 0and even integers
fkT) = o
—1 for k = odd integers
f(kT) = kTa*
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Power Electronic Control Design Challenges

In many power electronics systems, the voltage or current waveform across a load
should be regulated or controlled regardless of internal or external disturbances
and variations in the power electronics parameters. To elaborate on these issues,
we discuss DC-DC converters in this chapter, where both step-up (boost) and step-
down (buck) converters are considered. A DC-DC converter, connected to two dif-
ferent DC sources and a resistive load, is shown in Figure 4.1. In this chapter, not
only is the control of DC-DC converters discussed, but the characteristics of these
converter with respect to the sources is also studied.

4.1 Analysis of Buck Converter

Assume that the buck converter is connected to the battery source (v;,,) with no
voltage fluctuation and the aim of the controller is to regulate the output voltage
(v,). The circuit diagram of the converter is shown in Figure 4.2. To find the trans-
fer function of the system, we need to analyze the system when the switch is on and
when it is off.

When the switch is turned on, the diode is turned off as the positive input voltage
(positive DC voltage v;,,) appears across the diode. The circuit diagram is shown in
Figure 4.3a. The voltage across the inductor is extracted during this time interval
(on-time) as

vL(t) = vin(£) = vo(2) (4.1)

When the switch is turned off, the diode is turned on as the current through the
inductor is positive in the circuit diagram, shown in Figure 4.3b. Therefore, the
voltage across the inductor is extracted during this time interval (off-time) as

vL(t) = —vo(f) (4.2)

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.

© 2023 The Institute of Electrical and Electronics Engineers, Inc.

Published 2023 by John Wiley & Sons, Inc.

123



124 | 4 Power Electronic Control Design Challenges
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Battery

DC-DC
Converter
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Source

Uncontrolled
Diode Rectifier

Unregulated

Filter

Figure4.1 The block diagram of a DC-DC converter connected to two different DC sources.

iin(2) i) L 20
—_— S — —
N +vi(t) - il'c(l)
n T +
vm(z)g D C T~ R § vo(t)

Figure 4.2 The circuit diagram of a buck converter connected to a battery (v;,) and a
resistive load (R).

(@) (o)

i[n(t)a iL(Z) (ém) io([) ﬂ L io(t)
+ vi(t) — liC(t) +vi(t) - lic(t)
+ + +
vin(t) —— C/~ R § V() C/~ R § 0

Figure 4.3 The circuit diagram of a buck converter when the switch is (a) on and (b) off.

Assuming the input and output voltage ripples are negligible, and the system is in
the steady state, the inductor voltage equations are rewritten as

UL(t) =

{ Vin— Vo when the switch is turned on (4.3)

-V when the switch is turned off

Note that the steady state quantities are denoted by uppercase letters, while instan-
taneous quantities are denoted by lowercase letters.

The duty cycle (or ratio) d(t) of the converter is defined as the ratio of the on-
time, ton to the switching cycle time, T;. When the input and output voltages have
no variation, the duty cycle is constant (denoted by D) and is expressed as



4.1 Analysis of Buck Converter
_ ~_ ton
dfy=D=-X
T (4.4)
d'(t) =1-d(t)

Based on the above analysis and operating modes, the voltage and current wave-
forms of the buck converter over one switching cycle are shown in Figure 4.4. It is
assumed that the switch and the diode are ideal (with no voltage drop when they
are turned on), the current through the inductor is continuous, and the output
voltage ripple is negligible.

When the converter has not attained a steady state, the inductor current and the
output voltage are changed at the end of each switching cycle. Once the converter
is in the steady state, the average voltage across the inductor and the current
through the capacitor should be zero. The average voltage across the inductor over
one switching cycle can then be calculated as

Ts
1
i) = ~ J w(t) dt =0 (4.5)
T,
0
(a)
vi(?)
A
Vin - Vo
pr, | DT,
D [ > >
—y,

Vo/R

>/

DT T

Figure 4.4 Voltage and current waveforms of a buck converter over a switching cycle in the
steady stare: (a) voltage across the inductor, (b) current through the inductor, (c) current
through the capacitor, and (d) load current.
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Based on (4.3) and (4.4), the average voltage of (4.5) can be expressed as

) = — J(Vin—"o) di + J(—vo) di| =0 (4.6)
DT,

s

The solution of (4.6) yields

D= — (4.7)

4.1.1 Designing a Buck Converter

To design a buck converter, the inductance and capacitance values must be deter-
mined. The value of the inductor can be selected based on the system operating
mode and the expected voltage and current ripples. For example, during the time
period when the switch is turned on, the inductor voltage can be expressed in
terms of its current as

dig (t)

ve(t) = L— (4.8)

From (4.3), the voltage across the inductor is obtained. Therefore, when the switch
is on, we have

2Ai
Vin—Vo = L—DTf (4.9)
The inductor ripple is then given by
Vin—Vo)DT Vin—Vo)D
AiL — ( in o) N — ( in 0) (4.10)

2L 2Lf,
For the design of a buck converter, the following aspects must be kept in mind:

e One of the main design parameters is the switching frequency, f;, which is
selected based on the quality, efficiency, cost, and size of the power converter.
In low power applications, the switching frequency is in the order of tens of kHz.

o The switch and the diode are considered ideal components in this example with-
out any voltage drop and internal resistance. In practice, however, the internal
characteristics of the semiconductor components have a significant impact on
the steady state, dynamic, and efficiency of the power converter.

o The inductor is considered to be without any internal resistance (copper loss)
and any parasitic capacitor between the turns of the winding. These parameters
can affect the voltage drop, ripple, transfer function, and high-frequency noise
emission.



4.1 Analysis of Buck Converter

Example 4.1 Consider an ideal buck converter, the parameters of which are
given in Table 4.1. We first have to choose the duty ratio. From (4.7), we find that
for an input voltage of 12V the duty ratio should be kept at D =54, = 0.417 to
keep the output as 5V across the load. For a 5V output and 1 Q resistance, the
output current is

5
Itoad =1, = I =5A
For 10% current ripple, we have Ai; = 0.5 A. Therefore, from (4.10), the inductance

is calculated as

_ (Vi=Vo)D _ 7x0.417

L= = =0.146 X 1073 = 0.146 mH
2Airf 2x0.5x 20 x 10°

To determine the value of the capacitance, the average current through the
capacitor can be calculated as shown in Figure 4.5. During the time interval t;

Table 4.1 Buck converter design parameters.

Quantities Values
1

Switching frequency, f, = T 20 kHz
s

Input voltage, Vi, 12V

Output voltage, V, 5V

Load resistance, R 1Q

Inductor current ripple, Air 10%

Output voltage ripple, Av, 2%

Figure 4.5 Capacitor current and voltage
waveforms.
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to ¢, (half of the switching cycle), the current through the capacitor is positive. The
voltage ripple, Av,, is then given by

dVC(l')

ic(t)y=C i (4.11)
The surface area of the capacitor current between ¢, and ¢, is

t 6

Jvc(t)dt - %Jic(t)dt (4.12)

151 15}

The left side of (4.12) is equal to 2Av,, i.e. two times the voltage ripple across the
capacitor (see Figure 4.5). Thus, the voltage ripple amplitude in terms of the con-
verter parameters is given by

TsAi
2Av, = 2Ay, = ZCL (4.13)
Therefore, the value of the capacitor is computed as
Aip,
= 4.14
8AV.f (4.14)

For the values given in Table 4.1, we get

0.5
C= - =0.03125 X 10~* = 31.25 uF
8 X (0.02 X 5) X 20 X 10

Example 4.2 The buck converter of Table 4.1 is simulated with the designed
values of the inductance and capacitance. The cold start transients are shown
in Figure 4.6, while the voltage and currents in the steady state condition are
shown in Figure 4.7. The duty ratio is chosen as 54, = 0.4167. It can be seen that,
in the steady state, the voltage and current ripples are the same as the designed
values. If there are no internal or external disturbances or any variation in the
power converter elements and parameters, the output voltage is exactly 5 V.

4.1.2 The Need for a Controller

In Example 4.2, the buck converter is connected to an ideal battery (constant volt-
age with no harmonics or disturbances). The open-loop system response is shown
in Figures 4.6 and 4.7, where the converter is turned on and off with an exact duty
ratio of 0.4167 to keep the output voltage constant at 5V. However, in practical
situations, the aim is to regulate the output voltage at 5V regardless of the
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Figure 4.6 Initial starting transients of the buck converter.
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Figure 4.7 Steady state voltage and current ripples with the buck converter.
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uncertainties in the converter system such as load change and converter passive
element variations. In addition to the tolerances in the power converter para-
meters, a pulse generator cannot generate the expected pulses (due to variations
in electronic circuits), with the exact duty cycle. The input voltage might have
some harmonics and amplitude variations in which the output voltage will be
affected.

Consider, for example, the buck converter of Example 4.1. The converter is sup-
plied by a 12V battery with a fixed duty ratio of 0.4167. When it operates in the
steady state, the load reduces suddenly at 0.01 seconds and then changes back
to the original value of 1 Q at 0.02 seconds. The output voltage and the inductor
current are shown in Figure 4.8a,b respectively. Due to the fixed duty ratio oper-
ation, the voltage does not get regulated. Also, the current chatters around 0 A. The
zoomed versions of voltage and current are shown in Figure 4.8c,d respectively. It
is evident that the inductor current enters a discontinuous conduction mode
(DCM), where the current is prevented from becoming negative by the diode.
Thus, to regulate the voltage at 5V and to prevent the current entering DCM,
the duty ratio must be controlled.

a b
@ Output Voltage v, (V) (b) Inductor Current i, (A)
15 6
10 4
5[ 1 2
0 0
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
c d
( ) Output Voltage v, (V) ( ) Inductor Current i, (A)
1
14
0.8
12
0.6
10
0.4
8
0.2
6
4 0
0.009 0.0095 0.01 0.0105 0.011 0.0115 0.009 0.0095 0.01 0.0105 0.011 0.0115
Time (s) Time (s)

Figure 4.8 System behavior for a load change when the buck converter is supplied by a
battery: (a) Output voltage, (b) inductor current behavior, zoomed portion of (c) output
voltage and (d) inductor current.
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Consider another example where the buck converter is connected to a diode rec-
tifier. The output voltage should be at 5V. This situation is completely different
from the previous case — changing the input DC source from a battery to a diode
rectifier that produces unregulated DC voltage. Here the voltage amplitude is not
constant and introduces voltage harmonics. These are obvious from the response
shown in Figure 4.9.

Due to the input voltage variation and disturbances, the duty cycle should be
changed continuously in order to generate a regulated voltage of 5V across the
load. Therefore, there is a need to design and implement a controller based on neg-
ative feedback. This is to control the duty cycle automatically based on the error
generated by any voltage disturbance and variation.

A general circuit diagram of a buck converter with negative feedback is shown in
Figure 4.10, where the control algorithm is assumed to be executed by a microcon-
troller. An ideal DC source is shown in Figure 4.10a, where the input voltage (bat-
tery) has no harmonics, and it is expected to be constant at 12'V. The output
voltage amplitude is low (5V) and it can be directly measured by the controller.
The output voltage is compared to a reference value (5V in this case), while the
error should be minimized through a proper controller. The pulse generator (pulse
width modulator, PWM) can generate pulses with a variable duty cycle to control

Input Voltage V;,, (V)
124 ]
12.2_\/\/W_

Output Voltage v, (V)
T

5.5 T T

T T

45 L 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Inductor Current i, (A)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

Figure 4.9 Voltage and current behavior when the buck converter is supplied by an
uncontrolled bridge rectifier.
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Figure 4.10 Circuit diagrams of a buck converter with negative feedback and a controller:
(a) with a battery and low-output voltage amplitude and (b) with a diode rectifier and high-
output voltage amplitude.

the output voltage at the desired value despite all variations and disturbances in
the power converter. For example, if the load is changed affecting the operating
mode of the converter, the controller can adjust the duty cycle based on the gen-
erated error accordingly.

Figure 4.10b shows another case where the input voltage fluctuates (e.g. a rec-
tified voltage with harmonics), and the output voltage is expected to be 24 V.
Under this condition, the converter output voltage is higher than the voltage limit
that can be safely measured by a microcontroller (typically voltages below 5V can
be measured directly by it). Thus, for the measurement, first, the output voltage
should be attenuated by a voltage divider. The sensor transfer function should
be modelled in the overall control system analysis, which can affect the stability
of the system.

To design a controller for both systems, a transfer function and a model of the
converter is required. The state variables of inductor current (i;) and capacitor
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voltage (v.) are defined to extract and derive the equations for all subcircuits when
semiconductor switches are turned on and off. In Sections 4.1.3-4.1.7, we intro-
duce several stages to find the transfer function of a power converter. The aver-
aging method has been used to find a continuous model of the discrete
subcircuits. As the final equations are nonlinear (some of the variables are multi-
plied together), a linearization technique is utilized to simplify the equations into
linear time-invariant form. Finally, the Laplace transform of the linearized equa-
tions is used to find the transfer function, based on which a controller can be
designed.

4.1.3 Dynamic State of a Power Converter

The dynamic behavior of a power converter is observed when the current through
an inductor or the voltage across a capacitor is changed. During this time, the
values of the voltage and current at the beginning and at the end of each switching
cycle are not the same. This phenomenon happens when a change occurs in the
reference signal, the input voltage, or the load. A similar behavior can be observed
during the start-up condition when the power converter is turned on with zero
initial condition; the current and the voltage in a power converter are increased
and changed over several switching cycles until these parameters reach the steady
state stage. This is obvious from Figure 4.6c. It can be seen that the inductor cur-
rent increases at the beginning of every switching cycle till the steady state is
reached at around 0.7 ms. Thus, the main aim of designing a proper control system
is to achieve the optimum dynamic behavior of a power converter. This means the
robust operation of the converter with respect to disturbances, such that it reaches
the steady state condition with minimum transient time, steady state error, and
over- or undershoot.

4.1.4 Averaging Method

Figure 4.3 shows the buck converter operation modes assuming the current
through the inductor is always continuous. The state variables for the converter
are the capacitor voltage v(f) and the inductor current i;(f). When the switch is
turned on, we get the following equations from Figure 4.3a

dip,

v (t) = LE = Vi (t) = vo(2) (4.15)
ic(t) = c% = in(t) = io(£) = iz (£) ”Rﬁ (4.16)

On the other hand, when the switch is turned off, the converter operation mode
changes to the circuit shown in Figure 4.3b. From this circuit, the dynamic equa-
tions are written as
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V() = —o(t) (4.17)

Vo(t)
R

ic(t) =ig(t) —io(t) = ir(t) — (4.18)

DC-DC converters are developed in such a way that the current through the
inductors and the voltage across the capacitors are controlled when semiconductor
switches are turned on and off. In fact, there is at least one current loop for each
inductor when one of the semiconductor switches is turned on or off; otherwise, a
significant overvoltage (di/;, ) appears across the inductor and can damage the con-
verter. Consider, for example, Figure 4.3. It can be seen that, when the switch is
turned on and off, the inductor current branch is not open circuited, and the cur-
rent is circulated through the capacitor and the load. Similarly, the voltage across
the capacitor must not be short circuited when one of the switches is turned on or
off. This will damage the capacitor.

The inductor current or the capacitor voltage changes instantaneously based on
the subcircuits and the operating modes of the converter. For control and stability
analysis, either the high frequency or the instantaneous variation of the current or
the voltage waveforms is not essential. However, the average variation of the cur-
rent or the voltage signal over each switching cycle should be analyzed. These
average values of the voltage and current are used in power converters as they rep-
resent the low-frequency behavior of the signal during the steady state and tran-
sient conditions.

In general, over a time period Ty, the average value of a variable is given by

Ts
1
50 = - [yar
0

where y denotes the average of the quantity y. This method of averaging will
remove the high-frequency switching ripple over one switching cycle, while the
average value can be changed from one switching period to the next such that
low-frequency components are retained [1]. Consider (4.15), which defines the
inductor and capacitor voltage and current when the switch is closed. We replace
the input voltage v;,(f) and output voltage v,(f) by their low-frequency average
values of ;,(t) and 7,(t) respectively to get

v(t) =L = Vin(t) = Vo(1) (4.19)

dt
Similarly, from (4.17) we have

V() = —To(t) (4.20)



4.1 Analysis of Buck Converter

The low-frequency average of the inductor voltage is then given as

t+ T
wit) = o J vi(e)dz = d(t) iat) o (0)] = d (1) (1)
t
where d'(t) = 1—d(t). Then (4.20) can be written as
v (1) = Ldi;gt) =d(t)Vin(t) —Vo(t) (4.21)

In the steady state, since d = v, , the average voltage is zero. However, during
transients, the average current varies linearly with the input voltage if the high-
frequency ripple is neglected. Similarly, the low-frequency average of the capacitor
current is rewritten from (4.16) and (4.18) as

dve(t) - Vo (t)

fe(t) =C—= =iu(t) =

(4.22)

4.1.5 Small Signal Model of Buck Converter

The averaged model of the inductor voltage in (4.21) is nonlinear since this is
defined in terms of a product of v;,(t) and d(f). Usually, a nonlinear differential
equation is linearized using the Taylor series. Consider, for example, the following
nonlinear equation

¥ =fyu) (4.23)

where u(t) is the input. Equation (4.23) will be linearized around an operating
point, where the steady state values are denoted by uppercase letters and the per-
turbed values are prefixed by capital delta, i.e.

&)=Y + Ay(t), u(t)=U + Au(t)

Then in the Taylor series expansion, the second- and higher-order terms are
neglected to obtain a linear form of (4.23), given by

aj(r) = T4 g}:”) mi+ % g;u) Au(t) (4.24)

For the buck converter, the following quantities are defined

To(t) = Vo + Av,(t)

i (t) = I, + Aig(¢)

Vin(t) = Vin + Avy (1)

d(t) =D + Ad(t)
d'(t)=1-d(t) =D — Ad(r)
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Then the linearized model of (4.21) is obtained in the similar fashion of (4.24) as

dAir(f)

L
dt

= DAy (t) + VipAd(t) — Avg(2) (4.25)
The output voltage equation of (4.22) is already linear and is rewritten in small
signal form as

dAv,(t)
dt

Av,(t)
R

c

= Aig(f) — (4.26)

4.1.6 Transfer Function of Buck Converter

Equations (4.25) and (4.26) are now used to determine the transfer function of the
buck converter. The Laplace transforms of these two equations are

SLAiL(s) = DAvy,(s) + Viy Ad(s) — Avg(s) (4.27)

Av,(s)
R

Substituting Aiz(s) from (4.27) in (4.28), we have

SCAv,(s) = Air(s)

(4.28)

1
sL (SC + §> Avy(S) = DAy, (s) + VinAd(s) — Avg(s)
= (LCS2 + %s + 1) Avo(s) = DAy, (s) + VinAd(s)

The above equation can then be rewritten as

Avy(s) = G2 (5) Avis (5) + GE“*(s)Ad(s) (4.29)

vin
where

D V;
Ghuik(s) = ——————and G*(s) = —5—7——
un (5) LCs* + Ls+1 a (s) LCs* + Ls+1

Note that, when the buck converter is supplied by a constant DC source such as

battery, Av;,, = 0 and the transfer function (4.29) is given simply by
Av,(s) = G5 (s)Ad(s).

4.1.7 Control of Buck Converter

In this section, we discuss the control of a buck converter, where the main aim is to
control the output voltage. Consider the feedback control structure of Figure 4.10a,
where the firing signal is generated through the intersection of the control signal
Veond(£) With a sawtooth waveform of height Vgr, as shown in Figure 4.11a. If the
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Figure 4.11 (a) Sawtooth and control waveforms and (b) transfer function of the PWM.

control signal is greater than the sawtooth signal, the output of the PWM is high;
otherwise, it is low. The duty cycle is then given by

_ TON _ vcont(t)

d(t
( ) Ts VST

Then the transfer function of the PWM is

d(s) 1

H, S) = = —
PWM( ) Vcont(s) Vsr

(4.30)
This is shown in Figure 4.11b.

Example 4.3 Consider the buck converter of Example 4.2, where the input volt-
age is supplied by a constant 12V source. The output voltage is assumed to be 5V
such that the duty ratio is 0.4167. The peak of the sawtooth waveform Vs is chosen
as 1 such that d(f) = vont). The buck converter open-loop transfer function then is

Gbuck(s) - Vin — 12
¢ LCS + Ls+1 7 456X 107°s2 + 1.46 X 10~ %s + 1

The DC gain of the open-loop system is 12. The root locus of the converter is shown
in Figure 4.12, from which it is obvious that the system will always remain stable.
Let us now assume that the converter is controlled by a proportional controller
with a gain of Kp. The closed loop transfer function is then given by

Gen(s) = KpGh*(s) 12Kp
A T L ¥ KpGPk(s) — 4.56 X 10752 + 1.46 X 10~ %5 + 1 + 12Kp

The DC gain of the closed-loop system is 12Kp/(1 + 12Kp). Then for Kp = 2, the
DC gain will be 0.96, while for Kp = 20, the DC gain will be 0.996. However, with a
proportional plus integral (PI) controller, there will not be any steady state error.
Figure 4.13 shows the response of the small signal model of the buck converter for
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Figure 4.12 Root locus plot of the small signal model of the buck converter.
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Figure 4.13 Dynamic response of the buck converter small signal model to P-type and

Pl-type controllers.
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these two values of proportional gain, along with a PI controller with Kp = 2 and
K7 = 1000, where the reference voltage changes from 5V to 3V at 2.5 ms. It can be
seen that, as the value of Kp increases, the steady state error decreases. However,
this causes larger transients, as evident by comparing Figure 4.13a with
Figure 4.13b. The response of the PI controller is much superior to that of the pro-
portional controller.

The closed-loop control system of a DC-DC converter is shown in Figure 4.14.
The response of the buck converter with the PI controller is shown in Figure 4.15,
where the reference voltage is chosen as 5 V initially. It is then reduced to 3 V after
0.15 seconds and increased to 7 V at 0.3 seconds. It is evident that the voltage track-
ing is accurate, and the duty ratio changes a per the requirements.

—_

+ Veont _ d DC-DC
Vref Ge(s) Converter Vo

o

Figure 4.14 Closed-loop control of a DC-DC converter.

s Reference and Output Voltage (V) —Va—Vrer
T T T T T
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0.6 T T T
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (s)

Figure 4.15 Output voltage response and duty ratio of the buck converter.
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4.2 Transfer Function of Boost Converter

The circuit diagram of a boost converter is shown in Figure 4.16a. Its transfer func-
tion can be derived based on the averaging method and the small signal analysis
explained in Section 4.1. There are two subcircuits associated with the operating
mode of the converter when the semiconductor switch is turned on and off, as
shown in Figure 4.16b,c respectively. From Figure 4.16b, we get the following
equations when the switch is on

VL (t) = Vin(t) (4.31)

ic(t) = —io(t) (4.32)
Again, from Figure 4.16c, the following equations are obtained when the switch
is off

VL(8) = vin(t) —vo(2) (4.33)

ic(t) = ir(t) — o (1) (4.34)

Employing the average method discussed in Section 4.1, the average voltage
across the inductor and the current through the capacitor are calculated as

v () = vm(t)d(’f) + [‘_)in(t) —ﬁo(t)}d'(t) (4.35)
= Dy, (t) = Do (£)d'(2) '

ie(t) = ~B(0d(0) + [0 = L(0)]d () (4.36)

in(0)d (t) =iy (t)

(a) (OLM) D io(f)

iLT +vil) - > Jic
+ +
wio= s CAR RZWO

(c) L

i(?) (%)
— (T00) —>
. if] ) - lico | X iLT +vil0) - o]

~C R gvo(t) Vin(t);_ ~C R gva(t)

g
AY|
AY|

Figure 4.16 (a) A boost converter, its equivalent circuit when the switch is (b) on and (c) off.



4.2 Transfer Function of Boost Converter | 141

Equations (4.35) and (4.36) are linearized as

LdA;Lt(t ) = Avin () + V,Ad(t) — D' Avy(t) (4.37)
cd";y) = D' Aig(£) — ILAd(t) — Ay (t) (4.38)

From Figure 4.16, we find that i,(f) = v,(t)/R. Also, the steady state relation
between the inductor current and the output current is given by DI, =1, =
V,/R. Substituting these in (4.38), we have

dAv, (1) Vo

— / 7 —_— —
c T D'AiL(t) DR Ad(t) R (4.39)
The Laplace transform of (4.37) is
LsAir(s) = Avi(s) + VoAd(s) — D' Avy(s) (4.40)

Now taking the Laplace transform of (4.39) and substitution in (4.40) results in

S%I[Avm (5) + VoAd(s) — D' Avy(s)] — ;’,; Ad(s) —A";(S)

CsAv,(s) =

D* 1 D DV, V,
— + | Avy(s) = = Ay, - A
= [Cs+ It R} Vo(s) oL Vin(S) + < L D’R) d(s)

LC L L
= [Fsz + S + D’} Avy(S) = Avy(s) + Vo (1 - ﬁs) Ad(s)

Rearranging the above equation, we get

Av,(s) = G2 (5) Avy () + G (s)Ad(s) (4.41)
where
V (1 L s
1 0 - D/2
boost _ boost _
G )= oy Lsvp G oy L st
D / D RD

4.2.1 Control of Boost Converter

We shall now discuss the control of a boost converter, based on the parameters listed
in Table 4.2. It is assumed that the desired output voltage is 100 V. Then the duty
ratio is 0.5, i.e. D = 0.5. Then the transfer function of the boost converter is

L
v, (1- ——
”( D/ZRS> ~ —0.04s + 100

Lo, L o p 2x107%2+2x107°5+05
D RD/

G(bioost ( S) —




142

4 Power Electronic Control Design Challenges

Table 4.2 Boost converter parameters.

Quantities Values
Switching frequency, f; 20kHz
Input voltage, V;, 50V
Load resistance, R 10Q
Inductor, L 1 mH
Capacitor, C 100 pF
4000
3000 -
2000 -
1000 E
>
[
g’ 0
@
E
—1000 |- 4
—2000} E
~3000
-4000
—2000 0 2000 4000 6000 8000 10000 12000
Real

Figure 4.17 Root locus plot of the boost converter.

The root locus plot is shown in Figure 4.17. Note that the system has an open-loop
zero on the right-half s-plane. Therefore, the roots move over to the right-half s-
plane after starting from stable positions. For a proportional gain of Kp, the char-
acteristic equation of the system is given by

2x1077s* + (2x 107 *—0.04Kp)s + 0.5 + 100Kp = 0

Therefore, for the system to remain stable, we must have 0.0002 — 0.04Kp > 0, i.e.
Kp < 0.005. The system will become unstable for a very small gain. If, on the other
hand, we choose a very small gain, the steady state error will be high.

Let us now consider a PI controller of the form G(s) = (Kps + K;)/s. Then the
open-loop transfer function of the system is
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Kps + K;)(—0.04s + 100)
G (s Gboost s) = (
c(5)Gg™(s) 2% 10~ 7s3 + 0.0002s2 + 0.5s

The characteristic equation of the closed-loop system is then given by

2x1077s* + (0.0002 — 0.04Kp)s* + (0.5—0.04K; + 100Kp)s + 100K; = 0

To find the limits of the control parameters, Routh’s table is considered, which is
given below

s 2x 1077 (0.5—0.04K; + 100K p)
s> (0.0002 —0.04Kp) 100K

st a

s° 100K

(0.0002 — 0.04Kp)(0.5—0.04K; + 100Kp) — 2 X 10~ °K;
(0.0002 — 0.04K p)

Since all the coefficients of the first column of each row must be positive, from the
s* row it can be written as

0.0002 — 0.04Kp > 0, i.e. Kp < 0.005.

Let us choose Kp = 0.0045. With this value of the proportional gain, the charac-
teristic equation can be rewritten as

—0.04s + 100
Ky 73 Y
2X 107783 +2 X 1077s* + 0.95s

+1=0

Figure 4.18 shows the root locus plot as K; increases from 0 to high values.

It is evident from Figure 4.18 that the system remains stable only for a limited
range of values of K;. To check the range, we again refer to Routh’s table. Since «
must be greater than 0, we have

_ 2x107%(0.2225—-0.04K;) —2 X 10 °K;
‘= 2x10°°

=0.2225-1.04K; > 0

This gives K; < 0.2139. Let us choose K; = 0.2. Then the roots of the closed-loop
system are placed at —39.4 +j2169.5 and —21.2. The closed-loop response of the
system is shown in Figure 4.19. Even though the controller can track the reference
voltage, the low gains make disturbance rejection difficult. The consequence of
this is that the system will become unstable even for small changes in the system,
such as reference voltage or load resistance.
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2000 - f

1500 - il

1000

500 - |

Imaginary

-500 - #

—1000 - q

—1500

—2000 il

L
—-1000 0 1000 2000 3000 4000 5000 6000
Real

Figure 4.18 Root locus plot of the boost converter when K| increases from O to high values.
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Figure 4.19 Boost converter response with Pl controller.

4.2.2 Two-loop Control of Boost Converter

The two-loop control system of the boost converter is shown in Figure 4.20a, in
which the inner current is a faster loop, while the outer voltage loop is slower.
The inner current loop, shown in Figure 4.20b, has a controller denoted by G¢(s).
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(@)
+ i1 ref d Boost Yo
v,c;#?— G (s) ™ Gar(s) A Converter TiL

(b)
iL d i
Lref—# Gei(s) Gra(s) L
Inner
vyd_,?_ Ger(s) Current Loop G (s) Yo
Figure 4.20 (a) Two-loop control of boost converter, (b) inner current loop, and (c) outer

voltage loop

The outer voltage loop has a controller Gy (s) as shown in Figure 4.20c. The trans-
fer functions of the different subsystems are derived below.

Assuming that the input voltage is constant, i.e. Av;,, = 0, we first derive the
transfer function of the inner current loop. For this, (4.39) is rewritten in the
Laplace domain as

R , Vo
A\)D(S) = m |:DIA1L(S) - ﬁAd(S):|

Substituting the above equation in (4.40) and since input voltage is constant,
we have

LsAir(s) = V,Ad(s) — D' Av,(s)
DR

= VoAd(s) ~ pest T

D/ain(s) = ads)|

Rearranging the above equation, the open-loop transfer function of the current
loop transfer is given by

Ray) = O a2
where
GLd( ) (CS + 2/R)

LCs® + Ljs + D
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From Figure 4.20b, the closed-loop transfer function of the inner current loop is
obtained as

AiL (S)
AiLref(S)

The current loop is a faster loop that basically controls the duty ratio, while the
outer voltage loop sets the current reference for the inner loop. Thus, the outer
loop does not have any significant impact on the perturbation of the duty ratio.
We can then assume Ad = 0 in (4.39) to write

— HCCL(S) _ GCI(S)GLd(S)

= 1% Ga(5)Guals) (4.43)

Av, ()
R

CsAv,(s) = D' Air(s)

Rearranging the above equation, we get

Av,(s)
=G 4.44
ALL(s) ve(s) (4.44)
where
D'R
Gui(s) = RCs+1

From Figure 4.20c, the closed-loop transfer function of the boost converter is then
given by

Avy(s) _ Gey(s)Heer(s)Gyr(s)
=H¢p (s) =
Av,ef(s) 1+ GCV (S)HCCL (S)GVL (S)
Example 4.4 Consider the boost converter, the parameters of which are given in

Table 4.2. First, we consider the inner current controller. For chosen parameters,
the open-loop transfer function is given as

(4.45)

0.01s + 20

Grq(s) =
1a(s) = 151077 +1x10"%s + 0.25

The Bode plot of the system is shown in Figure 4.21. The system has a phase mar-
gin of 89.43° at the gain crossover frequency of 15.9 kHz, i.e. at 10° rad/s. The aim
here is to design a compensator that has a high phase margin (say 60°) at the gain
crossover frequency of 1.59 kHz, i.e. 10* rad/s.

The open-loop transfer function of the system is rewritten by setting s = jw as

20 +j0.0lw
0.25—1%x 107 7w? + j1 x 10~ *w

GLd (]a)) =

At the desired gain crossover of w, = 10* rad/s 100, Gr4(jwy) is

Gra(jwg) = 10.4/—95.45°
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Bode Plot of the Uncompensated Current Loop
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Figure 4.21 Bode plot of the uncompensated current loop.

At the gain crossover frequency w,, the phase must be equal to —180° + 60° =
—120°. We must therefore add a phase lag of 120° — 95.45° = 24.55° through a
compensator.

For this, a phase lag compensator is employed, which is given in (3.55) as

s+ 1
s+

Ger(s) =K p>1

Note that a lag compensator is really the inverse of a lead compensator. We can
thus have the following by modifying (3.53)

o p-1
sing,, = 1

Solving this, the value of g is found as

1+ sin(24.55°
po LTSNS,
1 — sin (24.55°)

Then replacing a by $ in (3.53), we get

1 -5
T=—— =643 X10

\//_}wg

Note that, at the gain crossover frequency wy, the total gain of the compensated
system should be 1, i.e.
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s+ 1
s+

|Gra(jag)| X |Ger (joog) | = 10.4K.

Solving this, we get K. = 0.0618. The compensator transfer function is then
given by

0.0618s + 961.1

Garls) = — eam

The Bode plot of the compensator is shown in Figure 4.22, while that of the com-
pensated system is shown in Figure 4.23. It is obvious from Figure 4.23 that the
compensated system design specifications are met.

The open-loop transfer function of the outer voltage loop is given by

D'R 5

Gyr(s) = =
vi(s) RCs+1  0.001s + 1

It is obvious that the system has a DC gain of 5. To eliminate any steady state error,
a PI controller is employed, which is chosen as

1000 _ 5s + 1000
s s

ch(S) =5+

Then the Bode plot of the compensated voltage loop is shown in Figure 4.24.
The response of the designed controller is shown in Figure 4.25. At the begin-
ning, the reference output voltage is set as 100 V, which is subsequently changed

Bode Plot of the Phase Lag Compensator
T

L
=)
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bbb L
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!
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N
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Figure 4.22 Bode plot of the lag compensator.
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Bode Plot of the Compensated Current Loop
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Figure 4.23 Bode plot of the compensated current loop.

Bode Plot of the Compensated Voltage Loop
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Figure 4.24 Bode plot of the compensated voltage loop.

to 150 V at 0.25 seconds. The controller tracks the change in the reference voltage
within 0.05 seconds.

Both capacitor voltage and inductor current are used in this two-loop controller,
where each individual controller is designed separately. The control design,
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Figure 4.25 Response of the two-loop control system.

however, becomes much simpler if both these quantities are controlled together

under one unified control regime. This is discussed in Chapter 5.

4.2.3 Some Practical Issues

In a practical case, there are some parameters that affect the stability of the boost
converter. Figure 4.26 shows the copper loss of the inductor (R;) and the stray
resistance of the capacitor (Rc). These parameters can affect the overall transfer
function of the boost converter. The inductance and capacitance values depend
on the system quality, cost, and size (design parameters), which can change the

>

Ccerami(' ;;

Cﬁ'/m

Re

30

Figure 4.26 Boost converter with stray components.



Problems

transfer function of the boost converter. Depending on low- or high-power appli-
cations, a combination of different types of DC capacitors can be different - the
value of Rc can change depending on the capacitor type - such as a ceramic or
a film capacitor. Both resistors can change and affect the location of zero of the
converter.

The switching frequency of power converters is reduced in high-power and high-
voltage applications due to losses. Furthermore, due to the thermal issues of the
semiconductor switches, the efficiency of the system reduces. Thus, to control
the current ripple, the inductance value can also be increased based on the switch-
ing frequency, and this will change the transfer function of the boost converter.

4.3 Concluding Remarks

This chapter discusses the control of two different types of DC-DC converters,
namely the buck and boost converters. Mainly, the classical control aspects are
discussed here. This chapter shows that the classical design can be very challeng-
ing. The two-loop control design is a fairly arduous process. In Chapter 5, we pres-
ent state space analysis and design. In this approach, the control design of DC-DC
converters becomes much simpler as the state feedback system contains both the
inductor current and the output capacitor voltage. The desired response then can
be obtained by the choice of the feedback parameters.

Problems

4.1 Inaboost converter, what is the main impact of lossy components in the sys-
tem stability? Analyze and compare the system stability of the following
converters:

o an ideal boost converter with L = 1 mH and C = 1 pF
o areal case boost converter with L =1 mH, C=1 pF,and Ry, =10 X 1073 Q.
Neglect all other parasitic components and losses.

4.2 Repeat Problem 4.1 for a buck converter and explain the impact of R; on the
system stability compared to the boost converter.

4.3 If a DC-DC converter is connected to a single-phase AC system to supply
48 V DC source, what are the main sources of disturbances? Draw the entire
circuit diagram and analyze the stability of the system in order to reduce the
disturbance effects.
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4.4 Aboost converter is connected to a single-phase AC system and the main aim
is to control the grid current with unity power factor. Design and analyze the
control system with the following parameters:

e V4. =300V, V;,, =220V (rms) at 50 Hz
e Py =1kW, AV,;. = 5%, and fsy less than 50 kHz.
Justify the selection of inductor and capacitor values as well.

Notes and References

The control of DC-DC converters is discussed in several books. The book by
Erickson and Maksimovic presents the control aspects in detail (see Chapters
7-9) [1]. The book by Mohan, Undeland, and Robbins has an illuminating chapter
on DC-DC converters [2]. The control aspects of DC-DC converters are also
covered in [3].

1 Erikson, R.W. and Maksimovic, D. (2020). Fundamental of Power Electronics, 3e.
Springer.

2 Mohan, N., Undeland, T.M., and Robbins, W.P. (2002). Power Electronics: Converters,
Applications and Design, 3e. New York: Wiley.

3 Krein, P. (2014). Elements of Power Electronics, 2e. Oxford University Press.
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State Space Analysis and Design

In this chapter, we have a thorough look at state space modeling and the control of
linear systems. If parameters of linear systems do not vary with time, they are usually
called linear time invariant or LTI systems. The discussions in this chapter are limited
to LTI systems. Different concepts, such as eigenvalues, eigenvectors (right and left),
controllability, observability, controller, and observer design are presented. Both
continuous and discrete-time systems are discussed in a generalized framework.

In the classical approaches, the control analysis and synthesis of a linear system
depend on transfer functions, which are derived assuming that the system is at
rest. The state space domain analysis does not suffer from this limitation. In fact,
the solution of a state equation depends on the initial condition. Therefore, starting
from any arbitrary initial condition, the system behavior can be specified for any
arbitrary time.

The state space approach is very crucial not only for control design but also for
analyzing the stability of a system. The nature of power systems containing power
electronic converters is nonlinear. Again, there might be systems that contain mul-
tiple converters, such as a microgrid. Such systems are linearized around an operat-
ing point to obtain a linear system description. The stability evaluation of the system
is then performed through eigenvalue analysis, where one or more parameters can
be varied to ascertain that the system remains stable under various disturbances.
There is a drastic difference between this approach and that of root locus. In the
latter, the characteristic equation of a system is written in the form 1 + KG(s)
H(s) = 0. Then the gain K is varied from zero to infinity to trace the movement
of the system poles. It is not always easy to decompose a characteristic equation
in the above form. However, the use of state space modeling makes this redundant.

The other advantage of the state space representation is that it can easily include
multi-input, multi-output (MIMO) systems. The state space analysis technique is
based on a dynamic representation of systems in matrix-vector forms, where both

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.

© 2023 The Institute of Electrical and Electronics Engineers, Inc.

Published 2023 by John Wiley & Sons, Inc.
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input and output vectors can have more than one element. However, the analysis
of the system will remain the same, irrespective of the number of elements in the
input or output vectors. Furthermore, the state feedback control design process, in
general, is the same for single-input, single-output (SISO) and MIMO systems.

5.1 State Space Representation of Linear Systems

5.1.1 Continuous-time Systems

Consider an nth-order differential equation, given by

(n)

(n—1)
Yy +an-1 y

(n-2) .
+a,_» ny + - -+ay+tay=u (5.1)

k
where y is the output, u is the input, and (x> is the kth time derivative of x, i.e.

k
<x) = d*x/dt*. The differential equation of (5.1) contains no derivative of the input

signal. In general, however, differential equations containing derivatives of input
can also be represented in the state space form, as is discussed in Section 5.4.1.
With respect to (5.1), let us define

X1 =Y
X2 =Y
(5.2)
(n-2)
Xp-1= )
(n=1)
X =
Then comparing (5.1) with (5.2), the following expressions are obtained
.).Cl =Xy
).CZ = X3
(5.3)
Xp—1 =Xy,
. (n)
Xn= Y =U—Qp-1Xp —Ap-2Xp-1— - —A1X2 —doX1
The state vector of the system is defined as
T
X2
X = (5.4)
Xn-1
L x"’ -




5.1 State Space Representation of Linear Systems

Then (5.3) can be written in the state space matrix-vector form as
X =Ax + Bu (5.5)

where the system matrices are

0 1 0 - 0 0
0 0 1 0 0 0

A= | : . . : : |, B= (5.6)
0 0 0 -~ 0 1 0
—ay —a@ =G -+ =Gy —po

The output equation is then given from (5.2) as

y=x=Cx (5.7)
where the output matrix is

C=[10---00 (5.8)

Equations (5.5) and (5.6) represent a special form called the controllable canon-
ical form or phase variable canonical form. This is widely used for controllability
tests and state feedback control designs, as are discussed elsewhere in this chapter.

5.1.2 Discrete-time Systems
Consider the following nth-order difference equation
y(k+n)+a,_1y(k+n—1)+a,_y(k+n—2)+---+ay(k+1)+apy(k)=u(k)
(5.9)
In a similar fashion to Section 5.1.1, we can define

xa (k) =y(k)
x1(k+1)=x3(k)=y(k+1)
X (k+1)=x3(k)=y(k+2)

Xp—1(k+1)=x,(k)=y(k+n-1)
Xp(k+1)=y(k+n)=u(k)—an-1x.(k)—an_2xn-1(k)—---—a1xz (k) —apx1 (k)
(5.10)
Then for the state vector of (5.4), the discrete-time state space description is
given by
x(k + 1) = Ax(k) + Bu(k) (5.11)
y(k) = Cx(k) (5.12)
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where the matrices A and B are the same as given by (5.6) and the C matrix is
given by (5.8).

5.2 Solution of State Equation of a Continuous-time
System

The solution of a state equation is similar to solving an nth-order differential
equation. We shall start the discussion by defining what is called a state transition
matrix.

5.2.1 State Transition Matrix

A state equation is called linear homogeneous when the input signal is zero. Sub-
stituting u = 0 (5.5), the homogeneous state equation is given by

(1) = Ax(t) (5.13)

Let @ € R™ ™" be the state transition matrix of the system in (5.13). Then it must
satisfy

o(1) = Ag(t) (5.14)

Since the state equation of (5.13) has no forcing function, its solution will depend
on the initial condition x(0) at time ¢ = 0, given by

x(t) = e*x(0) (5.15)
Let us define

o(t) = e (5.16)
It can easily be verified that () satisfies (5.14), i.e.

o(t) =AY = Ag(1)

The solution of the state equation can be written in terms of the state transition
matrix by substituting (5.16) in (5.15) as

x(t) = (t)x(0) (5.17)

Taking the Laplace transform of both sides of (5.13), we get

sX(s) —x(0) = AX(s)
= X(s) = (SI-A) " 'x(0)
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The inverse Laplace transform of the above equation is

x(t) = L71[(sT - A) ~']x(0)

Comparing (5.17) with the above equation, the state transition matrix is
obtained as

o)=L [(sI-A)7Y] (5.18)

Example 5.1 Let us consider a homogeneous state equation of the form

=0, Lo

Then
o [s —117! 1 s+5 1 1 s+5 1
(SI—A) = =V - - @@
4 545 s2455+4| —4 s| (s+4)(s+1)| —4 s
Through partial fraction expansion of the above equation, we get
1 + 4 1 + 1
(sI—A)_l—l s+4  s+1 s+4  s+1
-3 4 4 4 1
s+4 s+1 S+4 s+1
Therefore, the state transition matrix is
1 4 1 1
-3 -4ty ge_t _ge_4t+ ge_t
— -1
@)=L 6I-A)T] = |, 4
7e—4t_7e—t 76—4t_7e—t
3 3 3

L A w1
_ 3 3 3 3
X(t)_ 4 —at 4 —t 4 — 4t 1 —t X(O)
—e M- —e —e M- —e
3 3 3 3

Note that a partial fraction expansion can be performed easily through
MATLAB®. Consider the following rational function with simple poles

Hs) = Q) _ " 18" @S+ o

P(s) G-p)G-pa)G-py ="
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Then the “residue” command in MATLAB® will perform the partial fraction
expansion of the form

n i " 4 4 In
(s=p1)  (s—p2) (s=pn)

H(s) =

where r;, i =1, ...n are the residues of the partial fraction expansion. Consider, for
example, the following rational function
s+5
Tiss14
Then use the following MATLAB® commands:

num = [1 5];
den = [1 5 4];

[z,p,k] = residue (num, den)

This will produce z = [— 0.3333;1.3333], p = [— 4; — 1] and k = []. In a similar way,
the residues of all other three elements of the matrix can be computed. Note that
residues for multiple poles can also be determined using the “residue” command.
Please refer to MATLAB® help.

5.2.2 Properties of State Transition Matrix

There are certain properties that are used while determining the response of a
system. Some of the properties are:

Note that, for two square matrices A and B, eATB = AeB only when AB = BA.
Therefore, properties 3 and 4 are valid. The fourth property is very useful as it
implies that a state transition process can be divided into two sequential transi-
tions. This property is used for some power electronic applications discussed in
Section 5.11. In general, however, the transition process can be broken into any
number of parts. Example 5.2 illustrates this.
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Example 5.2 Consider the homogeneous state equation of Example 5.1. Let the

initial condition at t, = 0 be x(0) = [3  5]". It is assumed that t, = 1 seconds and
t, = 2 seconds in property 4. Then we have

- et e+ e 3 2.036
x(t)=@(t)x(0)= | 2 3 3 3 =
(1) (l)( 1) ( ) i‘e_‘"—ﬂe_[ i‘e—4t_1e—z 5 —1.889
3 t=1
Also
4 1
4t —t 4t t
-z¢ " txe e "txe 2.036 0.766
_ —| 3 3 3 3 —
X(H)=@(t,—t)X(t1)= =
(t2) ==t )x(0) 4w 40 4w T [—1.889} {—0.763]
3 3 3 3 =1

4
—4t —t —4t —t
-z¢ " txe -z¢ " txe 3 0.766
x(t) =@()x(0) = | § 3 > 3 [ ]={ }
_e—4t_fe—t ‘_‘e—z&t_le—t 5 —0.763
3 3 t=2

In a similar way, a chain of solutions of the state equation can be used to arrive at
the final solution for any given time instant.

Furthermore, from property 2 above, we can traverse back in time to find the
values of the state variables, such as

2.036
—1.889

x(t) = (ta — 1) " x(ty) = {

and

3
-1
x(0) = olt) (1) = | ]|
Since the state transition matrix satisfies the homogeneous state equation, it repre-
sents the free response of the system. It describes the response of the system that is
excited by the initial condition only. As can be seen from (5.15), this matrix defines
the transition from the initial time ¢ = 0 to any finite time when the input is zero.

5.2.3 State Transition Equation

In this section, the solution of nonhomogeneous LTI systems is discussed, where
the forcing function is not zero. Consider a state equation of the form (5.5), which
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need not be in the state variable canonical form. Taking Laplace transform on both
sides of (5.5), we get
sX(s) —x(0) = AX(s) + BU(s)

= X(s) = (sI-A) " '[x(0) + BU(s)] (5.19)

The inverse Laplace transform of (5.19) is

x(t) = L7 (s A) " '[x(0) + BU(s)]}
= @(t)x(0) + L™{(sI-A)"'BU(s)}

Using the convolution integral, the above equation is written in time domain as
t t
x(t) = @()x(0) + [eAU—”Bu(T)dT = o(1)x(0) + JeATBu(t— 9de (5.20)
0 0
Note that (5.20) is defined with respect to the initial values at time ¢ = 0. However,
as evident from Example 5.2, this equation can be written between any two arbi-
trary time intervals ¢, and ¢, as
t
x(ty) = @t —t1)x(t1) + Je‘“’z ~9Bu(r)dr (5.21)

51

5.3 Solution of State Equation of a Discrete-time
System

The solution of a state Eq. (5.11) is akin to solving an nth-order difference equa-
tion. Equation (5.11) is expanded for the different values of k as

x(1) = Ax(0) + Bu(0)
x(2) = Ax(1) + Bu(1)

= A’x(0) + ABu(0) + Bu(1)
x(3) = Ax(2) + Bu(2)

= A’x(0) + A’Bu(0) + ABu(1) + Bu(2)

Repeating the sequence, we get

x(k) = A¥x(0) + kz_:lAk—i—lBu(i) (5.22)
i=0
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5.3.1 State Transition Matrix

Comparing (5.22) when the input is zero with (5.15), the state transition matrix of a
discrete-time system is written as

(k) = AF (5.23)
It can be readily seen that
ok +1)=A*1 = Ag(k)

which is of the same form as that given in (5.14).
The properties of the state transition matrix are also like those of the continuous-
time systems, i.e.

90)=A"=I
_ -1 —
o (k)= (A") =AF=g(-k)
o(ky + ko) = A 0 = AL AR = @(ky)@(kz)
(P(kz _ kl) (P(k1 _ kO) — A(kz_kl)A<kl —ko) — A(tz—to) — (p(k2 _ kO)

5.3.2 Computation of State Transition Matrix

The simplest way of computing a state transition matrix is through an inverse z-
transform. Consider the discrete-time homogeneous state equation of the form

x(k +1) = Ax(k) (5.24)
Taking the z-transform of both sides of (5.24), we get

7X(z) —zx(0) = AX(z)
The solution of the above equation is

X(z) = (zI-A) " 'zx(0)
Therefore, the state transition matrix is given by

o(k) =35 [z(1-A) "] (5.25)

Example 5.3 Consider a homogeneous discrete-time state equation of the form

0o 1
-4 -5

x(k+1)= { ]x(k)
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Then

z -1 z {z+5 1}

F(Z):Z(ZI_A)_lzzL z+5} TGz -4 g

Using partial fraction expansion such as is given in Example 5.1, we can write

1 1

Fz) 1 | 3 3 1
z z+4| 4 4 z+1

3 3

WA Wl
—

Therefore, the state transition matrix of the discrete-time system is

-1 -1 4 1
(P(k)=;_l[F(Z)]=%Z+% 4 4}+;z+zl{_4 —1]
_1 -1 -1 ok 1 4 1 ok

_3{4 4]( ] P —1}( E

5.3.3 Discretization of a Continuous-time System

Consider the state space description of (5.5). Choosing a sampling time of T sec-
onds, it has a discrete-time form of
x(k + 1) = Fx(k) + Gu(k) (5.26)

For this, we assume that u(t) is constant over two successive sampling intervals, i.e.
u(t) = w(kT) for kT <t<k(T+ 1). This implies that u(kT) is the output of a
zero-order hold circuit. From (5.20), we get the solution of (5.5) for the instant

kK(T+1) as
(k+1)T
x[(k +1)T] = A+ VTx(0) + J AT+ T=DBu(r)de
0 (5.27)

(k+1)T
— eA(k + l)TX(O) + eA(k +1)T [ e_ATBLL(T)dT
0
Furthermore, the solution of (5.5) for the instant kT is

kT
X(KT) = eMTx(0) + AT J e~ ABu(z)dr (5.28)
0
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Multiplying (5.28) by e* and subtracting from (5.27), the following equation is
obtained

(k+1)T (k+1)T
x[(k+1)T)—eATx(KT) = A+ 1T J A Bu(r)dr = &7 J ATy (1) dr
kT kT

(5.29)

Define 7 = kT + A such that dz = 4 dr. Also, this implies that when r = kT, 1 =0
and when 7 = (k+ 1)T, 4 = T. Since the input remains constant at u(kT) between
the instants kT and k(T + 1), we can rewrite (5.29) as

T T
x[(k + 1)T] — eATx(kT) = AT Je‘MBu(kT)dﬁ = JeA(T_‘)Bu(kT)di
0 0

Again define A = T — t such that dA = — dt. Also, as t changes from 0 to T, A changes
from T to 0. Thus, the above equation can be written as

x[(k + 1)T] = ATx(kT) + JeAdet u(kT) (5.30)
0

Dropping the notation T and comparing (5.26) with (5.30), we have
F = AT

T
G= JeA‘dt B

0

(5.31)

Example 5.4 Consider the following continuous-time state equation

. 0 1 2
X:AX+BM:|: }x+[ ]u
-4 =5 1

Its discrete-time equivalent for a sampling time of 1 second is determined using
MATLAB®. For this, we shall use the “c2d” command:

o°

Continuous time

A = [0 1;-4 -5];

B = [2;1];

% Discrete-time equivalent
T = 1;

[F,G] = c2d(A,B,T);
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This will result in the following matrices

[ 0.4844 0.1165 | 1.6509
—0.4661 —0.0982]’ | —0.9147

5.4 Relation Between State Space Form and Transfer
Function

In this section, the relation between state space form and transfer function repre-
sentation is discussed, for both continuous-time and discrete-time systems.

5.4.1 Continuous-time System

The transfer function of a SISO is defined as the Laplace transform of the output
divided by the Laplace transform of the input of an LTI system, given that the ini-
tial conditions are zero. Therefore, the transfer function for a SISO system can be
computed by assuming that the initial condition x(0) in (5.19) is zero. This gives

X(s) = (sI—A) " 'BU(s) (5.32)

Consider a general output equation in which the output depends both on states as
well as on the input, given by

y=Cx+ Du (5.33)
The Laplace transform of the output in (5.33) is

Y(s) = CX(s) + DU(s)
Combining the last equation with (5.32), we get

Y(s) = CX(s) = C[(sI-A) "'BU(s)] + DU(s)

;s% =G(s) =C(sI-A)"'B+D

(5.34)

Example 5.5 Consider a state space description of the form

[ ]

y=[1 0Jx



5.4 Relation Between State Space Form and Transfer Function

From Example 5.1, we know
1 [s +5 1}

(I-A)7" = T DEFD | -4 s

Therefore, from (5.34), the transfer function is

e 1 s+5 17107 _ 1
R | W R ey

Note that it is easy to calculate a transfer function using MATLAB®. This is
shown here.

% State space system
= [0 1;-4 -5];

[0;1];
[1 0];
0

U nw
1}

7

o°

Transfer function
[num,den] = ss2tf(A,B,C,D);

This will produces num = [0 0 1] and den = [1 5 4], which are essentially the poly-
nomials in the decreasing order of s. On the other hand, to obtain a state space
form from the transfer function, the command “tf2ss” can be used, which is of
the form [A,B,C,D] = tf2ss(num,den).

The state space representation of a transfer function is not unique. In fact, there
are three different ways of decomposing the transfer function from the state
and output equations, if the system does not have any repeated roots. The
decomposition techniques are not discussed here (for details see [1]). However,
Example 5.6 illustrates this.

Example 5.6 Consider the transfer function

Y(s)  s*+8+12  (s+6)(s+2)
UGs) s2+55+4 (s+4)(s+1)

o Direct decomposition: In this form, the transfer function is expanded in terms of
s~'. The ordinary differential equations (ODEs) are then obtained while keeping
in mind that s=! = d/;,. The following state space form is then obtained

o[ el
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o Cascade decomposition: In this form, the transfer function is expanded in cas-
cade form as

Y(s) (s+6) (s+2)
Uis) (s+4) " (s+1)

Following this, two separate sets of ordinary differential equations (ODEs) are
formed by expanding in terms of s~'. This gives the state space equation

[-4 o0 1
X = X+ u
2 -1 1
y=[2 1l]x+u
o Parallel decomposition: In this form, the transfer function is expanded in par-

allel form as

Y(s) 35+ 8 _ 4/3 5/3
Uls) s+ 4)6s+1) 0 (s+4) " (s+1)

From this we get the following state space form

Using (5.34), it can be easily verified that all three forms produce the desired trans-
fer function.

5.4.2 Discrete-time System
A discrete-time system is defined by

x(k + 1) = Fx(k) + Gu(k)

5.35
y(k) = Cx(k) + Du(k) ( )
The transfer function will then be
Y(z) -1
—~ =C(zI-F)" G+D 5.36
U = C@=F) (5.36)

The state space analysis and design essentially depend on the matrix properties.
Since these properties do not change whether the system is continuous or discrete,



5.5 Eigenvalues and Eigenvectors | 167

only continuous-time systems are considered in Sections 5.5-5.8. Feedback control
design, however, is treated separately.

5.5 Eigenvalues and Eigenvectors

Equation (5.34) can be expanded as

Yis) =CGsI-A)"'B+D=

Y Cx adj(sI—A) X B + |sT—A| X D
U(s)

|ST— Al

(5.37)

Equating the denominator to zero, the characteristic equation of the system is
obtained as

ISI—A| =0 (5.38)

The solution of the characteristic equation results in the system poles. These are
also called the eigenvalues of the matrix A.

5.5.1 Eigenvalues

The eigenvalues of the matrix A € R"*" are given by the solution of the charac-
teristic equation IsI — Al = 0. Let these eigenvalues be 14, 1,, ..., 4,. Then there are
certain properties of eigenvalues that are of importance for control system design.
These are:

1) Eigenvalues of the matrix A remain unchanged under any linear transforma-
tion. For a system of the form given by (5.5), let x = Pz, where P € R"*" and is
nonsingular. Then

x=Pz=Ax+ Bu=AP 'z + Bu
Hence
z=P APz + P 'Bu

The eigenvalues of the transformed system are given by the solution of the
characteristic equation

|sI-P~'AP| =0
= [sPT'P-P'AP| = [P"'(sI-A)P| = [P7'P|sI-A| = sSI-A| =0

In other words, the eigenvalues of the matrix P~'AP are the same as the eigen-
values of the matrix A.
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2) The trace of the matrix A is summation of the eigenvalues, i.e.
TrlA)=h + b+ + 4

3) The determinant of the matrix A is the product of the eigenvalues, i.e.
Al =21 X A2 X -+ X Ay

4) If A is nonsingular, then 1,1/, ..., 1/, are the eigenvalues of the matrix AL
5) If the matrix A is real and symmetric, then its eigenvalues are all real.
6) If a matrix B € R">" is such that

sI— AB| = |sI— BA|

then the eigenvalues of AB are the same as that of BA.

5.5.2 Eigenvectors

Assume that a square matrix has simple (nonrepeated) eigenvalues. It can then be
diagonalized in a form in which the diagonal elements are the eigenvalues using a
matrix formed using the eigenvectors that are associated with these eigenvalues. In
case the matrix has repeated eigenvalues, it can also nearly be diagonalized in a
form which is called the Jordan form using the eigenvectors. Let y; be an n dimen-
sional column vector that satisfies the equation

At = Ay (5.39)

where /; is the jth eigenvalue of the matrix A. Then y; is called the right eigenvector
of the matrix A, associated with the eigenvalue 4;. This is called the right eigenvec-
tor since it is placed on the right of the matrix A.

Alternatively, the n dimensional row vector p; that satisfies the equation

Aip; = piA (5.40)

is called the left eigenvector of the matrix A, and is associated with the eigenvalue
;. This is called the left eigenvector since it is placed on the left of the matrix A.
Transposing both sides of (5.40), we get

T
ﬂjpjT = (ij> = AijT (5.41)

This implies that the transpose of the left eigenvector is the right eigenvector of the
transpose of the matrix A. In general, the right eigenvector is simply called the
eigenvector and is used for the matrix properties discussed here.

Some of the important properties of eigenvectors are:

1) The rank of the matrix (4,1 — A), where A4, 1, ..., 4, are the distinct eigenvalues
of the matrix A, isn —1.
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2) Post-multiplying the matrix (4,1 — A) by y; it can be observed that the matrix
(47y; — Av;)) is not full rank and hence it is not invertible.

3) If the matrix A has a set of n distinct eigenvalues A4, 45, ..., 4,, then the set of
eigenvectors v;, j = 1, 2, ..., ny; are linearly independent, i.e.

oy + oY, + -+ apy, # 0,for nonzeroa;, j=1,2,--,n

4) Ify;is an eigenvector of the matrix A, then fy;is also an eigenvector of A, where
p is an arbitrary scalar.

Example 5.7 Consider the matrix

0 1 0
A= 0 0 1
—-40 =38 -—11

It can be easily seen that
ISI—A| =5+ 115> + 385 + 40 = (s + 2)(s + 4)(s + 5)

This means that the eigenvalues of the matrix A are —2, —4 and — 5.
Define an eigenvector y; associated with the eigenvalue —2 as

Y11
1= | 712
713

Then, from (5.39) we have

Y11 0 1 0 Y11 Y12
2|7 | = 0 0 1 X | 72| = 713
713 —40 -38 —11 713 — 40711 — 38y, — 1yg3

From the second property of the eigenvector given above, it is obvious that there
cannot be any unique solution of the above set of equations. Let us define
Y11 = 1. Then

Y= —2rn = —2

Y= —2rp=4
It can be easily verified that this choice satisfies the equation form from the third
row. Hence, the eigenvector y; is

1
Nh=|-2
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In a similar way, we can determine

1 1
Y, = | —4 | associated with —4 and y; = | —5 | associated with —5.
16 25

5.6 Diagonalization of a Matrix Using Similarity
Transform

A procedure through which the matrix A given in (5.5) can be diagonalized is dis-
cussed in this section. Diagonal matrices have a significant influence on the con-
trol design as can be seen in Sections 5.7 and 5.8. The diagonalization method is
simple when the matrix has distinct (nonrepeated) eigenvalues. However, in the
case of repeated eigenvalues, an almost diagonal form, called the Jordan canonical
form is derived.

5.6.1 Matrix with Distinct Eigenvalues

Assume that the matrix A € R"*" has distinct eigenvalues A, s, ..., 4,. Let the
respective eigenvectors be vy, ¥, ..., ¥,. Let us now form a matrix P as

P=[n . - T (5.42)
Now we shall use the similarity transform of the form

A =P AP (5.43)
From (5.42), we get

AP =[Ay; Ay, - Ay,]

Using (5.39), the above equation is rewritten as

ﬂl j'1

A2 A2
AP=[y; Y5 - Y] . =P
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Therefore, substituting the above equation in (5.43), we have

A

A2
A=P AP = ] (5.44)

Example 5.8 Consider the matrix of Example 5.7, where the eigenvalues and the
eigenvectors are also calculated. Then the transformation matrix of (5.2) is

1 1 1
P=|-2 -4 -5
4 16 25

It can be easily verified that

-2
A=P AP = —4
-5
Now, defining 1; = — 2,1, = — 4,and 13 = — 5, the transformation matrix P is in
the form

1 1 1 1 1 1
P= -2 —4 -5 =|Ah A A
(=2 (=4* (-9 a4

In general, if the matrix A with n distinct eigenvalues is in the controllable canon-
ical form, then it can be diagonalized using the so-called Vandermonde matrix,
given by

1 1 ... 1
I b o A
2 2 2
p=| 4 oo (5.45)
EREP Ry

It is, however, not necessary for the matrix A to be in the controllable canonical
form for it to be diagonalized. Example 5.9 illustrates this concept.
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Example 5.9 Consider the matrix

-89 =77 -—49
A= 90 78 50
0 -1 0

The eigenvalues of the matrix are given by 4; = — 5, 1, = —4,and A3 = — 2. Using
the same procedure as in Example 5.7, the following eigenvectors are obtained

—5.1667 —4.2 —2.3333
Y = 5 Y2 = 4 |,andy; = 2
1 1 1

It can be easily verified that the matrix P formed by the eigenvectors will diago-
nalize the matrix A, given by A = diag([ -5 —4 -2]).

The eigenvalues and eigenvectors can be obtained by using the command “eig”
in MATLAB®. For example, the command “eig(A)” will produce the three eigen-
values. On the other hand, the command “[V, U] = eig(A)” will generate two 3 X 3
matrices, where Vis transformation matrix P, given in (5.42), and U is the diagonal
matrix A, given in (5.44). Note that MATLAB® produces normalized eigenvectors,
where the sum of the square of each element of the vector is 1. This, however, is not
a problem since any eigenvector, when multiplied by a scalar, still remains an
eigenvector, as per property 4 of the eigenvectors. Using the MATLAB® command,
the following eigenvectors are obtained (subscript M is used to indicate that these
are produced by MATLAB®).

0.7218 0.7136 0.7220
Vi = | —0.6888 |,y = | —0.6796 |, and y3y; = | —0.6189
—0.1378 —0.1699 —0.3094

Note that by diving y,5s by — 0.1378, ¥, by — 0.1699, and ysp, by — 0.3094 we get
the eigenvectors y;, v», and y; respectively calculated above, which is in accord-
ance with property 4 of eigenvectors.

Alternatively, the command “[V, U, W] = eig(A)” will produce a matrix V con-
taining the right eigenvectors, the diagonal matrix A (U), and a matrix W (W) con-
taining the left eigenvector, which is given by

0.6919 0.6918 0.6952
W= ]0.6458 0.6534 0.6759
0.3229 0.3075 0.2331
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5.6.2 Matrix with Repeated Eigenvalues

To explain the principle, let us assume that the matrix A € > has the eigenva-
lues of A3, 44, 41, 44, and  As. This means that it has three distinct eigenvalues 4,, 44,
As and two repeated eigenvalues. The eigenvectors for the distinct eigenvalues
then are

vy = Ay
it =AY, (5.46)
AsYs = AYs

The other two eigenvectors are given by the solutions of

Ay, =t + 1

(5.47)
Ay; =t + 12

The transformation matrix P of (5.42) is now formed such that
A=PT'AP=PT'AlY; T, Y3 T4 5]
From (5.46) and (5.47), the above equation can be written as

A=P'AP=P7 [y, MY +71 AV +T: A¥s AsTs)
A1

A1
=P 'P M
A4

As |

The matrix A is written in the Jordan form as
A
A=P 'AP = 1, (5.48)
I3
where
A1
Ji= A1, L=k Ji=is
A1

The matrices J;, J,, and J; are called the Jordan blocks. The Jordan canonical
form has the following properties:

1) The number of Jordan blocks is equal to the number of distinct eigenvalues, i.e.
each distinct eigenvalue is associated with one Jordan block.
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2) All the elements on the main diagonal are the eigenvalues of A.

3) All the elements below the main diagonal are zero.

4) The element immediately above all but one of a group of repeated eigenvalues
is 1.

5) The total number of 1s in the Jordan form is the difference between the total
number of eigenvalues and the total number of Jordan blocks.

Example 5.10 Consider the matrix

0 6 -5
A=11 0 2
3 2 4

The eigenvalues of the matrix are 2, 1, and 1. Let us define 4, =2, 1, =13 =1.Then

2 1
v7,=| -1]| andy, = | —3/7 | From (5.47), we get
2 —5/7
1
Ay =Y+ 7, =73 = | —22/49
—46/49

Verify that the transformation matrix P = [y, v, 73] will lead to the Jor-
dan form

5.7 Controllability of LTI Systems

The controllability of a system is defined by the ability of one or more of the inputs
to influence all the state variables such that a certain objective can be achieved in a
finite time. Intuitively, one can say that, if one of the state variables is independent
of the control inputs, then this particular state variable cannot be driven. This is
discussed with the help of the diagonalization method explained in Section 5.6.
Consider the state equation of the form (5.5), on which the linear transformation
x = Pz has been used to obtain

z=P 'APz+P 'Bu=Az +Tu (5.49)
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In (5.49), A is a diagonal matrix that contains the » distinct eigenvalues. Assume
that the system has two control inputs. Then, (5.49) can be written as

[z [ 2 1Mz ] (711 712 ]
22 A3 22 1 T2
. u
| = A3 | 4 |1 T3 !
175]
_Zn i L An 1 L%n | | Tn1 Tn2 |

Let us now assume that the third row of the matrix I" has only zero elements, i.e.
731 = 73 = 0. Then, none of the control inputs will have any influence on the third
mode (z3) that is associated with the eigenvalue 4;. The system in this case will be
called uncontrollable. Additionally, if 15 has positive real parts, then the response
of the third mode will grow asymptotically for any nonzero initial condition. The
system in this case will not be stabilizable.

Consider the case of a Jordan form in which the matrix A is given by (5.48).
Again, assuming that there are two inputs, the following transformed state equa-
tion can be written

21 A1 21 i1 T12

22 o1 2 1 T2 "

3| = A Z3| + |t T [uj (5.50)
24 Aa Z4 T4 T4

Zs As <5 751 T52

Obviously, the system will not be controllable when 731 =73, =00r 74y =74, =00r
751 = 755 = 0. Now consider the case where 73; # 0 and 73, # 0. What happens
when 7;; = 71, = 0 or 757 = 75, = 0? To explain, we expand the first two rows
of (5.50) to get

21 =Mz + 22 + il + T2l
2 = M2 + 23 + T1ls + Tl

When 7,; = 75, = 0, even if the control inputs do not directly reach the state z,, it
can still be indirectly influenced by the control inputs through z;. Similarly, when
711 = 712 = 0, Z; can be influenced by z,. From this discussion, we can conclude
that, for a system in Jordan canonical form to be controllable, the rows of the
matrix I' associated with the last element in each Jordan block cannot be zero,
ie.73;#0and 73, 7# 0or7y #0and 74 # 0, 0r 75y #0 and 75, # O.

The question then is, “Should a system be converted into its diagonal form
before checking for the controllability?” The answer is negative. However, before
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the controllability test condition is discussed, we shall briefly discuss the implica-
tion of the Cayley-Hamilton theorem.

5.7.1 Implication of Cayley-Hamilton Theorem

The Cayley—Hamilton theorem states that a matrix must satisfy its own character-
istic equation. Therefore, if the matrix A € R" > " has the characteristic equation of

1

SI—A|=5s"+a,-18" "+ - +a5+a, =0

then
A+ a, A" '+ A+ aI=0 (5.51)
Rearranging (5.51), we write
A"= —qa, A" ' —q, LA"?—...—q;A—q,l
Post-multiplying the above equation by A, the following equation is obtained
A" =A"XA= —a, 1A —a, A" = —a AP —a0A
=—apo1(—an1A" =y AT = —aiA—aol) —a, AT = —a AP —aoA
= (a1 —an=2) A"+ (Apo1Gno2—An-3) A" 24+ (Ano1a1 — o)A+ ap_1ao]

In a similar way, all the higher powers of the matrix which are greater than or
equal to n can be expressed by a matrix polynomial of the order of n — 1.

5.7.2 Controllability Test Condition

Consider a state equation of the form given in (5.5). The solution of the equation,
assuming that the initial condition is zero, is given from (5.20) as

t
x(t) = JeAU—f)Bu(T)dz
0
Expanding the matrix exponential, we get

x(t) =B j u(r)dt + AB j(t —7)u(7)dt + A’B j

0 0 0

(t—1)°
2!

u(z)dt + - (5.52)

Therefore, the terminal state x(f) is in the linear subspace spanned by the col-
umn vectors of infinite sequence matrices B, AB, A’B, ... Again, from the Cay-
ley-Hamilton theorem, we know that Ak, k>0, can always be expressed in
terms of A, A%, ..., A"~ !, thus (5.52) is rewritten as
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x(t)=[B AB A’B .- A""'B] Q=5Q (5.53)

where Q is a vector that contains the combination of the integrals on the right-
hand side of (5.52). Note that the dimension of the matrix S is n X (n X m), m being
the number of inputs. The aim is to check if all the elements of the state vector x(f)
can be determined uniquely from (5.53). This is only possible if the matrix S has n
linearly independent columns. In other words, the rank of the matrix must be
equal to n.

Example 5.11 Consider a system in phase variable canonical form as given by

0 1 0 0

0 0 0
A= , B=

0 0 0 0

-1 -1 -3 -4 1

Then we have

0o 0 o0 1
0 0 1 -4

S=[B AB A’B A’B]= o 1 i B
1 —4 13 -4

Note that [S| = 1, i.e. the system is full rank and hence controllable. Also, it can be
observed that all the elements in the secondary diagonal of the matrix S are 1.
Hence a system in phase variable canonical form is always controllable. This is
the reason such systems are also said to be in controllable canonical form.

Example 5.12 Let the state and input matrices of a system be given by

0 1 0
A=|0 0 a |, B=|p
00 -1 1

A relation between a and f must be determined so that the system is controllable.
For this, the controllability matrix is

0o p a
S=[B AB A’B|=|f a -a
1 -1 1
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Then

IS|=-p(f+a)+a(-f—-a)

=-p-ap-ap-a’ = —(a+p)’

Therefore, for nonsingular S, we must have a # — .

5.8 Observability of LTI Systems

An LTI system state is said to be observable if it can be uniquely determined from
the input and output u(z), y(1), fp < trand the matrices A, B, C, and D for any finite
time . In other words, an LTI system is said to be observable if every state of the
system can be estimated from the knowledge of the system matrices, output mea-
surements, and input data. To test for the observability, consider an LTI system
that is given by (5.5) and (5.7). Then it is said to be observable if the matrix

C
CA

o=| cA’ (5.54)

CAn—l

has a full rank. The proof of this follows the same pattern as the proof for the con-
trollability condition. Consider now the transformation given by (5.49), which
diagonalizes the system. The output equation is of the form

y=Cx=CPz=0z (5.55)
Then the observability matrix will be given by

0
OA
L=| OA?

@A." !

It can be seen from the above equation that matrix L will have full rank if all the
elements of the matrix @ are not zero. This means none of the columns should be
zero. In a similar way, it can be shown that, for the system to be observable, the
first column of each Jordan block must be nonzero.
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Example 5.13 Let a state space system be characterized by the matrices

0 1 0 0
A=|0 o 1|, B=|0o|, c=[2 3 1]
-2 -5 -4 1

Since the system is in the phase variable canonical form, it is obviously controlla-
ble. To check for the observability, we use (5.54) to get

C 2 3 1
O=|CA|=|-2 -3 -1
CA? 2 3 1

The matrix O has only one independent row, and therefore has a rank of 1. Thus,
the system is not observable. Note that the transfer function of the system is
given by

Y(s) _

U6 = C(sI-A)"'B=

S+35+2  (s+1)(s+2)
S A2 +55+2 (s+1)%(s+2)

This implies that two poles get canceled by two zeros. Does this mean that if
there are pole-zero cancelations the system will not be observable? Let us consider
another example.

Example 5.14 Let a state space system be characterized by the matrices

-1 1 -1 1
A=|0 -1 -1, B=|1|, C=[1 0 0]
o 0 -2 1

To check for controllability, we use (5.53) to get

1 -1 1
S=[B AB A’B|=|1 -2 4
1 -2 4

Since the matrix S has two independent rows, it has a rank of 2. Now to check for
observability, we use (5.54) to get

C 1 0 0
O=|CA|=]|-1 -1
CA? 1 -2 2

This matrix has two independent columns, and therefore also has a rank of 2. Since
both the matrices S and O do not have full rank, the system is neither controllable
nor observable. The transfer function of the system is given by
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Y(s) _ —1p _
W_C(SI—A) B=

S+35+2 (s+1)(s+2)
S HA2+55+2 (s+1)%(s+2)

This implies that one of the poles at the location of —1 gets canceled by the zero at
the same location.

Examples 5.13 and 5.14 illustrate that a system is either not controllable, not
observable, or both uncontrollable and unobservable if there are pole-zero cance-
lations in the transfer function. This can be a critical problem in a power system or
in a power electronic circuit where several blocks are connected together to form a
composite system. In such a case, it is quite likely that a pole-zero cancelation
between blocks may occur. In such an event, careful consideration must be given
to controller or observer design.

5.9 Pole Placement Through State Feedback

The pole technique pertains to the placement of closed-loop poles through feed-
back. In the transfer function domain, the poles are placed through a negative
feedback of the output. In a similar fashion, the system states can be fed back
to place the closed-loop poles in desired locations. The feedback control law for
a SISO system is given by

u= —Kx + Kpy,,s (5.56)

where K is the feedback gain matrix strictly containing real numbers, y,. is the
reference, and Kp is a proportional gain. Substituting (5.56) in (5.5), we have
x = (A—BK)xX + BKpy,,s (5.57)
From (5.57) and (5.7), the closed-loop transfer function of the system is obtained as
Y(s)
Yref (S)

From (5.58), we find that the closed-loop poles are given by the solution of the
equation

=C(sI—A + BK) 'BKp (5.58)

sI— (A—BK)| =0 (5.59)

This implies that the eigenvalues of the matrix (A — BK) are the closed-loop poles.
Now consider a system that is in phase variable canonical form with

0 1 0o - 0 0 0
0 0 - 0 0 0
A= : : . . : » B=1:
0 0 0o - 0 1 0

- —a —@ - Gy G
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Let the feedback gain matrix of a SISO system be given by

K=[k ky - kno1 kn]
Note that
0 0
0 0
BK = 0 0
—kl k2 _kn—l _kn
Therefore
0 0 0 0
0 0 1 0 0
A-BK= : : : ) : :
0 0 0 0 1
—ao—ki —ai—ky —a,—k; -+ —ay_2—ky_1 —an_1—kn

Hence, we get the following characteristic equation of the closed-loop system

Acp(s)=|sI— (A—BK)|=s"+ (an_1 +ku)s" ' +---+ (a1 +ka)s+ (ao + k1) =0
(5.60)

The closed-loop poles can therefore be arbitrarily placed by the choice of
ky, ka, ...y k-

Example 5.15 Let a state space system be characterized by the matrices

0 1 o 0
A=|0 o0 1|, B=|0
-2 -5 -4 1

Since this is in the phase variable canonical form, it is controllable. Define
K =]k k, ks]. The characteristic equation of the closed-loop system is
obtained from (5.60) as

ISI—(A—BK)| =5+ (4 +k3)s* + (5+kz)s+ (2+ k1) =0

It is desired that the dominant poles of the closed-loop system have a damping
ratio (£) of 0.8 and an undamped natural frequency (®,,) of 4 rad/s. The third pole
is placed at —10, which is far away from the imaginary axis. The closed-loop char-
acteristic equation is then
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Acr(s) = (8° + 28w,s + @) (s + 10) = 5° + 16.4s> + 80s + 160 = 0

Then, comparing the last two equations, we get k; = 158, k, = 75, and k; = 12.4.
The closed-loop transfer function (5.58) is then given by
Y(S) _ Kp
Yior(s) ~ s + 16.4s2 + 80s + 160

The DC gain of the system is K»/;¢, Figure 5.1 shows the step response of the system
for two values of the gain Kp. It can be seen that, as this gain increases, the steady
state error reduces. However, this is not a particularly attractive solution. A more
suitable approach is to increase the system type using an integral controller, which
is presented in Section 5.9.1.

Example 5.15 shows that the closed-loop eigenvalues can be arbitrarily placed
provided that the system is in phase variable canonical form. There is a process
by which any controllable system can be converted into a phase variable form.
The pole placement method using Ackerman’s formula is based on this phase var-
iable conversion technique [1]. These days, however, it is easy to accomplish pole
placement in MATLAB® using the command “K = place(A,B,P),” where A and
B are the system matrices and P a vector containing the desired eigenvalue locations.
This command is valid when there are no repeated eigenvalues. For example, if the
desired roots of Ac;(s) are —10, — 3.2 +j2.4, then the vector P is written as

x1072 Gain Kp = 1

T T T
6 = -
4 -
2 |- -

0 L 1 1 1 1
0 0.5 1 15 2 25 3

Gain Kp = 100
T T

0.6 =
0.4 -
0.2 -

0 | 1 1 1 |
0 0.5 1 15 2 2.5 3

Time (s)

Figure 5.1 Step response of the system of Example 5.15 with two different values of the
proportional gain.
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—-10
P=|-32+24i
—32-24i

5.9.1 Pole Placement with Integral Action

As Example 5.15 shows, a state feedback controller can guarantee stable operation
and can place the poles in desirable locations. It cannot, however, ensure proper
reference tracking. To eliminate the steady state error, an integral controller is
introduced, which has the following form

w=K; J(yref —y) dt = w=K; (yref —y) (5.61)

An extended state vector is then defined as x, = [x w]”. Then combining (5.5)
and (5.7) with (5.61), we have

X A 0 + B + 0 Ax, + B.u + 0
X, = X, u = X, u
| -kec 0] |o K |Prd T X T BM T g Vg
(5.62)
Then the pole placement with integral control is given by

X

u=-Kx.= - [Ki Kx.=-[K; Kz]L

where K is a vector that is the gain associated with x and K, the scalar gain that
multiplies w. Substituting u from (5.63) in (5.62), we get

o _[A-BKi -BK:] [0 (564
| —kc o [T |k '

The closed-loop transfer function is then given by

e o[ T v

The block diagram of the system is shown in Figure 5.2.

+ )
yrc{f \ K[Idt W Kz ljdl‘ X C y

Figure 5.2 Continuous-time state feedback with integral control.
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Example 5.16 Let us continue with Example 5.15. For the stated feedback con-
trol with integral action, the following parameters are chosen

K; =150, P(s) = (s + 10)(s + 3.2—j2.4)(s + 3.2 + j2.4)(s + 20)

where P(s) is a polynomial defining the closed-loop poles. The first three of the
desired closed-loop poles are placed at the same locations as given in Example 5.15.
The matrices for the extended state space system of (5.62) are given by

0 1 0 0 0
| o 0 1 0 o
Ae = -2 =5 —4 0] B. = 1
—-150 0 0 0 0

The gain matrix and the closed-loop transfer function are given by

K=[1758Xx10° 403 324 —21.33]

Y(s) 3200

Yor(s)  s* + 36.4s% + 40852 + 1760s + 3200

It can be seen that the closed-loop system has a DC gain of 1. The step response of
the system is shown in Figure 5.3, where the system settles within 1.5 seconds and
the output tracks the input accurately.

Output (y)
T T T T
1+
0.8 -
0.6~ -
0.4+ -
0.2 -
0 1 1 1 | | 1 | 1 1
0 0.5 1 15 2 25 3 35 4 45 5
Input (u)
80 T T T T T T T
60 -
40 - -
20 -
ok =
_20 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5 4 45 5
Time (s)

Figure 5.3 System response with state feedback with integral control.
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(a) Output when Pole Placed at -2 (b) Output when Pole Placed at —1
T T T T T T T T
1 1
0.8 . 0.8} 5
0.6 4 0.6 1
04} 1 04} .
0.2} 1 0.2} 1
0 ; ; ; ; 0 ; ; ; ;
0 2 4 6 8 10 0 2 4 6 8 10
(c) Output when Pole Placed at -0.5 (d) Output when Pole Placed at ~0.1
T T T T T T T T
1k 0.6 <
0.8}
04f .
0.6}
0.4+ 02l |
0.2}
0 0 ; ; ; ;
0 2 4 6 8 10
Time (s) Time (s)

Figure 5.4 System response with different locations of the fourth pole. (a) Output when
Pole Placed at -2, (b) Output when Pole Placed at -1, (c) Output when Pole Placed at -0.5,
(d) Output when Pole Placed at -0.1.

With the first three poles remaining in the same locations and the integral gain
remaining the same, the location of the fourth pole is varied. Figure 5.4 shows the
output response with four different pole locations. As the fourth pole moves closer
to the origin, the gain K, becomes smaller and the impact of the integral controller
reduces. Therefore, the system response starts to become sluggish. It is thus impor-
tant to choose the pole location carefully.

5.9.2 Linear Quadratic Regulator (LQR)

In a linear quadratic regulator (LQR) for the system of (5.5), a performance index
of the form given below is chosen

J= J (x"Qx + u"Ru)dt
0

where both Q and R are positive-definite weighting matrices. Note that for a sin-
gle-input system the performance index is

J= J (x"Qx + ru*)dt (5.66)
0

where r is a positive scalar.
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Solution (5.66) requires the solution of the Riccati of the form [2]
1
A'P + PA- ;PBBTP +Q=0 (5.67)
The feedback control and the gain matrix are then obtained by the solution of
lor
u=-Kx=-—B'Px (5.68)

Note that the term r accounts for the penalty on control action: the smaller the value,
the less the penalty on the control action and the larger the control signal applied.

Example 5.17 Consider the same system as that of Example 5.16. Here, a linear
quadratic controller with integral control is designed, where the integral gain K;
remains the same at 150. The weighting matrices are chosen as

10

The gain is obtained using the “K = 1qr(Ae,Be,Q,r)” command in MATLAB® with
these matrices.

The step response of the system is shown in Figure 5.5a, while the control input
is shown in Figure 5.5b. It can be seen that the steady state error is zero due to the

utput (y) with r = ontrol input (u) with r =
(a) o ithr =1 gob) Control i ith r =1
1r 15
08 10
0.6+
5
0.4
02} 0
0 -5
1 2 3 4 5 0 1 2 3 4 5
Time (s)
(C) Output (y) with r = 0.001 (d) Control input (v) with r = 0.001
100
1
0.8 1 50
0.6
0.4 0
0.2
0 - -50
1 2 3 4 5 0 1 2 3 4 5
Time (s)

Figure 5.5 System response with LOR for two values of control weighting. (a) Output (y)
with r=1, (b) Control input (u) with r=1, (c) Output (y) with r=0.001, (d) Control input () with
r=0.001.
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integral action, while the peak of the control input is around 17. The control
weighting r is now changed to 0.001. The results are shown in Figure 5.5c,d. In
this case, the output requires less time to settle, albeit at the expense of a much
larger control action at the beginning.

5.9.3 Discrete-time State Feedback with Integral Control

The discrete-time design is also similar to that of the continuous-time design.
A discrete-time integral control can be written as

e(k) =y, (k) —y(k)

w(k) = w(k—1) + Kre(k) = w(k—1) + Ky,(k) — Ky(k) (5.69)

Then defining the extended state vector as x,(k) = [x(k) w(k—1)]", the
extended state space matrix can be written using (5.26) and (5.7) as

F 0
-KC 1

G
0

0

X(k+1) = [ %,

]xe(k) + [ }u(k) + [ ]yref(k) (5.70)

We can then obtain the feedback gain matrix either through pole placement using
“place” or through discrete-time LQR using the “dlqr” command in MATLAB®.

5.10 Observer Design (Full Order)

We have seen in the state feedback control design that the measurements of all the
states are required. If, however, all the states are not accessible, it is necessary to
estimate (or observe) them from the information contained in the output and input
variables. The structure of feedback control with the observer is shown in
Figure 5.6.

Figure 5.6 Structure of feedback controller with observer.
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The state observer must be such that the observed state Xis as close as possible to
the actual state x. The observer should be such that the error between the observed
state and the actual state should exponentially become zero, i.e.

X—X = W(X—Xx) (5.71)

The matrix W should be chosen such that its eigenvalues have large negative real
parts. The closed-loop observer equation is given by

x=(A-LC)X + Bu + Ly (5.72)
where L is the observer gain matrix. Eq. (5.72) can be rewritten as
x = (A—LC)X + Bu + LCx = AX + Bu + LC(x —X)
Subtracting the state Eq. (5.5) from the above equation, we get
x—%=(A-LC) (X —x) = W(X—X) (5.73)

It can be proved that, if the system is observable, the eigenvalues of the matrix W
can be arbitrarily placed.

5.10.1 Separation Principle

So, if all the states of the system are not measurable, the observed states in the state
feedback control law need to be used. This will require two sets of pole placement
algorithms. The question is then how should the poles of the observer be placed
such that they do not interfere with the control action? To answer this question, let
us consider the state and output equations of the forms given by (5.5) and (5.7)
respectively. The observer is given by (5.72). First, we assume that the reference
input y,r in Figure 5.6 is zero. Then the control law uses the estimated values
of the states, i.e.

u= —Kx (5.74)
We then have

X = Ax — BKx (5.75)
Let us define the estimation error as

e=x—-X (5.76)
Substituting (5.76) in (5.75) we get

% = (A—-BK)x—BKe (5.77)
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Now (5.76) is combined with (5.5), (5.7), and (5.72) to give
é=%X-Xx=Ax+Bu—(A—LC)x—Bu—LCx=(A—LC)e (5.78)

Let us define an extended state vector of the form x, = [x e]”. Then, combin-
ing (5.77) and (5.78), we have

. [A-BK —-BK ] (5.79)
X, = X .
¢ 0 A-LC|”
It is useful to note that if
[A B}
H=
lC D
then
|H| = |D||A-BD~'C| = |A||D—CA™'B| (5.80)
Using the identity (5.80), we get the characteristic equation of (5.79) as
A—-BK —-BK sI-A + BK BK
sI— = =0
0 A-LC 0 sI—A +LC (5.81)

= |sI—A + BK| x |sI—A + LC| =0

This implies that the controller and the observer can be designed independently.
They do not necessarily interfere with the performance of each other provided that
the eigenvalues are well separated.

Note that, for the derivation above, we have assumed that the reference input y,.r
in Figure 5.6 is zero. This assumption, however, can be relaxed and the control law
including the reference input given by

u= —Kx + Hy,y (5.82)

where H is a feedforward gain. This gain must be chosen such that the DC gain of
the system is 1. Including the reference input in (5.82), the system state space
Eq. (5.79) is then rewritten as

A—-BK —-BK

. B
X, = 0 A—LC]XG + {0 }Hy,ef = A'X, + BHy,, (5.83)

Therefore, the closed-loop transfer function can then be written as

Y(s)

Ym(s)=H[c [0 0 0]](sI-A")"'B (5.84)
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Example 5.18 Consider the following system

0 1 0 0
X = 0 0 1 X+ |0|u=Ax+ Bu
-01 -03 -=0.5 1

y=[1 0 0]x=Cx

It is desired that the closed-loop poles be placed at —1, — 0.5 + j0.4. The observer
poles should be placed at locations which are far away from these closed-loop poles
and the locations are chosen as —25, — 30, and — 35. The system is both control-
lable and observable.

The “place” command in MATLAB® will be used to compute that controller and
observer gain matrices K and L. This command is of the form “K = place(A,B,
P1),” where

Pl=[-1 -05+j04 —0.5-0.4]
which produces the gain matrix of
K=[031 111 1.5]

The observer gain matrix L will place the eigenvalues of A — LC at desired loca-
tions. To use the place command, we note that (A — LC)T = AT — CTLT. Therefore,
the command “L = place(A’,C’,P2)” is used, where

P, =[-25 —-30 -35]
which produces the gain matrix of

L=[80.5 263x10° 249x10*]"

Using these gain matrices in (5.84), to have a DC gain of 1, the parameter H must
be chosen as 0.41. The system response is shown in Figure 5.7. It can be seen that
the output settles to 1 and the estimation errors become 0.

5.11 Control of DC-DC Converter

In this section, the state space modeling and control of DC-DC converters is dis-
cussed. Only the boost converters are considered — the models of buck or buck-
boost converters and their associated control can also be derived following the pro-
cedures described in this section. The schematic diagram of a boost converter is
shown in Figure 5.8a. It is assumed that the converter operates in continuous con-
duction mode (CCM). Then the equivalent circuits when the switch is closed and
when the switch is open are shown in Figure 5.8b and Figure 5.8c respectively.
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Figure 5.7 System response with state feedback control and observer.
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Figure 5.8 (a) The schematic diagram of a boost converter and its equivalent circuit when
(b) the switch is closed and (c) the switch is open.

As discussed in Chapter 4, these converters are controlled by their duty ratio (d, 0
< d < 1). The switching pulses for these converters are generated by comparing a
sawtooth waveform of frequency f(=1/T) with the duty ratio, as shown in
Figure 5.9, where the switch on and off periods are also indicated.
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Sawtooth
waveform
Duty ratio
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Figure 5.9 Switching scheme of DC-DC converters based on duty ratio control.

Let us define a state vector asx = [vo i L] " Then the state space equation when
the switch is closed (Figure 5.8b) and when it is open (Figure 5.8c) are given respec-
tively by

X:A1X+ B1Vdc, h<t<th

. (5.85)
X=A2X+B2Vdc Hh<t<t

where

R By R

The output is assumed to be the capacitor voltage, and this is given by the following
equation, irrespective of whether the switch is open or closed.

y=w=[1 0]x=Hx (5.86)

5.11.1 Steady State Calculation

From Figure 5.9, the following equations are obtained with respect to the duty
ratio d and the switching time T(=1/f)

tz—[o =T
tl—to = dT (587)
tz—[l = (l—d)T
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For the boost converter equations of (5.85), the solutions of the state equations
are given by
dr
x(t) = eMx(1o) + _[ eM AT~z B Vg,
0

o (5.88)
x(t;) = eM-ITx(1)) 4+ J A T=dT=9 4 S B,V g,

0
In the above equations, the matrix A, is singular and therefore noninvertible.

Fortunately, this matrix is a diagonal, whose exponential is a diagonal matrix con-
taining the exponentials of each diagonal element, i.e.

eAl(dT—r) _ e—(dT—T)/RC 0
0 1

The integral terms in (5.88) are then given by

daT dT
G J A0 g —RC e~dT=0)/RC RC e~ 4T/RC_RC 0
= T= =
' 0 T 0 dr
0 0
(1-d)T

0

G,= J eA(T=dT=7) g _Az—l(eAz(T—dT)|(1—d)T) _ _Az_l(l_eAz(T—dT))

0

Substituting the above two equations in (5.88), we have

x(t1) = eM%x(ty) + G1B Vi

5.89
x(6) = e ITx(1) + GoB, Ve (5.89)

Note that B; = B,. Therefore, by combining equations given by (5.89), the fol-
lowing composite equation is obtained

X([z) = A(1-d)T [eAlde(tO) + GlBIVdc] + G,B, Vg

5.90
_ eAZ(l_d)TeAldTX(t()) + (eAz(l—d)TG1 + Gz)BlVdc ( )

When the system is in the steady state at a time T,,, we expect X(T,, + t,) = x(T,, +
to). Using this identity, the steady state equation of a boost converter is obtained
from (5.90) as

-1
X = (I— eAz“—d)TeAldT) (eAz(l_‘MGl + Gz)Blde (5.91)
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There is, however, a simpler numerical method of obtaining the steady state equa-
tion using “c2d” command in MATLAB®, as given here:

[

% Define the duty ratio d and the cycle time T.

[F1,G1] c2d (Al,B1,d*T) ;
[F2,G2] = c2d(A2,B2, (1-d)*T);

xss = inv(eye(2)-F2*F1)* (F2*G1+G2) *Vdc

Example 5.19 Consider a boost converter with the following system parameters
L=1mH,C=100uF,R=10Q,V4 =10V, f=20kHz

We then have

—1000 O —1000 10000 0
Al = 5 AZ = 5 Bl = B2 =
0 0 —1000 0 1000

Let us choose the duty ratio as 0.5. Then the steady state condition obtained using
the MATLAB® code given above is

3.87A

X5s(fo) = Xgs(t2) = [20.24V]

The steady state waveforms for two cycles are shown in Figure 5.10. The steady
state waveforms are calculated at the beginning of a switching circle (i.e. at ¢y or t,).

(a) Output Voltage vq (V)
202 ! ! ! d
201+ 4
20 =
19.9 - —
19.8 -
L L 1 1 1 1 1 L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(b) Inductor Current i, (A)
T T T T
41tk g
4.05+ -
4+ ,
3.95+ 4
39 .
1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (ms)

Figure 5.10 Steady state voltage and current waveforms of a boost converter.
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Therefore, the peak of the capacitor voltage and the trough of the inductor current
occur at this instant, as is evident from this figure. The trough of the capacitor volt-
age and the peak of the inductor current can also be calculated from (5.89) as

19.74V
Xss(tl) = eAldTXss(tO) +GB Vg = { :|

412A

It can be seen from Figure 5.10 that the trough of the capacitor voltage and the
peak of the inductor current match the values calculated above.

Example 5.19 demonstrates the open-loop control of the boost converter, where
the switch is turned on and off based on a fixed duty ratio. However, as is men-
tioned in Chapter 4, for feedback control design an averaging method and a lin-
earized model are required. These are explained in Section 5.11.2.

5.11.2 Linearized Model of a Boost Converter

The averaged model will be determined using the state space averaging method
proposed by Middlebrook and Cuk in 1976 [3]. Consider the boost converter model
given by (5.85). Then the averaged model is given by

% = [Ard + Ay(1—d)]x + [Bid + By(1—d)|Vae (5.92)

It is assumed that the DC voltage V. is constant and has no variation. Since
B; = B,, the averaged model can be simplified as

X = [Ald + Az(]. - d)}X + BIVdc (593)
Note that (5.93) is nonlinear due to the product of the duty ratio and the state vec-
tor. This will thus have to be linearized.

Equation (5.93) is linearized around the operating point x, and d,. For this, the
perturbation equations are written as

X=Xg+ Ax, d=d,+ Ad (5.94)

where Ax and Ad are the perturbed variables. Noting that V. is constant, (5.93)
can be linearized as

AX = [A1dy + Ax(1 —dp)]AX + (A1 — Az)X0Ad (5.95)
= AAx + BAd
where
A=Aid +Ay(1—-dy), B=(A;—A)X
The output equation is then given from (5.86) by

Ay = HAx (5.96)
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5.11.3 State Feedback Control of a Boost Converter

The schematic diagram of a state feedback with integral control of a boost converter
is shown in Figure 5.11. The control law, including an integral action, is given by

d=do + Ad

Ad = ky Avy + ko Aly + k3K J(Avmf — Avp)dt (5.97)
Since the controller is designed based on the linear model given in (5.95) and
(5.96), the first step in this process is to calculate the steady state values using
(5.91). Since the controller is designed based on the averaged variable, the meas-
ured values of the capacitor voltage and the inductor current are averaged over one
cycle. These averaged values are then subtracted from the steady state values as per
(5.94), as shown in Figure 5.11. These are then multiplied by their respective gains
and added to the output of the integral controller.

When a change in the capacitor voltage is required, V,.ris changed. The steady
state value of the capacitor voltage is subtracted from V,.sto obtain AV,... The error
AV,.r— Ay is then passed through the integral controller and multiplied by the
gains and added with the other two components to form Ad. This is then added
to d,. Before, the duty ratio is given as an input to the pulse width modulator, a
limiter is used to restrict d between, say, 0.05 <d < 0.95.

Example 5.20 Consider the boost converter of Example 5.19, where the duty
ratio is chosen as 0.5. From Example 5.19, we find the average steady state quan-
tities as

Xy = [‘.)0”} = d X Xes(to) + (1—d) X Xs(t2) = [

lLss

19.994V
3.998 A

AV,
V, — 5 Jar o &k, H K
N Voss -
N One-cycle | Vg N M 1 A Ad d
0 Averaging -/ Lot +\/ N Lot
imiter
dy
. One-cycle |l ,»~ Aip [
L Averaging N Lk |

ULss

Figure 5.11 Feedback control structure of DC-DC converter.
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The averaged matrices are computed from (5.95) as

— 1000 5000 —3.87 4
A= B= X 10
— 500 0

A linear quadratic regular with an integral controller is designed with the follow-
ing parameters

10
K; =1000, Q= 1 , r=0.1

The resultant gain matrix is
K = [kl kz k3] = [2.78 24.8 —3.16]

The converter is started from rest at ¢t = 0 seconds, with a duty ratio of 0.5 where
the desired output voltage is Vi, and the output resistance is 10 Q. Then at
t = 0.075 seconds, the desired output voltage is changed to 30 V. Subsequently,
at t = 0.125 seconds, the output impedance is changed to 6.67 Q. The results
are shown in Figure 5.12. The duty ratio increases to 0.667 as the output voltage

(a)
Output Voltage (V)
40 T T T T T
. \/\/\ﬂ ]
0 | l Il | | | 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(b) Inductor Current (A)
15F T T T T T T T T =
Jr -
o~ |
0 1 1 | 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(C) Duty Ratio
0.8 T T T T T T
0.6 N
04 1 1 | 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (s)

Figure 5.12 Boost converter response when averaged values are used in feedback control.

(@) Output voltage (V), (b) Inductor current (A), (c) Duty ratio.
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increases to 30 V. However, the duty ratio remains unchanged when the load
changes, albeit for an initial transient. It might be argued that the averaging proc-
ess increases the computational requirements. To alleviate this, the instantaneous
values of output voltage and the inductor current are instead used for the control
law computation. This is shown in Figure 5.13. It can be seen that the duty ratio
has a significant ripple in this case: it chatters between 0.66 and 0.67 after 0.125
seconds.

Only a state feedback controller of the form Ad = — Kx is employed without the
integral controller. The LQR gain matrix is computed using Q = diag([100 1])
and r = 0.1. This produces the gain matrix of K =[4.5 69.29]. The system
response for the same voltage reference of Vi, = 19.994 V and load change at
0.125 seconds is shown in Figure 5.14. Since the simple state feedback is essentially
a proportional controller, the change in the reference voltage is not tracked by the
controller. The controller is not even able to maintain the desired output voltage
following the load change. This proves the superiority of the state feedback con-
troller with integral control.

(a) Output Voltage (V)
40 T T T T T T
2 \/\J\’\ 1
0 1 1 1 1 | 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(b) Inductor Current (A)

15F T T T T T T =

0 I I I I I L L 1 L

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(C) Duty Ratio
0.8 T T T T T T T T
0.6 k/\/\’; (\/\/‘ —
04 I 1 1 1 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (s)

Figure 5.13 Boost converter response when instantaneous values are used in feedback
control. (@) Output voltage (V), (b) Inductor current (A), (c) Duty ratio.
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Figure 5.14 Boost converter response with state feedback control without the integral
controller. (a) Output voltage (V), (b) Inductor current (A), (c) Duty ratio.

Example 5.21 In this example, the limits of stable operation for the boost con-
troller designed in Example 5.20 are investigated. With the controller gains
obtained from Example 5.20, the eigenvalues of the system are computed as
the resistance R changes from 20 to 0.1 Q. The eigenvalues are all real, as shown
in Figure 5.15. However, all of them have negative real parts, indicating a stable
operation. Eigenvalues-1 and 2 are very stable, while Eigenvalue-3 moves closer
to the imaginary axis as the load resistance decreases. This eigenvalue is located
at —6.29 for R = 0.1 Q.

With the system operating at the steady state with a duty ratio of 0.5, the load
resistance is changed to 0.91Q at 0.25seconds. The results are shown in
Figure 5.16. It can be seen that output voltage, following an initial transient,
returns back to 20 V. The duty ratio, however, sees a marginal increase from
0.5 to 0.525. Consequently, the inductor current becomes 46 A. Nevertheless,
the system remains stable, as is expected from the eigenvalue analysis. However,
whether such large inductor current is acceptable from the practical design point
of view is debatable.
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Figure 5.15 Eigenvalue plot as the load resistance changes.

5.12 Concluding Remarks

In this chapter, we discuss state space analysis and the design of linear systems.
These are very important in the analysis and control design of both power systems
and power electronic circuits. These are extensively used in the following chapters.
Even though only LTI systems are discussed here, these techniques are also exten-
sively used in linear controller design for nonlinear systems and for the eigenvalue
analysis of interconnected power electronic circuits, such as microgrids, as well as
for power system stability analysis. An example of the use of a linearization
method for a single-machine, infinite-bus (SMIB) system, compensated by a thy-
ristor-controlled series capacitor, is pointed out in the Notes and References. There
are several such examples that can be found in the literature.

Also, the state feedback control design for a DC-DC boost converter is presented
in Section 5.11. The state feedback controller is designed in the linearized domain,
which is obtained using the state space averaging method. Despite using the linear
approximation, it can been shown that the controller can stabilize the system for a
wide variation in both output voltage and resistance.
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Figure 5.16 Boost converter response for a large change in the output resistance. (a)
Output voltage (V), (b) Inductor current (A), (c) Duty ratio.

Problems

5.1 Defining a state vectorasx = [iy i V. ]T, find the state space model of the
circuit shown in Figure P5.1.

R, Ly R, Ly
WAV WV—
i iy
+ + +
1 Ve —~C 1
Vaer < — Vo

Figure P5.1 The circuit diagram of Problem 5.1.

5.2 Given the following LTI system

*= hz —11]“ m”
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where u is a unit step input, write an expression for y(t), t> 0 when the ini-

tial condition of the state vector is xo = [1  0.5]".

5.3 One of the following matrices is a possible state transition matrix. Which
one? Justify your answer.

5.4 Diagonalize the following matrices

-1 -4 0 3 -2 0
(@A=|1 -1 0 |[,b)A=|-2 3 0
4 2 =3 0 0 5

5.5 Convert the following matrix in Jordan form

0 1 0
A= 0 0 1
—-25 =35 -11

5.6 Consider the LTI system

. 1 -3 0
X = X + u
s o L]
It is to be controlled by a state feedback controller of the form u = — Kx,

where the feedback gain matrix is given by K = [k; k;]. Find the con-
straints on k; and k, for stable operation.

5.7 Consider the LTI system

It is a state feedback controller of the form u = — Kx, where the feedback
gain matrix is given by K=[k 7 5]. Determine the value of k for
stability.



5.8

5.9

5.10

5.11

5.12

5.13

Problems

For the LTI system given below, determine the conditions on f4, 5, y1, and
2 such that the system is both controllable and observable.

X:Ll) HX"'[Q]”’ y=I[n rnk

Consider the LTI of Problem 5.8, in which f; = f, =y; =1 and y, = 0.
Design a state feedback controller such that the closed-loop system has a
damping ratio of 0.707 and an undamped natural frequency of 5rad/s.

An LTI system is given by

x:[g Hx+{ﬂu, y=[1 0]x

(a) Design a state feedback controller such that closed-loop characteristic
equation with the controller is given by s* + 85+ 32 = 0.

(b) Design an observer such that the characteristic equation of the observer
is (s+10)* = 0.

(c) Compute the characteristic equation of the overall system.

For the boost converter of Examples 5.19 and 5.20, discretize the system
with a sampling time of T(=1/f) and duty ratio of 0.5. Determine the gain
matrix of a state feedback with integral controller such that the closed-loop
poles are placed at —0.5 +j0.5, 0.1. Choose the integral gain given of 0.1.

Determine the linearized state space average model of the buck converter
given in Example 4.2, where the duty ratio is chosen as 0.5.

The schematic diagram of a buck-boost converter is shown in Figure P5.13.

Draw the equivalent circuits and write the state space equation when (a)
the switch is closed and (b) when the switch is open.

S

WE .8 o 3w

+

Figure P5.13 Schematic diagram of a buck-boost converter.
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5.14 For the buck-boost converter of Problem 5.13, determine the linearized
state space average model for a duty ratio of 0.5 and the following converter
parameters.

L=4mH,C=250puF,R=10Q,V4 =100V,andf =1/T = 10kHz

Notes and References

This chapter assumes that the reader has prior knowledge of classical and digital
control systems. However, there are some wonderful texts that can be used for
brushing up the background materials. My personal favorites are books by Kuo
[1] (I prefer the fifth or sixth editions, which are not readily available anymore)
and Ogata [2]. These texts probably really stand out from the other texts. There
are other very worthy books that can also be considered [4-6]. Digital control is
covered in considerable depth in [7, 8]. There are, however, many other books that
cover these subjects in detail. The linearization of a thyristor-controlled series
compensator (TCSC) SMIB system and the TCSC controller design are discussed
in [9, 10]. Apart from the linearization of the circuit, the sensitivity of the shift in
the zero-crossing of the line current is included in the model, which makes the
model very accurate. It is shown that the predicted output and the actual output
matches very closely. The book by Mohan, Undeland, and Robbins [11] is an excel-
lent text that presents the detailed analysis of DC-DC converters. The state space
averaging is first presented in [3] and has been widely used in a variety of problems
since then. The derivation of a discrete-time model for DC-DC converters, based
on which the steady state model is derived here, is presented in [12].

1 Kuo, B.C. (1987). Automatic Control System, 5e. Englewood Cliffs, NJ: Prentice Hall.
2 Ogata, K. (2010). Modern Control Engineering, 5e. Englewood Cliffs, NJ:
Prentice Hall.

3 Middlebrook, R.D. and Cuk, S. (1976). A general unified approach to modelling
switching inverter power stages. In: IEEE Power Electronics Specialists’ Conference,
18-34. IEEE.

4 Dorf, R.C. and Bishop, R.H. (2005). Modern Control Systems, 10e. Upper Saddle
River, NJ: Pearson Education.

5 Nagrath, IJ. and Gopal, M. (1975). Control Systems Engineering. New York: Wiley.

6 Franklin, G.F., Powell, J.D., and Emami-Naeini, A. (2019). Feedback Control of
Dynamic Systems, 8e. Upper Saddle River, NJ: Pearson Education.

7 Kuo, B.C. (1980). Digital Control System. Tokyo: Holt-Saunders Japan.

8 Franklin, G.F. and Powell, J.D. (1998). Digital Control of Dynamic Systems, 3e.
Englewood Cliffs, NJ: Prentice Hall.
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Discrete-time Control

In this chapter, discrete-time control using difference equation is discussed. In
Chapter 3, we discuss z-transform and how a transfer function can be converted
into a difference equation. These will now be used for designing a controller
for single-input, single-output (SISO) systems. Our discussion focuses on
prediction-based controllers, under the assumption that dynamic systems have
disturbances that are stochastic in nature. However, these controllers can be used
for deterministic systems as well.

The basic premise of predictive control is simple. It involves calculating a
sequence of future control signals that will minimize a set of cost functions over
a finite prediction horizon. However, the theory behind this is not simple, neither
is its application. Even though the concept has been used by industry for a long
time, it has been restricted to processes that have much lower time constants, such
as chemical processes. The basic drawback of implementing such types of control
is that they are computation intensive. However, with the modern-day fast proces-
sors, such controllers are now under the realm of the possibility of being used in
fast dynamic systems like power converters.

In this chapter, both prediction base controllers and their application in adaptive
control are discussed. Our discussion is limited only to SISO systems in the
discrete-time domain. However, predictive controllers can be developed for
multivariable systems or for continuous-time systems. Moreover, prediction-based
controllers are often developed for systems that contain random noise. It will
therefore be assumed that the systems are stochastic in nature.

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.

© 2023 The Institute of Electrical and Electronics Engineers, Inc.

Published 2023 by John Wiley & Sons, Inc.

207



208

6 Discrete-time Control
6.1 Minimum Variance (MV) Prediction and Control

The first step in developing a predictive control is to construct a model. Several
models based on difference equations are available in the literature. Their use
depends on the behavior of the plant under discussion. We begin our discussion
with a summary of the models.

6.1.1 Discrete-time Models for SISO Systems
A generalized SISO model for a linear system with stochastic input is given by
Az Y)y(k) =z 9Bz~ u(k) + C(z~)e(k)

(6.1)
=B(z Mu(k—d) + C(z™")e(k)

where y(k) is the output; u(k) is the input; e(k) is a noise signal, which is considered
white noise; and d is an integer input delay or dead time. Note that the second line
of (6.1) is written using the shifting theorem of the z-transform. The polynomials
are given in the backward shift operator z~* by

2

A(Z_l) =l+amz ' +az ?+ -+ a2 "

B(z7')=bo+biz7 '+ bz i+ + by (6.2)

2

Clz7')=1l+az '+ 2+ +cpz ™

From a causality condition, the polynomial orders will have to obey the following
conditions
ng > np +d and n, > n (6.3)

The system of (6.1) is usually called an autoregressive moving average process
with an exogenous input, or ARMAX, process. This is the most general form that is
used in stochastic control literature. Using this general model, different models
can be derived. These are listed in Table 6.1. Note that, even if the input e(k) of

Table 6.1 List of different stochastic processes.

Process name Characteristics Equation

Autoregressive (AR) Bz H=0and CzH =1 A k) = ek)
Moving average (MA) A D =1and B H=0 k) =C Vek)

Autoregressive moving  B(z™") = 0 Az Yyk) = Cz He(k)
average (ARMA)
Autoregressive with czhH=1 Az Yy(k) = 2Bz Hu(k) + e(k)

exogenous input (ARX)




6.1 Minimum Variance (MV) Prediction and Control

an MA process is an uncorrelated white noise, the output y(k) is not uncorrelated
and it is called a colored noise [1].

6.1.2 MV Prediction

Consider the ARMAX process given by (6.1) and (6.2). In the MV control, we
choose the performance index

J=Elk +d)—y,(k + d)? (6.4)

and minimize it to obtain u(k), where y,(k) is the reference input. The performance
index of (6.4), however, cannot be minimized in a straightforward manner. To
minimize the square of the error between the reference input and system output
at time k + d, the control action must be taken at time k. The delay term adds d
samples between the control signals and their effect on the output. At time instant
k only the values of the system output up until that instant are known. The future
values of y(k + i), i =1, ...d are not yet measured. Therefore, a process is required
to predict the value of y(k + d), given the measurements up to time k.
Replacing k by k + d, we rewrite (6.1) as

B(z™Y) C(z7!
a0 4

Expanding the second rational term on the right-hand side of (6.5) we get

~—

yk+d)= e(k +d) (6.5)

_4Gz™)
Alz™1)

=F(z™") +z (6.6)

where F(z™) and G(z™*) respectively are the quotient and remainder polynomials,
given by
Fz™)=1+fiz7 4+ fy_z 4! 67
6.7
Glz™l) =g +gz '+ +g2 "

Equation (6.6) is rewritten in a form that is called the Diophantine equation (or
Aryabhata identity) as

Clz7!) =A@ HF(z™") +z7%G(z™) (6.8)

To have nonredundant coefficients, the order of the polynomial C(z™") in (6.8) is
bounded by

ne<(ng+d-1) (6.9)
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Therefore, to have any nonredundant coefficients on the right-hand side of (6.9),
the order of the polynomial G(z™*) should be calculated from

na+d—1=d+ng

=1 (6.10)
Let us now define
x(k +d) = Z(Z:i)e(k +d)
=) S (6.11)
=F(z71) e(k +d) + Ag_l;e(k)

Note that e(k) in (6.11) is a random noise and hence its future values cannot be
predicted. Therefore, the best d-step-ahead MV prediction can then be obtained
from the observation of the values until time k [2], i.e.

%k +dll) = s e(k) (6.12)

The term X(k + d|k)indicates that it is the prediction of x at instant k + d given the
measurements up to time k. Equation (6.11) can also be written as

Substituting the above equation in (6.12), we have

f(k + dJk) = gg:i;x(k) (6.13)

Therefore, the poles of the predictor are roots of the polynomial C(z™). Subtract-
ing (6.12) from (6.11), the following error in prediction is obtained

x(k + dk) =x(k + d) —x(k + d|k) = F(z™") e(k + d) (6.14)

Assume that e(k) is an uncorrelated sequence with zero mean. Then the prediction
error E[F(z Ye(k + d)] is also zero mean. Therefore, the variance of the prediction
error is given by

E[X(k+d|k))* = E[x(k + d) —x(k + d|k)]*
Glz™) ’
Az™1)

=E|F(z Ve(k+d)+ e(k) —x(k +d|k)
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The above equation can be expanded as
2

E[x(k + d[k)]> = E[F(z™") e(k + d)] E[ZE? Le(k) —x(k + dlk)

+E{2F(z {G(Z D ol + )(k)—e(k+d) (k+d\k)”

The second term on the right-hand side can be eliminated using (6.12). Therefore

E[x(k+d|k)]> =E[F(z ) e(k +d)]”

+E{2F(z‘1) [jgjie(md)e(k)—e(k+d)>z(k+d|k)] }

(6.15)

In (6.15), since e(k) is uncorrelated, E[e(k + d)e(k)] = 0. Also, using the same argu-
ment, we get the following by substituting (6.12)

G(z™")
A(z™1)

Ele(k + d)x(k + d|k)] = Ele(k + d)e(k)] =

Thus, the last term on the right-hand side of (6.15) is equal to zero. Then the
variance can be written as

E[R(k + dk)]* = E[F(z ") e(k + d)]? (6.16)
Since e(k) is uncorrelated and has a mean of zero, (6.16) can be directly obtained

from (6.14). If the uncorrelated noise e(k) has a variance of 62, (6.16) can be
expanded as

ER(k +dk)P =L+ + - +f2] & (6.17)

Example 6.1 We shall design a three-step-ahead MV predictor for the process

C(z™') 1-14z7'405z72
Azl 1-12z7 1 +04z72

x(k) = e(k)

where e(k) ~ N (0, o2),i.. e(k)is a normal (Gaussian) random process with zero
mean and a variance of 6. The polynomials F(z ") and G(z ") are then given from
(6.7) as

F(z7') =1+4fiz7" +fz™°

G(z™') =gy +gz "
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Therefore, the Diophantine equation of (6.8) is written for this case as
1-14z71 405272 = (1-1.227' + 04272 (1 + f127 " + f,272)
+273(g + 827"
=1-12z"" + 04z >+ fiz7 ' =1.2f,27% + 0.4f, 273
+f2 2= 1.2f27°
0.4f,27" + 802" + 812~

4

Equating the coefficients of the negative powers of z, we have
z7 ! = —02 =f,
272 —=01=-12f, +f,=f,=01+12f, = —0.14
277 = 0=04f —1.2f, + g = g, = —0.4f, + 1.2f, = —0.088
7274 > 0=04f,+g =g = —04f, =0.056

ie.fy=—02 fo=—014, gy = —0.088, g =0.056
The variance of the prediction error is then

ER(k + 3[k)* = [1 + f1 + 3] 62 = 1.059657

6.1.3 MV Control Law

By replacing the last term on the right-hand side of (6.5) by (6.11), a d-step-ahead
prediction of the output can be written as

$(k + dlie) = j(é:; (k) + x(k + d[k)

Substituting (6.12) in the above equation, we have

5k + dlk) = ﬁg:l; u(k) + jg:li (k) (6.18)
The noise term e(k) can be eliminated from (6.18) by substituting (6.1) into
(6.18), i.e.
S+ dll) = gt + L [ 0 -2 E 5 utk)
= e e )~ 0 ute
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Substitution of (6.8) in the expression of y(k + d|k) yields the following

prediction equation

G(z™! B(z ')F(z™!
@) 4 BEIFG

C(z™1) C(z™1)
Replacing the actual value of y(k + d) in (6.4) by its predicted value from (6.19),

the performance index of (6.4) is given as

3k + dlk) =

u(k) (6.19)

J :E[j)(k+ d‘k) _yr(k+ d)}z

|6

B(z"Y)F(z™Y) (6.20)

C(z™1)

2
y(k) + u(k)—y,(k+ d)}
Note that (6.20) contains the terms which are known or measured. Since all the
values are deterministic, the expectation operator is no longer needed. Expanding
the right-hand side of (6.20), we have

_[Gz™h)
J‘{C@*>

B WFe™") T
ey 0]

e

The performance index can then be minimized by taking its derivative with respect
to u(k) and equating it to zero. It is to be noted that both y(k) and y, (k + d) are
independent of u(k). Then the minimization of the above equation with respect
to u(k) results in

8]) _ Z[B(z‘l)F(z‘l)ru(k) N 2{G(Z‘l)

wm—nw+@}+

G(z™Y)
# 2 Gy yilk +

B(z"")F(z™")

wm—»m+dﬂ

du(k C(z~1) C(z™1) C(z™1)
_ BeTHF(z™) Gz~ _
= w u(k) + C(z—l)y(k> -y (k+d)=0
Rearranging the above equation, we get the MV control law as
u(k) = ! [C(eY)y, (k + d) - Gz~ )y(k)] (6.21)

B(z=")F(z™1)
Substitution of (6.21) into (6.1) yields
z-d
Fz™)
This is rearranged as
[A@™YF(E™!) + 279Gz~ )| y(k) =27 Clz™ )y (k + d)
+ F(z7h)C(z71)e(k)

Az ")y(k)

[C(z™ )y, (k +d)—G(z" ")y(k)] + C(z~")e(k)
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Again, substituting (6.8) in the above equation, the closed-loop input-output rela-
tion is obtained as

y(k) =y, (k) + F(z™') e(k) (6.22)

It is interesting to note from (6.22) that all the closed-loop poles are placed at the
origin. The tracking error is then given by

y(k) = y(k) =y,(k) = F(z~") e(k) (6.23)
For a zero-mean noise with a variance of ag, the variance of the tracking error is
the same as that given in (6.17).
Example 6.2 Consider an ARMAX process of (6.1) with d = 3 and

Alz7H=1-12z"1+04z7% B(z7!)=05+02z"1,
C(z7h)=1-14z"1 +0.5z72

The polynomials F(z ™) and G(z™*) are calculated in Example 6.1 as
F(z7')=1-02z"'-0.14z7
G(z™') = —0.088 + 0.056z "

Then
B(z"")F(z™!) =05+ 0.1z —0.11z7> - 0.0287 "}

Therefore, the MV control law is given by

u(k) = O%{y,(k +3) = Ly, (k + 2) + 0.5, (k + 1) + 0.088y(k)
—0.056y(k—1) —0.1u(k — 1) + 0.11u(k —2) + 0.028u(k — 3)}

The system noise input is assumed to be e(k) ~ N(0, 10~%). The system output
and input are shown in Figure 6.1. At the beginning y, is chosen as a unit step
and at the 50" sample. This is changed to twice the unit step. Note that a
three-step-ahead prediction of the reference output is required from the control
equation. Since the reference is held constant at the previous value for three sam-
ples, there is no change in the output for the first three samples after the reference
change. However, the system settles within 10 samples thereafter.

6.1.4 One-step-ahead Control

Consider an ARX model with a unit delay, given by

1B 4 ﬁe(k} (6.24)

yk) =z~
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System Output and its Reference
T T T T T

15 : —y_
. Y

0 1 1 L 1 1 I I 1 1
0 10 20 30 40 50 60 70 80 920 100

Control Input (u)
0.6 T T T

0.5 - .
0.4 - -
0.3 - -

v anl i

0.1 1 L 1 I I L 1 1 1
0 10 20 30 40 50 60 70 80 920 100

Samples

Figure 6.1 System output and input for the three-step-ahead MV control of Example 6.1.

Since F(z™') = 1, the Diophantine equation of (6.8) then becomes
I:A(z_l) +z_1G(z_1) (6.25)

Therefore, the one-step-ahead control law is derived from (6.21) as

uk) = == [k +1) = Gla~ (k)]

B(z-1
(zl ) (6.26)
= 5T ek + 1)+ (1-A(z™))y(k)]
Substituting (6.26) in (6.24), the closed-loop control system is given by
Az yk+1) =y, (k+ 1)+ [1-A(z"")]y(k) + e(k + 1)
Note that
Ay +1) = [1-A(z™")]y(k) = y(k + 1)
Therefore, the closed-loop system can be expressed as
yk+1)=y,(k+1)+ek+1) (6.27)

This implies that the one-step-ahead MV control predicts the output one step
ahead of the current sample and then applies the control signal such that the out-
put follows the reference input.
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216 | 6 Discrete-time Control
Example 6.3 Consider an ARX process, given by
y(k)—1.2y(k—1) + 0.4y(k — 2) + 0.3y(k —3)
=0.5u(k—1) + 0.25u(k—2) + e(k)

From (6.26), we get the following control law

u(k) = Ois W, (k + 1) —1.2y(k) + 0.4y(k —1) + 0.3p(k — 2) — 0.25u(k — 1)]

The system noise input is assumed to be e(k) ~ N(0, 10™%). The system output
and input are shown in Figure 6.2. As in Example 6.1, the reference input y, is
changed from a unit step to twice the unit step at the 50" sample. Since the settling
time of a one-step-ahead MV control is one sample, the output follows the refer-
ence the output then follows the reference input after one sample, as is evident
from Figure 6.2a. This, however, comes at a cost of high control effort, as shown
in Figure 6.2.

The MV control has a very desirable control action. However, it has one major
disadvantage, as is illustrated by Example 6.4.

System Output and its Reference
T T T

25 T T T T
2+ i
15+ : —y -
' = Yr
1 i -
0.5 -
O 1 1 | 1 | 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Control Input (u)
3 T T T T T T T
2 = -
1 _
0 -
—1 -
2 1 1 L 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Samples

Figure 6.2 System output and input for the one-step-ahead MV control of Example 6.2.
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Example 6.4 Consider an ARX process given by
y(k)—1.2y(k—1) + 0.4y(k — 2) + 0.3y(k —3)
=0.5u(k—1) + 1.75u(k —2) + e(k)
This implies that the polynomial A(z™") is the same as that of Example 6.3 and
B(z7')=0.5+1.75z7"

The system step response is shown in Figure 6.3. It can be seen that the output
follows the reference for about 30 samples despite having a very large control action.
But eventually the control action overflows, thus resulting in an unbounded output.
In a physical system there will be limiters in the actuator that will prevent the input
signal from being excessively large and this might result in a bang-bang response, as
shown in Figure 6.4, where u(k) is restricted to +10.

The zero of the system of this example is at —6.5, i.e. outside the unit circle. This
is called a nonminimum phase condition. From (6.26) it is obvious that the poles
of the controller are the roots of the polynomial B(z ™), i.e. the open loop system
zeros. Therefore, for a nonminimum phase system, control action is unstable and
produces an excessive control action. This obviously is not at all desirable. There
are methods in which a suboptimal control is obtained by factoring the polynomial
B(z ") into two polynomials: one containing system zeros that are inside the unit

x10° System Output (y)
0 T T T T T T
-05 =
-1 -
-15+ -
—2r I I ! I ! | I 1 I 5|
0 5 10 15 20 25 30 35 40 45 50
x10%7 Control Input (u)
4 T T T
3 =
2=
1+
0 ,
-1 | L L L L 1 L 1 L
0 5 10 15 20 25 30 35 40 45 50
Samples

Figure 6.3 System output and input for unrestricted control of Example 6.6.
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System Output (y)
T

10 T T T T

Control Input (u)
T

5 10 15 20 25 30 35 40 45 50
Samples

Figure 6.4 System output and input for restricted bang-bang control of Example 6.6.

circle and the other containing zeros that are outside the unit circle. The controller
is then synthesized using the polynomial with stable zeros [1, 3].

6.2 Pole Placement Controller

Consider the ARMAX model of (6.1) again. Let the control law for the pole place-
ment design be given by

S(z™Y)
R(z™")

u(k) =

{Key, (k) =y (k) } (6.28)

where K. is a feedforward gain and the polynomials R(z"') and S(z ') are given by

Rz )=1+4rnz '+ +r,z ™

1

Sz =so+smz + -+ s

The block diagram of the pole placement controller is shown in Figure 6.5.
Substituting the control law of (6.28) in (6.1), the closed-loop equation is
given by




6.2 Pole Placement Controller

e(k)

wo— K. 3 ) ) |y | 2B — X )_+ — (k)
Rz Al

Figure 6.5 Block diagram of the pole placement controller.

Rearranging the above equation, we get

2~ KeB(z~")S(z~ ")y (k) + C(z~")R(z~")e(k)

y(k) = Az DRz Y) +z2 Bz 1)S(z 1)

(6.29)

The poles of the closed-loop system are given by the solution of the characteristic
equation

AlZHR(Ez™) +z7B(z™Y)S(z™!) =0
In the pole placement design, the controller polynomials are obtained through
the solution of the Diophantine equation
AlZY)R@E") +z Bz )S(z™") =T(z™") (6.30)

where T(z™') = 0 defines the desired characteristics equation of the closed-loop
system. This can be denoted as

T(z™')=1+tz '+ + ™™
From (6.30), we can stipulate the following for the polynomial orders
Ng+n,=d+ny, +ng>n; (6.31)

Neglecting the noise term in (6.29), the steady state value of the output to a step
input is given by

K.B(z7Y)S(z™Y)
y (k) e —
SS T(Z 1) =1
(6.32)

Ko X (bo+by+ - +bp,) X (So+514+ - +5p,)

= k
L+t+ -+t v (k)

219



220

6 Discrete-time Control

The gain K. must be chosen such that the output follows the reference input, i.e.
the DC gain of the closed-loop system is 1. This gives

L+b+ -+ Iy
K. = g 6.33
7 (bo+bi+ -+ by) X (So+ ST+ +Sy) (6:33)

We must, however, be careful in choosing the gain as for T(z")I, — ; = 0 the gain
will be zero, while for either Bz ")l, — ; = 0 or S(z ))I, = ; = 0 the gain will be
infinity.

Example 6.5 Consider an ARMAX model of Example 6.2, where the polyno-
mials are

Az =1+mz ' +az™? Bz ')=by+ bz},
Clz™')=1-14z"' 405772
where a; = —1.2,a, =0.4, by = 0.5, b; = 0.2. Also, the delay d is again chosen as 3.
Note that the open-loop poles are located at —0.6 +j1.908. It is desired that the
closed-loop poles will be placed at —0.1 +j0.2 such that
T(z7')=1+tz '+627°=1402z""+0.05z"°
Choosing
ST =so+smz"
the following polynomial orders are obtained from (6.31)
n=d+n,+n,—n, =3
Thus

Rz™)=14rnz ' +rnz > +rz?

Therefore, the Diophantine equation of (6.30) is given as

Q+az ' +az ) A +rnz  +rnz 2 +rz73)
+273(bo+ b1z (so +s127) = (1 + tiz™ ' + 6z ?)



6.2 Pole Placement Controller

Expanding and equating the negative powers of z, the above equation is written
in matrix vector form as

Z_l - 1 0 0 0 0 ry 'tl—al_
Z_Z = a; 1 0 0 0 r thh—ap
Z_3 = 1a o 1 bo 0 r3 | = 0
7
5 = 0 a, a; b1 bo So 0
-
1o 0 a 0 bfls] | o |

Substituting the coefficient of the polynomials A(z~*) and B(z ") and solving,
we get

S(z~') =0.7877-0.4523z !
R(z7!')=1+z"'+0852"%+022627 ">
The gain is calculated from (6.33) as K. = 6.62. The control law is therefore

(:’(k) = Kcyref(k) _y(k)
u(k) = soe(k) + s1e(k—1) —riu(k—1) — rpu(k — 2) — rau(k - 3)

The system output and input are shown in Figure 6.6, where the reference input
is changed from 1 to 2 at 0.5 seconds. It can be seen that the response is closer to

System Output and its Reference
T

25 T T T T T T
2 -
—Yy
-=Yr

1 1 1 1 1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Control Input u

4 T T T T T
2+ -
0 -

_2 1 1 1 1 1 | 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 6.6 System output and input for the three-step-ahead pole placement control of
Example 6.5.
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that of the MV controller since the poles are placed near the origin. However, an
arbitrary pole placement can lead to excessive control action. In order to avoid this,
the open-loop poles can be shifted to more stable locations using the pole shift con-
trol technique.

6.2.1 Pole Shift Control

Consider a system that has a pair of complex conjugate poles and one real pole,
located respectively at a +jf and —o. The position of the poles in the complex
plane is shown in Figure 6.7, where it has been assumed that all the poles lie within
the unit circle. Note that, in this figure, only one of the complex conjugate pair has
been shown. The polynomial A(z™") is then given by

A7) =010+oz7 ) x(1-az ' +jpz7 ) x 1—az™ ' —jpz")
=1+ (c—-2a)2" " + (&’ +f*—2a0)27 > + (" + f*) 02>
(6.34)
Defining A(z™") = 1+ a; 7" + axz >+ a;z >, and comparing with (6.34), we get
ap = (6—2a), ay= (a2 +[}2—2ao), az = (a2 +ﬁ2) c

Also note from Figure 6.7 that ¢ = tan"(§/a).

— Ao

Figure 6.7 Radial shifting of poles in the z-plane.



6.2 Pole Placement Controller

In the pole shift control, the closed-loop poles are determined by multiplying
open-loop poles by a factor 4, 0 <1< 1. Then the following polynomial defines
the closed-loop poles.

Tz H=A(Uz =1 +icz ) x(1—daz t +jipz™h)
X (1=daz™ ' —jipz™1)

=1+ (6-2a) 127" + (& + > —2a0) 2’272 + (& + f*) 64’23
(6.35)

Comparing (6.35) with (6.34), we find that

T(z™') =1+ Az~ + Paxx™? + Pazz™>

The closed-loop pole locations are also shown in Figure 6.7. Note that, as the value
of 1 is reduced, the closed-loop poles radially move toward the origin, with the
complex conjugate pair staying on the line joining the origin with the pole at loca-
tion a +jg. This implies that angle ¢ will remain unchanged. Also, the real pole
will move toward the origin along the real axis. Therefore, in the pole shift control,
the closed-loop poles are determined by radially shifting the open-loop poles by a
factor 4 (0 < 4 < 1) to more stable locations [4]. In general, the closed loop is then
defined by the polynomial

T(z7') =A(e™") =1+ daiz™" + - + At 27" (6.36)
Since n, = n,, condition (6.31) is satisfied.
Example 6.6 Consider the ARMAX model of Example 6.5. Here the procedure

for the determination polynomials R(z™') and S(z~') remains the same, except that
the polynomial T(z™') now is

T(z™') =1-12iz"" + 044z >

The system output and input for 1 = 0.9 and 0.5 are shown in Figure 6.8, where
the reference input is changed from 1 to 2 at 0.5 seconds. It can be seen that, as the
closed-loop poles move closer to the origin, the system response becomes faster
(Figure 6.8c,d).

Example 6.7 Let us consider the nonminimum phase system of Example 6.4,
given by
y(k)=1.2y(k—1)—0.4y(k—2)—0.3y(k—3) + 0.5u(k—1)
+ 1.75u(k—2) + e(k)
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(a) System Output for 1 = 0.9 (b) Control Input for 4 =0.9

0 0.2 0.4 0.6 0.8 1
Time (s)
£C5) System Output for 1 = 0.5 gd) Control Input for 4 = 0.5
2
1
0
-1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

Figure 6.8 System response with pole shift control for two different values of 1 in
Example 6.6. (a) System Output for 2= 0.9, (b) Control Input for 1=0.9, (c) System Output for
A =0.5, (d) Control Input for 1 = 0.5.

Let the polynomial R(z™") be given by
Rz =1+nz"

Then, from (6.31), the following order of the polynomial S(z™") is obtained
ng=ng+n—d—np=2

Therefore, the polynomial S(z™) is defined as

S(z™") =s0 + sz + 5272

The Diophantine equation is written as
A+az7 ' +az 24+ a3z3) A +rz D +z27  (bo + b1z ) (so + 5127 +50272)
= (1+damz™ + a2 + Paz™3)
Let us choose a pole shift factor of 0.7 such that

T(z™') =1-0.84z"' +0.196z > + 0.103z~>



6.3 Generalized Predictive Control (GPC)

System Output and its Reference
T T S S T T T

Control Input u

0.6 T T T T T T T T T
0.4 | -
0.2 -
0 .
-0.2 -

—0.4 1 1 1 1 1 1 I 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 6.9 System response with pole shift control for the nonminimum phase system of
Example 6.7.

Then the polynomials R(z™") and S(z") the gain K, are calculated as
R(z7')=1+0294z""
S(z™') =0.132-0.165z~ ' —0.05z*
K.= —2.44

Note that, since T(z ")l = 1 >0, B ), = 1 >0, and Sz I, — ; <0, the gain K,

must be negative. The system response is shown in Figure 6.9. The closed-loop sys-
tem is stable, unlike that of the case of MV.

6.3 Generalized Predictive Control (GPC)

GPC was first introduced by D. W. Clarke [5-7]. Since then, it has become very
popular and is discussed in several books [3, 8-10]. Generally, a model that is
known as the controlled autoregressive integrated moving average, or CARIMA,
process is used for this controller design. This is given by

Az Y)y(k) =z7B(z " ulk—1) + % (6.37)

where

A=1-z"! (6.38)
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This process has the advantage that the controller automatically contains an
integrator.
In the GPC, the following multistage cost function is chosen

Nz Nu
J(N1, N2, NG = Y Btk +jlk) =y (k + )12 + Y AG) [Au(k +j— 1))
J=N j=1

(6.39)

where N; and N, respectively are the minimum and maximum costing horizons,
N, is the control horizon, while &(j) and A(j) are two weighting sequences. The
prediction horizons N; and N, are the time limits of the output following the ref-
erence input. When the system contains a dead time d, there is no reason to choose
N, less than d since the control action will affect the system only after the dead
time. The main idea is to minimize the cost function to compute future control
sequences in such a way that the future plant output follows the future reference
input. In some of the applications, the reference trajectory is known a priori, for
instance in a repetitive process such as a chemical process. However, in power
electronic circuits, this is often not true. A smooth first-order approximation of
the output toward a known reference input can be formed, as discussed in [8].
Comparing (6.37) with (6.1), we find that
1 1

Ce™) =3 =11

The Diophantine equation of (6.8) is then modified as
1=AA(z" Y )F(z™") +z277G(z7") (6.40)
where
Fiz ') =fo+fiz "+ +f_z7/ ! (6.41)
Gz ') =gy+gz '+ +8, 27"

Note that, in this case, the Diophantine equation does not depend on d but on the
prediction horizon value j. The order of AA(z™") is n, + 1. Therefore, to have non-
redundant coefficients, the order of the polynomial G is obtained by modifying
(6.10) as
ma+1)+(-1)=j+ng

6.42
=Ny =Ng (6-42)
Multiplication of (6.37) by AF(z™ ")z’ results in

APyl +J) = AP(z™ Bz ulk +j—d—1) + Pz ek +))
(6.43)
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Substituting (6.40) in (6.43), we get

[1-z77G(z™")|y(k +j) =F(z™")B(z ") Au(k + j—d—1) + F(z~")e(k + j)
The above equation can be rewritten as

yk+j) =Gz )yk) + F(z7")B(z"")Au(k + j—d—1) + F(z~")e(k + )

Since the future values of e(k) cannot be predicted a priori, the output prediction
equation is then

y(k +jlk) = Gz y(k) + H(z"")Au(k + j—d—1) (6.44)

where H(z™") = F(z B ™).

From (6.41) notice that F(z~") depends on the prediction horizon and changes
with the value of j. Consequently, the solution of the Diophantine equation of
(6.40) changes with j. Therefore, we need to evaluate F(z™') and G(z ') as j
changes. Let us denote these polynomials as Fj(z_l) and Gj(z_l) forj=1,2,..,such
that

FJ(Z_l) =1 +fj,1Z_1 + .- +fjJ_1Z_j+1
j=12,.. (6.45)

Gilz™!) =g+ guz ™ - Fga 2"

Now consider the following example.

Example 6.8 Consider a CARIMA process of (6.37) with
A(z7')=1-09z 'andB(z"') =0.5+0.2z7"

It can be seen that d = 0. Choosing N; = 1 and N, = N,, = 3, we define
As(z7") =MA(z7Y) =1+ anz™ ' +anz?
Gi(z7") =g +g.z™"

where as; = — 1.9 and as, = 0.9.
For j = 1, we have

Fq (Z_ 1) =1
Therefore, the Diophantine equation of (6.40) is
I=1+anz ' +anz > +g02 " +g.27>
The solution of the above equation produces

Gi(z™") = —asn—anz”!
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For j = 2, we have
Fyz7') =1+f,,27"
and the Diophantine equation is
1=(1+f27 )1+ anz™ +an2™%) + g2 2 + 81277
The above equation can be rewritten as

1=1+ (f; +as)z" " + (a2 + aoifay + 820)2 2 + (Asaf 51 + &1)27°
Solving this, we get f,; = — as and therefore

F(z7')=1-anz 'and Go(z7') = — (an—a})) + asiasnz™"

Similarly, for j = 3, we have

Fi(z7') =1+ f327 4+ f32272
Therefore, the Diophantine equation of (6.40) results in

T= (14527 +f3,27 ) (L+anz™" + anz™?) + 8502 > + 85,2 "
The above equation is expanded as

1=1+(fs1+an)z" " + (as2 + asifs1 +f3.2)272

+ (asafs1 + asifs 2 +831)27 3 + (asafsn +83.2)774

Solving this we get 3, = —as, f3, = —as, + a3, and therefore
Fi(z7') =1—anz™ ' + (a}, —an)z™? and G3(&™) = — (asfs1 + asfs2)
-1
— asf322

The polynomials F and G can then be summarized as
Fi(z7') =1 Gi(z™')=19-09z""

Fy(z7')=1+19z7" G(z7") =271-1.71z7"
F3(z7')=1+197"+271z7° Gs(z7') =3.439-2439z""

Once polynomials F; are obtained, the polynomials H; are obtained as
Hi(z7') =Bz ")Fi(z7') =05+ 022"
Hy(z7') =B(z ")F»(z7') = 0.5+ 1.15z27! + 0.38z >
H;(z™') =B(z ")F3(z™') = 0.5+ 1.1527 " + 1.7352 7% + 0.5427°

Note that the polynomials in the above example are derived assuming a rela-
tively smaller prediction horizon. However, there are processes (e.g. chemical
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processes) that require a much larger prediction horizon. In that case, the polyno-
mial can also be derived recursively, which is discussed in [9].

As in the case of d-step-ahead MV control, a set of control input signals over the
control horizon N must be obtained for the minimization of (6.39). Noting that the
system contains a dead time of d, we define the horizons as

N1:d+1
N,=d+N (6.46)
N,=N

The following optimal predictions for the control horizon are then obtained
from (6.44)

y(k+d+1]k) =Gar1(z7Yy(k) + Hg+1(z7 ") Au(k)

(k+d+2lk) =Gar2(z7y(k) + Hys2(z7 ) Au(k + 1)
(6.47)

Pk +d+NJk)=Gaypn(z (k) + Harn(z~ D Au(k + N 1)

Now consider the polynomials H obtained in Example 6.7. From these, we
can write

Hi(z7")Au(k) = 0.5Au(k) + 0.2Au(k —1)
Hy(z7')Au(k + 1) = 0.5Au(k + 1) + 1.15Au(k) + 0.38Au(k—1)
H;(z7)Au(k + 2) = 0.5Au(k + 2) + 1.15Au(k + 1)
+ 1.73Au(k + 1) + 0.542Au(k — 1)
Let us define
H3(z7') =ho+ mz™ ' + hoz™% + hsz™?
where
ho = 0.5, hy = 1.15, h, = 1.73, and h3 = 0.542.
Then we can write
Hi(z7 ') Au(k) = hoAu(k) + 0.2Au(k —1)
H,(z7")Au(k + 1) = hoAu(k + 1) + hyAu(k) + 0.38Au(k —1)
Hi(z7")Au(k + 2) = hoAu(k + 2) + hiAu(k + 1) + hyAu(k + 1)
+ h;Au(k—1)
such that
Hi(z™") =ho+ (Hi(z™") —ho)z
Hy(z7') =B(z ! )F2(z7!) = 0.5+ 1.1527! + 0.382 2
H3(z7') =B(z " )F3(z7!) = 0.5+ 1.15z27" + 1.7352 7% + 0.542¢ °
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The equations above can be written in the following matrix-vector form

]’lo 0 0 Au(k)

Hi(z7Y)Au(k)
0| |Auk+1)| +TAu(k-1)

Hz(Z_l)Au(k + 1) = ]’11 h()
H3(z_1)Au(k + 2) I’lz ]’ll ]’l() Au(k + 2)
where
0.2 (Hi(z7Y) —ho)z
=036 | = (Hy(z7Y) —hy—hz™ 122
0.488 (Hy(z7Y) —ho—hiz7t —hyz™2)7
Therefore, the last term on the right-hand side of (6.47) can be written as
[ Hgii(z7HAu(k) 1 T ho 0 - 077 Auk) ]
Hd+2(z_1)Au(k+ 1) hl h() 0 Au(k+ 1)
LHyn(z"HAuk + N—=1)1 Lhn-1 hy_: hol LAu(k + N—1) ]
+ TAu(k—1)
(6.48)
where
(Ha+1(z™1) —ho)z
(Ha+2(z7") —ho—mz ")z’
= )
(Hasn(@™') —ho—hiz™' = —hy 127N+ 12N
The following vectors and matrix can then be defined as
[y(k+d+1]k) T [ Au(k) ]
7 y(k+d+2lk) Au(k+1)
Y: N Au: s
| y(k+d+Nlk) | L Au(k+N—-1) |
[ ho 0 - 0] [Gat+1(z™Y) T
b hy - 0 Ga+2(z7!)
H= , f= y(k)+FAu(k—1)
LAn—1 hn—2 -+ ho | |Ga+n(z71) ]
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Then, using (6.47), (6.48) can be rewritten in a compact form as

Y = HAu + f (6.49)
Defining

Ye=p(k+d+1) y(k+d+2) - y(k+d+N)|"
the objective function (6.39) is given as

J = (HAu + f-Y,) (HAu + f—Y;) + 1Au’Au (6.50)

By taking the derivative of J with respect to U and equating it to zero, the control
law is obtained as

Au= — (H'H+ 1) 'H'(f-Y,) (6.51)

Example 6.9 We shall continue with Example 6.8 for which we have already
derived polynomials F, G, and H. Therefore, we have

05 0 0 1.9y(k) —0.9y(k — 1) + 0.2Au(k —1)
H=|[115 05 0|, f=| 271yk)—1.71p(k—1) + 0.38Au(k—1)
1.735 115 0.5 3.439y(k) —2.439y(k — 1) + 0.542Au(k — 1)

Let us choose 4 = 0.75. Then

0.2061 02597 0.1667
(H™H+ 1) 'H" = | —02143 —0.0191 0.2597
~0.0556 —0.2143 0.2061

Note that only the first row of (6.51) is required to calculate Au(k). Therefore, the
control law is given by

Au(k)=—0.2061 X [f(1) —y,(k+1)] —0.2597[f(2) =y, (k + 2)]
—0.1667[f(3) —y,(k + 3)]
= —1.6685y(k) + 1.036y(k—1) —0.2302Au(k—1)
+0.2061y(k + 1) 4+ 0.2597y,(k + 2) + 0.1667y,(k + 3)
Since Au(k) = u(k) — u(k — 1), the above equation can be rewritten as
u(k) = —1.6685y(k) + 1.036y(k — 1) + 0.7698u(k — 1) + 0.2302u(k —2)
+0.2061y,(k + 1) + 0.2597y,(k + 2) + 0.1667y,(k + 3)

The system response to a unit step is shown in Figure 6.10, assuming that the
system starts from rest.



232

6 Discrete-time Control

System Output (y)
T

0.8 =
0.6 -
0.4 -
0.2 -

Control Input (u)
0.6 T T T

T T T T
0.5 - =
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Figure 6.10 System response with GPC of Example 6.7.

The control law above is now defined as
B (z Nu(k) =A'(z7)y(k) + C'(z~ ")y, (k + 3)
where

A'(z7') = —1.6685 + 1.036z !
B'(z7') =1-0.7698z "' —0.2302z >
C'(z~") =0.2061 + 0.2597z " + 0.1667z >

Substituting this in the plant model, we get

= 5/((2__ 1)) [A'(z"")y(k) + C'(z7 )y, (k + 3)]

[AET)B (™) =B )A ) ke + 1) = Bz (27 vk +3)

Az Yy(k + 1) = B(z~")u(k)

The solution of the above equation yields

(1-0.8355z"" + 0.27822*)y(k + 1)
= (0.1031 + 0.1711z " + 0.1353z 72 + 0.0333z %)y, (k + 3)

The DC gain of the above equation is 1, as is with all GPC control designs due to
the presence of A term with the controller. However, the closed-loop system
behavior depends on the choice of parameters such as Ny, N,, N,,, and A. This is
hard to predict [8].



6.3 Generalized Predictive Control (GPC) | 233

6.3.1 Simplified GPC Computation

To compute GPC control law, the Diophantine equation must be solved to obtain
the matrix H and the vector f, which is not a trivial task for longer control horizons.
Note that from Example 6.9 we only needed to compute the first column of the
matrix H, as this is a lower triangular matrix, where the elements of the first col-
umn are propagated in the triangular elements. The matrix H is composed of the
plant step response elements and can be computed from [9]

J j=1
hj=—=> ahi_1+ > b, h=0 Vk<0 (6.52)

i=1 i=0
From Examples 6.8 and 6.9, we know that A(z™") =1—0.9z " and Bz™") = 0.5 +
0.2z7%, such that a; = — 0.9, by = 0.5, and b; = 0.2. Then
ho = b() =0.5
]’ll = —a1h0 + b() + bl =09%x05+05+02=1.15
hy = —ajhy + by + by =09 x 1.15+ 0.5+ 0.2 =1.735

The system output equation is

y(k) =0.9y(k—1) + 0.5u(k—1) + 0.2u(k —2)

Shifting the above equation by one sampling instant, we get
y(k +1) =0.9y(k) + 0.5u(k) + 0.2u(k—1)

Subtraction of y(k) from y(k + 1) produces
y(k+1)—y(k)=0.9y(k)—0.9y(k—1) +0.5[u(k) —u(k—1)]

+0.2[u(k—1)—u(k—2)]

Rearranging the above equation and noting that Au(k) = u(k) — u(k — 1), we have

y(k+1)=19p(k) —0.9y(k—1) + 0.5Au(k) + 0.2Au(k—1)

The control increments will now be considered before the instant k occurs to
compute the elements of f. Therefore, we discard Au(k) in the above equation
to define

flk+1) =1.99(k) —0.9y(k—1) + 0.2Au(k—1)
In a similar way, the following equations are obtained
flk+2)=19f(k+1)—0.9y(k) =1.9x [1.9y(k)—0.9y(k—1) + 0.2Au(k—1)]
—0.9y(k)
=271y(k)—1.71y(k—1) + 0.38Au(k—1)
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flk+3)=19f(k +2)—0.9f(k + 1)
= 3.439y(k) —2.439y(k — 1) + 0.542Au(k —1)

Defining f = [f(k + 1) f(k+2) f(k+3)]", we get the same results as those
given in Example 6.9.

6.4 Adaptive Control

An adaptive quantity is able to adapt to the changes in its environment. In control
literature, an adaptive controller is defined as “a controller with adjustable para-
meters and a mechanism for adjusting the parameters” [3]. A SISO system of the
form shown in Figure 6.11 is considered in this section. The input-output relation-
ship is then given by

1

Y(@)= 17 G1(z)Ge ()

[G1(z)Gc(2)Yr + G2(2)E(z)] (6.53)
where y, is the reference input and e is a disturbance input. The stability of
the closed-loop system will be governed by the zeros of the polynomial
1+ G1(z)G(z) = 0.

The purpose of the control is to minimize the error e,(k) = y(k) — y(k), ask — oo,
as well as to provide a well-damped transient behavior. For a deterministic e(k), the
feedback control can be designed by minimizing a performance index, such as the
sum of the square of ey (k) as k varies from 0 to co. However, in adaptive control
literature, the term e(k) is often assumed to be stochastic and therefore a stochastic
optimal control problem must be considered.

In general, two types of adaptive controls are reported in the literature: model
reference adaptive control (MRAC) and self-tuning control or regulator. These are

................................

e, H + '
+ y u ! )
Vr —>1 GC Rt Gl )

Controller

Figure 6.11 Typical SISO system with a disturbance input.
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Figure 6.12 Model reference adaptive control.
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Figure 6.13 Self-tuning adaptive control.

respectively shown in Figures 6.12 and 6.13. In MRAC, the performance specifi-
cation is given in terms of a reference model with an output y,, and input y,
[10]. The adjustment mechanism then determines the controller parameters such
that the error between y,, and y asymptotically decreases. A self-tuning control,
however, is a direct method which includes a block called system identification.
This block estimates the transfer function parameters of the plant. The controller
is then designed based on the identified parameters. While the identification proc-
ess is almost the same for different types of control design, the control strategies
vary. In this chapter, we concentrate on different types of self-tuning controllers.

6.5 Least-squares Estimation

Consider a batch model, given by
Y=X0+V (6.54)

where Y € R" is the observation vector, € R™ is the parameter vector, V€ R" is
a vector random observation errors, and the matrix X € R">*™is called the

235
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observation matrix. Since the vector V is unknown, the estimate of the system out-
put is given by

Y =X6 (6.55)
The least-squares cost function is given by
Jis= (Y=Y) (Y=¥) = (Y=X0)" (Y - X0) (6.56)
Equation (6.56) is expanded as
Js =Y'Y—-0"X"Y - Y'X0 + 0"X"X0

Taking a derivative of the above cost function with respect to 8 and equating the
result to zero, we get

-2X"Y + X"X0 =0
Rearranging the above equation, least-squares estimates are obtained as

6= (X"x)"'X"Y (6.57)

Example 6.10 An experiment is performed to determine gravitational accelera-
tion by dropping a steel ball from a tall building. Assuming that there is no wind
drag, the length of the fall is measured at equally spaced 0.1-second intervals. How-
ever, these measurements are not accurate, and they are corrupted by sensor noise.
The length of fall (I) is obtained from the following equation

1
I=Zgt?+e
2g

where g is the gravitational acceleration and e is a zero-mean sensor noise that has
a variance of 1. The measured length obtained from the above equation and the
actual length with the value of g being 9.8 m/s* are shown in Figure 6.14, where
the measurements are taken every 100 ms.

Let us define a vector containing the length of the fall as L and another vector
containing the terms /2 as T. Then from (6.57), the gravitational acceleration can
be estimated as

T
Table 6.2 lists the values of the estimates for different total number of samples,
from which it is evident that the estimated value becomes more accurate as the
number of samples increases.
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Figure 6.14 The actual length of fall and the measured length of fall.

Table 6.2 Estimated values for different total number of samples.

Time (s) Total number of samples Estimate § (m/s?)
2 21 10.447
5 51 9.805

10 101 9.7996

50 501 9.8

6.5.1 Matrix Inversion Lemma

Given two nonsingular matrices, A and C, the inverse of the matrix A + BCD is
given by

+ =A1-A"- 1y DAIB)” - 6.58
A+BCD) '=A"'-A"'B(C"! + DA™ !'B) 'DA"!

The proof of the lemma is rather simple. We post-multiply the right-hand side of
(6.58) by the matrix A + BCD to get

[A-'-A"'B(C"'+DA"'B) 'DA"!|(A+BCD)
=I+A"'BCD-A"'B(C"'+DA"'B) 'D
~A"'B(C~'+DA"'B) 'DA"'BCD
=I+A"'B(C"'+DA"'B) '[(C"'+DA"'B)CD-D-DA"'BCD]
=I+A"'B(C"'+DA"'B) '[D+ DA 'BCD-D-DA~'BCD]

237



238| 6 Discrete-time Control

Since the terms in the square brackets on the right-hand side of the above equation
add up to 0, we have

[A'~A~'B(C™'+ DA™'B) 'DA"'|(A + BCD) =

This proves the lemma.

6.5.2 Recursive Least-squares (RLS) Identification

The least square procedure discussed in Section 6.5.1 will now be used for the esti-
mation of transfer function parameters online. First let us consider an ARX proc-
ess, where the delay d is assumed to be 1. This is given by

A(z™")y(k) =27 'B(z™") u(k) + e(k) (6.59)

Equation (6.59) can be written in a difference equation form as

y(k) = —aiy(k—=1) —ay(k—2) + - - = any(k —ny)

(6.60)
+ bou(k—1) + byu(k—2) + - - - + byu(k —np) + e(k)

Defining a parameter vector 8 and a regression vector @ as

OT = [al a; --- ana b() bl cee bnb ]

@ (k)=[-yk=1) —yk=2) - —yk—na) (6.61)

uk—1) uk-=1) - ulk—np)]

Equation (6.60) is written in a compact form as

y(k) = 0"q(k) + e(k) = @ (k)0 + e(k) (6.62)

In (6.60), the measured and control input values on the right-hand side are
known at time instant k — 1. However, since e(k) is uncorrelated, its value at
instant k is unknown. Therefore, y(k) in (6.62) will be replaced by its estimate,
which is given by

y(klk—1) = 0" (k) = ' (k)0 (6.63)

In the least squares, the following cost function is chosen

k
Z y(klk—1)}

=~

Jis =

Z (k) — " (k)8}’ (6.64)

Eallw
?T‘l’—‘
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The cost function is then minimized with respect to the parameter vector to obtain
its estimate. Let us define the following two vectors

y(1) o'(1)
¥(2) 9o'(2)

Yk)=1| |, X(k)=| (6.65)
y(k) @' (k)

Then the least-squares cost function is written as
Jis = [V (k) =X (k)8]" [Y (k) —X(k)6] (6.66)

Note that (6.66) has a similar form to (6.56). Therefore, the cost function of (6.66) is
minimized by taking its derivative with respect to @ and equating it to zero to
obtain the estimates in the same fashion as (6.57). The estimates at time k are then
given by

(k) = [X" (k)X (k)] ~'X" (k)Y (k) (6.67)

Note that the inverse of the matrix product given inside the square brackets can be
obtained by using the matrix inversion lemma of (6.58).
Let us define a matrix P € R Tm*(n1+m) 55

P(k) = [X"(k)X(k)] ' (6.68)
Noting from (6.65) that the matrix X(k) can be written as
X(k-1) }
X(k) =
©="grie
P(k) is given by

-1 -1

P(k) = [X"(k=1)X(k=1) + @(k)o" (k)] " = [P(k—1) + @(k)e" (k)]
(6.69)

We shall now apply the matrix inversion lemma of (6.58) to (6.69) by denoting

A=Pk-1),B=¢k),C=1,and D = ¢’(k)

The resultant P matrix at time k is given by the following recursive relationship

P(k—1)p(k)e’ (k)P(k—1)

Pkk)=P(k—-1)— 15 o (P(k=1)g(k) (6.70)
Let us now define a gain matrix as
K(k) Pk =1)q(k) (6.71)

T 1+ @T(P(k—1)g(k)
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Then (6.70) can be rewritten as
P(k) = [1-K(k)g" (k)] P(k—1)
Substituting (6.68) into (6.67), the estimates at time k are given by
0(k) = P(k)X" (k)Y (k)

Again Y(k) can be written as

=[]

Therefore

X(k— 1)}T [Y(k— 1)
o' (k) y(k)

Substitution of the above equation and (6.72) in (6.73) results in

XT (k)Y (k) = [

0(k) = [I-K(k)e" (k)] P(k—1)[X" (k= 1)Y(k—1) + @(k)y(k)]
=Pk-1)X"(k—1)Y(k—1) + P(k—1)e(k)y(k)
—K(k)o" ()P(k—1)[X" (k- 1)Y(k—1) + @(k)y(k)]
Now, the following two equations are obtained from (6.73) and (6.71)
0(k—1)=Pk—1)X"(k—1)Y(k—1)
P(k—1)g(k) = K(k) + K(k)@" (k)P(k—1)g(k)

Substituting the above two equations in (6.74), we get

0(k) = 8(k—1) + K(k)y(k) + K(k)o" (k)P(k— 1)@ (k)y(k)
~K(k)e (k)8(k—1) ~K(k)o' (k)P(k— 1) (k)y(k)

(6.72)

(6.73)

} =X"(k-1)Y(k—1) + @(k)y(k)

(6.74)

Solving and rearranging the above equation, the recursive least-squares (RLS) esti-

mates are obtained as

0(k) = B(k—1) + K(k) [y(k) =8 (k= D)p(k)

(6.75)

The step-by-step recursive relationships for RLS are given in Table 6.3. In the
equation of K(k), the term 0 <y <1 is taken as a forgetting factor that is used
to discount the old measurements. The implication of this is discussed in [11].
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Table 6.3 RLS algorithm.

Initial conditions:
0(0) =0, P(0)=al, fora>>0

Then, at every k, execute the following equations sequentially

e(k) = y(k) -8 (k—1)q(k)

o~ PE=Do)
7+ o7 (KP(k—1)(k)

0(k) =0(k—1) + K(k)e(k)
P(k) = [1- K()e' (k)]P(k— 1)

Example 6.11 Consider an ARX system given by
y(k) = 1.2y(k —1) — 0.4y(k —2) — 0.3y(k — 3) + 0.5u(k — 1)
+ 0.25u(k —2) + e(k)

where e(k) is a normal, zero-mean Gaussian random process with a variance of
0.001, i.e. e(k) ~ N(0, 0.001). For a unit step input, the system output is shown in
Figure 6.15. The identified and actual parameters are shq\;m in Figure 6.16a-e.
The estimates are fairly accurate. The error (k) = y(k) —0 (k—1)@(k) is called

System Output (y)
T

~05 1 1 I 1 I L L
0 0.5 1 15 2 25 3 35 4

Time (s)

Figure 6.15 The system response to a unit step input.
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(a) Estimate (6;) (b) Estimate (6,)
-1.19 0.41
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1 15 2 25 3 35 4 1 15 2 25 3 35 4
() ; (d) i
Estimate (6, Estimate (6,
0.31 ©9) 0.51 (04)
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o M "‘"‘*—..\,..._,.‘,.._/"‘-“ 05
0.29 0.49
1 15 2 25 3 35 4 1 15 2 25 3 35 4
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0.26 (05) 0.01 Identifier Residuals e(k)
— Estimated— Actual
s e e o Myl A A e e

.24 -0.01
0 1 15 2 25 3 3.5 4 1 15 2 25 3 3.5 4

Time (s) Time (s)

Figure 6.16 Identified parameters and identifier residuals. (a) Estimate (0,), (b) Estimate
(87), (c) Estimate (0s), (d) Estimate (04), (e) Estimate (0s), (f) Identifier Residuals e(k).

the identifier residuals. This is shown in Figure 6.16f. Note that, as the identifier
converges, the residuals become equal to e(k).

6.5.3 Bias and Consistency
Let the system be governed by
y(k) = 0l (k) + e(k) (6.76)

where 0y is the true parameter vector of the system. Then the estimates are said to
be unbiased if

E[é(k)} =0, (6.77)
and they are said to be consistent if
lim 6(k) = 0, (6.78)

Let us now define a vector

e(1)
e(2)
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Then the vector Y(k) is given as
Y(k) = X(k)0o + X(k) (6.79)

Using (6.79), (6.67) is rewritten as

(k) = [XT (k)X (k)] " X" (k)[X (k)8 + (k)]

o (6.80)
=0y + [XT(k)X(k)} X7 (k)X (k)

As E[X"(k)X(k)]™" cannot be equal to zero, clearly the estimates are unbiased
only when

E[X"(k)E(k)] =0
This implies that
Elp(1)e(1) + @(2)e(2) + - - + @(k)e(k)] = 0 (6.81)

Equation (6.81) is satisfied when the expected value of each individual product
term is zero, i.e.

Elp(k)e(k)] =0, vk (6.82)

Note that the vector @(k) contains the outputs y(k — 1), y(k —2), ..., Y(k — n,),
which will, in turn, contain the noise terms e(k — 1), e(k —2), ..., e(k — n,). Addi-
tionally, this vector also contains the inputs u(k — 1), u(k — 2), ..., u(k — np). There-
fore, to have unbiased estimates, the condition of (6.82) must be satisfied and this
can only be guaranteed when the following two statements are true:

o If the input u(k) is independent of e(k).
o If the noise e(k) has a mean of zero and is uncorrelated.

Example 6.12 Now consider the same system as in Example 6.11, except that we
have chosen an ARMAX model, given by

y(k)=1.2y(k—1)—0.4y(k—2)—0.3y(k—3) + 0.5u(k—1)
+0.25u(k—2) + C(z Y)e(k)
where e(k) ~ N(0, 0.001) and
C(z7')=1+02z""-03z7"
Note that the noise term here can be expressed as

2(k) = C(z™")e(k)
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Figure 6.17 Identified parameters and identifier residuals. (a) Estimate (0,), (b) Estimate
(82), (c) Estimate (65), (d) Estimate (04), (€) Estimate (s), (f) Identifier Residuals.

This is a moving average process and therefore y(k) is correlated, as is mentioned
in Section 6.1.1.

The identified parameters are shown in Figure 6.17a—e, while the identifier residuals
areshownin Figure 6.17f. It can be seen that the estimates, except for 6,, drift from their
nominal values. This drift becomes more pronounced as the time progresses. This
means that the estimates are biased due to the presence of correlated noise.

6.6 Self-tuning Controller

A self-tuning controller, the schematic diagram of which is shown in Figure 6.13, is
based on the certainty equivalence principle of stochastic control theory. As we
have seen in Example 6.12, the identified parameters do not converge to the true
parameter values using RLS identification due to the presence of the correlated
noise. Under the certainty equivalence principle, the control law is designed
assuming that the identified parameters are the actual system parameters [12].

6.6.1 MV Self-tuning Control

The self-tuning controller that was first proposed in [12] shows a remarkable
result: if the identified parameters converge, then the controller converges to a
MYV control law. The main results can be summarized into two theorems.
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o The first theorem states that the autocovariance of the output and the cross-
covariance between the input and the output are zero using ergodic assumption.

e The results of the first theorem are then used in the second theorem, which
states that if the parameter estimation converges and if the polynomials A
and B have no common factor then the control law will converge to a MV
control.

To illustrate this, let us consider Examples 6.13 and 6.14.

Example 6.13 Consider the ARMAX system of Example 6.12, where e(k) ~ N
(0, 0.001). We now assume that the system parameters are unknown and are esti-
mated by an RLS identifier. An MV controller is designed based on the estimated
parameters. The results are shown in Figure 6.18, in which the reference input is
changed from 1 to 2 at 0.5 seconds. It can be seen that the output response is exactly
like that of a known parameter MV controller. Also, the system parameters have
converged to those given in polynomials A and B as if polynomial C is nonexistent.
Therefore, the controller is not influenced by the colored noise and forces the iden-
tifier to converge to the correct parameters.

(al System Output (b)o Estimate (¢4)
0 -0.5
-5 -1
-10 -15
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
() i (d) i
Estimate (6. Estimate (6.
05 (62) 05 (63)

/

=

-0.5 -0.5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(6)1 Estimate (0,) (f) ; Estimate (65)
05 f 05 j\
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

Figure 6.18 System output and identified parameters for the MV self-tuning controller
of Example 6.13. (a) System Output, (b) Estimate (#4), (c) Estimate (0,), (d) Estimate (6s),
(e) Estimate (04), (f) Estimate (0s).
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Example 6.14 This example considers the speed control of a DC motor,
the parameters of which are defined as

R, Armature resistance (Q)

L, Armature inductance (H)

iq Armature current (A)

if Field current (A)

eq Input voltage (V)

ep Back emf (V)

T Motor torque (N-m)

10} Angular velocity of the rotor (rad/s)

J Equivalent inertia of the rotor and load referred to the motor shaft (kg-m?)

B Viscous damping coefficient of the rotor and load referred to the motor shaft
(N-s/rad)

K, Electromotive force (EMF) constant (V-s/rad)

Kr Motor torque constant (N/A)

The governing equations of the DC motor are written as [13]
do
e Backemf : ¢, = KbE = Kpw
s . di

e Armature circuit : e, = Rgyi, + Lad_: +e

Mechanical torque : T, = sze + Bda =Kri
o que : LIy = dr? dr Tla
Since w = d@/dt, the mechanical torque equation can be written as
dw
dt

Taking the Laplace transform of the back emf, armature circuit, and mechanical
torque equations and assuming zero initial conditions, we get

Tm =J +B60:KTia

e Back emf: Ey(s) = Kyw(s)
o Armature circuit: E,(s) = (Rq + LgS)I(S) + E(S)
e Mechanical torque : T,,(s) = sJw(s) + Bw(s) = Krl,(s)

The back emf equation is combined with the armature circuit to result in the fol-
lowing equation

Ey(s) = (Rqy + LaS)I4(s) + Kpw(s)
E,(s) — Kpa(s)

= La(s) = (Ry + Lygs)
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Again, the following expression of the armature current can be written from the
torque equation
Tm(s) = sTw(s) + Bwo(s) = Krl,(s)
sJw(s) + Bo(s
L 1) = Yos) + oty
Kr

Equating the last two equations, we have

Io(s) = Eq(s) —Kpw(s) _ sJw(s) + Ba(s)

T (Ra+Les) Kr

= KrE4(s) = [sJo(s) + Bw(s)] X (Rq + LyS) + KpKrw(s)

The transfer function of the motor is then

(s) Kr

Eq4(s) (sJ + B)(Ry + Lgs) + KpKr

Kr
"~ LoJs* + (JRy + BL,)s + BR, + KyKr

_ K
_s2+a1s+a2

where

Ky _ JR, + BL, _ BR, + KKy

:?‘]7 ay = LaJ 5 a = LaJ

K
The parameters chosen for this study are [14]:
R, =19, L,=005 J=0.1, B=0.0045, Kr=0.5  K,=0.5
A sampling time of 1 ms is chosen. This gives an ARX model of

(1—-1.9626z~! + 0.9627z=2)y(k) = (0.4937 + 0.4875z 1) x 10~ *u(k) + e(k)

Here e(k) ~ N(0, 0.001) is assumed to be the measurement noise. At the begin-
ning, it has been assumed that only rough values of the motor parameters are
known. Based on these values the motor model is assumed to be

(1-1.7227" + 0.62z7)y(k) = (0.5 + 0.4z ') x 10~ *u(k) + e(k)

A MV controller is designed based on these parameter values where a reference
speed is set as 157 rad/s. The identification process has been started at the begin-
ning with a constant input voltage of 100 V. At 0.5 seconds, the self-tuning regu-
lator is switched on. The results are shown in Figure 6.19. It is obvious that, as soon
as the self-tuning controller is switched on, the speed converges to the reference
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Figure 6.19 System output and identified parameters for the self-tuning control of DC
motor of Example 6.14. (a) Output speed w (rad/s), (b) Estimate (¢4), (c) Estimate (6,),
(d) Estimate (#), (e) Estimate (64).

input. Since the identified parameters have already converged, the change in speed
is smooth.

6.6.2 Pole Shift Self-tuning Control

The original self-tuning regulator was proposed for MV-based controllers. Since
then, other controllers which synthesized the control law based on identified para-
meters are generically called self-tuning controllers. The pole placement self-tuning
controller was proposed by Wellstead et al. [17], who show that this type of control-
ler can accommodate variable time delays. Obviously, the pole placement design is
nonoptimal as compared to optimal MV controllers. However, it is more robust in
the sense that it can be used for nonminimum phase plants easily. A self-tuning pole
shift control for a nonminimum phase system is discussed in Example 6.15

Example 6.15 In this example, we consider a nonminimum phase system that is
governed by the ARMAX process of

y(k) =1.2y(k—1)—0.4y(k—2) —0.3y(k—3) + 0.5u(k—1) + 1.75u(k — 2)
+e(k) +0.2e(k—1) —0.3e(k —2)
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The same control design as in Example 6.7 is now followed, except that the esti-
mated parameters using RLS are used instead of the actual parameters to compute
the controller polynomials of

Riz™")=1+nz"
S(z7") =s0 + sz + 5272

The Diophantine equation can be written in matrix vector form by replacing the
actual parameters with the identified parameters as

1 by 0 07rp a(A—1)
ap by by 0| |so| |@(A2-1)
G 0 by byl |st| |as(#-1)
G 0 0 bllL% 0

The feedforward gain is computed as

1+ a1(A-1) + (4> —1) + as(2* —1)
C:

<I30 + Bl> X (So + 51+ 52)

A pole shift factor (1) of 0.9 is chosen to form the closed-loop pole locations. The
system output response and the identified parameters are shown in Figure 6.20.
The reference input is assumed to be 1 at the beginning and has been changed
to 2 at 0.5 seconds. At the beginning, there are large transients. However, as the
estimated parameters converge, the tracking performance improves. In fact, the
steady state tracking is perfect after the change in the reference since the estimated
parameters have converged to their actual values by this time.

6.6.3 Self-tuning Control of Boost Converter

Consider the boost converter of Example 5.19. With the state space linearized
model of (5.95), and the switching frequency of 20 kHz (i.e. sampling time of
0.05 ms), the discrete-time input—output relationship is written in difference equa-
tion form for the parameters given in Example 5.20. The state space averaged
model is first converted into its equivalent discrete-time equivalent for a sampling
time of 0.05 ms using the “c2d” command in MATLAB®. The following difference
equation is then obtained using the “ss2tf” command.

(1—-1.94527" + 0.9527%)y(k) = (—1.76z" + 2.01z "~ *)u(k) + e(k)
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Figure 6.20 System output and identified parameters for the poles shift self-tuning control
of Example 6.15. (a) System Output, (b) Estimate (#4), (c) Estimate (0,), (d) Estimate (65),
(e) Estimate (04), (f) Estimate (0s).

The system zero is placed at 1.14, which indicates that the system is a nonmini-
mum phase. An MV controller cannot be used; therefore, a pole shift controller
is designed instead.

Let us write the difference equation in terms of the identified parameters as

(1+ @z~ + arz 2)y(k) = (Eoz_l + Blz_z)u(k) +e(k)
Also let us define the controller polynomials as
Rz =1+rz 'andS(z™") =so + 5127

Then the coefficients of the polynomials can be obtained from

1 by O ry a;(A-1)
a; Bl Bo S| =|a ().2 - 1)
&2 0 I;l $1 0

The controller is then designed using (6.28) for pole shift factor (1) of 0.0995.
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At the beginning, it is assumed that the load of R =10 Q is known and therefore
the initial parameter vector and the covariance matrix are chosen as

0(0)=[—-1.945 095 —1.76 201]", P(0)=1I,x10Y

The load is changed to R =5 € at 0.01 seconds, to R =12.5 Q at 0.03 seconds, and
to R =1 Q at 0.06 seconds. The desired output voltage is kept at 20 V. The output
voltage, inductor current, and duty ratio are shown in Figure 6.21. Despite large
changes in the load, the controller is able to regulate to the desired output voltage,
even though the ripples increase as the load resistance decreases, as can be seen
from Figure 6.21a. The inductor current, shown in Figure 6.21b, obviously
increases/decreases with the decrease/increase in the load resistance. The duty
ratio remains in the vicinity of 0.5 barring transients during load changes, as
shown in Figure 6.21c.

The estimated parameters are shown in Figure 6.22. We must keep in mind that
the controller is designed based on a linear model of the converter. Therefore, the
estimated parameters must try to adapt during the load changes such that the con-
trol law is computed based on these parameters can force the output to follow the
reference voltage. It is obvious that this has been achieved.

(@) Output Voltage V; (V)
30F T T T T T T
20 ,\/
10~
O 1 1 1 1 1 1 1 L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(b) Inductor Current i, (A)
40 T T T T T T
20
=l y T B
0 1 1 1 o T 1 Il Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(© Duty Ratio
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0.5 =
0.45 - .|
04 L L L 1 1 1 L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Figure 6.21 Boost converter (a) output voltage, (b) inductor current, and (c) duty ratio
during load changes.
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Figure 6.22 Estimated parameters of the boost converter during load changes. (a) Estimate
(01), (b) Estimate (6#5), (c) Estimate (05), (d) Estimate (6,4).

6.7 Concluding Remarks

This chapter basically deals with the discrete-time control design of linear systems
in the polynomial domain. The controller design in the transfer function domain is
very well known. However, in many problems involving power electronics appli-
cations in power systems, the system characteristics are often not properly known.
In such cases, prediction-based controllers are needed.

There are, however, several approaches to design prediction based adaptive con-
trollers. We have restricted ourselves to a certain class, which is based on the cer-
tainty equivalence principle. Of these, MV controllers have excellent performance
in tracking reference signals. However, they have the problem associated with
instability when the open-loop zeros are placed outside the unit circle. This is often
the case where a higher-order system is represented by a lower-order system. In
general, the system response of a higher-order system is mainly governed by
the dominant poles, and therefore their response can nearly be matched by a
third-order system with complex conjugate pair poles and a real pole. This has
the advantage of a simplification of control computation. This may, however, lead
to a nonminimum phase behavior, as discussed in [4]. A pole placement controller
can, however, remain stable under such conditions.
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Finally, predictive controllers are another important class that has been used
extensively in power converter applications. They can be applied to a variety of
systems that may include constraints and nonlinearities. Even though the design
is somewhat complicated, the resultant controller is easy to implement on a micro-
processor. However, this will require a high amount of computation, which, given
the availability of high-speed microcontrollers or a digital signal processor (DSP)
system, will not be a problem. These controllers are fairly robust and very suitable
for interconnected systems.

Problems

6.1 Consider the batch model given by (6.54). Find the weighted least-squares
estimates of 0 that minimize the cost function

Twis = (Y=Y) ' W(Y-Y)

where W is a positive definite symmetric matrix.

6.2 Design an MV controller for the ARMAX process, given by

y(k)—y(k—1) + 0.59(k—2) = u(k—2) + 0.5u(k—2)
+ e(k) + 0.8e(k—1) + 0.25(k —2)
6.3 Consider the ARMAX process, given by

y(k)—0.25p(k—1) + 0.5y(k —2) = pu(k—2) + e(k) + 0.5e(k—1)

(a) Design an MV controller assuming f§ = 1.
(b) Assuming y, = 0, the controller is computed from

u(k) = s1y(k) + s2y(k—1) + riu(k—1)
Then find a set of possible convergence points of sy, s,, and r; when = 1.5.

6.4 For the ARMAX process of Problem 6.2, design a pole placement controller
that will place the closed-loop poles at T(z™*) = 1 — 0.5z + 0.5z > = 0.

6.5 For the ARMAX process of Problem 6.2, design a pole shift controller with a
pole shift factor of A = 0.7.

6.6 Consider the ARMAX process
y(k) + ay(k—1) = bu(k—1) + e(k) + ce(k—1)
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We use an RLS method to estimate the parameter « in the model
y(k) = —ay(k—1) + pu(k —1) + &(k)

where f is known. Assuming y, = 0, the control signal is generated from
a
u(k) = Zy(k)
p
Then show that an MV controller with
a—c
a= Tﬂ
is a possible value of the parameter convergence.

6.7 Consider the buck-boost converter of Problem 5.14. Discretize the state space
average model with a sampling time of 0.1 ms. Then design a pole shift con-
troller with a pole shift factor of 4 = 0.75.

Notes and References

Karl Johan Astrom was the Chair of the Department of Automatic Control at Lund
University in Sweden. Due to his pioneering contributions to the theory and appli-
cation of adaptive control, he was awarded the IEEE Medal of Honor, which is the
highest recognition by IEEE, in 1996. Most of what is discussed in this chapter is
primarily due to his contribution and that of Rudolf E. Kalman (also an IEEE
Medal of Honor winner in 1974) before that. Even though we did not discuss
the Kalman filter in this chapter, the fundamental concepts of estimation theory
owe a great deal to him.

The books written by Astrom and his colleague Wittenmark are very thorough
and immensely enjoyable to read [1-3]. Also, the concept of self-tuning control
with the remarkable property based on the certainty equivalence principle was
proposed by Astrom and Wittenmark in [12]. Since then, other forms of self-tuning
control such as one based on optimal control [15, 16] or based on pole placement
[17] have been proposed.

There are several classes of predictive control that are generally categorized
under the common name model predictive control [9]. General discussions on
GPC can also be found in [3] and [10]. GPCs and model predictive controllers
(MPCs) have gained much attention in power electronic applications. DC-DC con-
verter control using GPC is reported in [18], where the converter discontinuous
mode of operation is also considered.
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DC-AC Converter Modulation Techniques

In this chapter, AC-DC converter structures and their modulation (switching)
techniques are discussed. In general, DC-AC converters are of two types: current
source converter (CSC) and voltage source converter (VSC). The power circuits are
slightly different (type and configuration of the semiconductor switches), but the
energy conversion technique is the same. However, the main difference is how
they are supplied on their DC sides. A CSC is supplied by a DC current source,
while a DC input voltage supplies a VSC. The DC side of the CSC is realized by
a controlled DC source that is connected to a large inductor in series. The presence
of the inductor in a CSC makes it reliable and fault tolerant as the inductor can
limit the rate of change in current during a fault. However, CSCs have higher
losses and size due to the presence of the inductors. The VSCs, on the other hand,
are supplied by either DC voltage sources (e.g. battery storage, photovoltaic, fuel
cell, etc.) or by DC storage capacitors. These types of converters are more popular
than CSCs and are more important for renewable energy integration. Henceforth,
our discussion will be restricted solely to VSCs only.

There are several converter switching techniques that are available in the lit-
erature and in practice. Only three of them are discussed here: hysteresis con-
trol, sinusoidal pulse width modulation (SPWM), and space vector pulse width
modulation (SVPWM). How VSCs and the modulation techniques produce an
output voltage or current in the open loop is also discussed. In practice, how-
ever, the converters have output filters, and their feedback control systems
are designed by taking into consideration these output filters. Different types
of controllers for both voltage and current control are discussed in Chapters
8-10. Excellent texts (for example [1-2]) covering different aspects of power
electronics can be referred to complement the discussions presented in this
chapter.

High-voltage power converters are utilized in many high- and medium-power
applications such as motor drives, grid connected inverters, and power quality

Control of Power Electronic Converters with Microgrid Applications, First Edition.
Arindam Ghosh and Firuz Zare.
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management units in industrial and commercial systems. As an example, the
demand for high-power renewable energy systems has been increasing and solar
and wind farms have been utilized in low- and medium-distribution networks
based on power electronics technology. A direct connection of conventional power
converters (two-level H-bridge inverters) to medium-voltage distribution networks
is not possible, due to the maximum blocking voltage rating of semiconductor
switches. As a result, a multilevel power converter structure or a transformer-
based topology is required for these applications. In Section 7.5, three main multi-
level converter topologies, as well as modular multilevel converter, are discussed as
alternatives for high- and medium-voltage applications. Pulse width modulation
(PWM) of multilevel converters is also discussed.

7.1 Single-phase Bridge Converter

The schematic diagram of a single-phase converter is shown in Figure 7.1a. It is
called an H-bridge converter as it looks like the eighth letter of the English alpha-
bet (H). The converter contains four switches S; — S,, each comprising a power
semiconductor device and an antiparallel diode, as shown in Figure 7.1b. Modern
VSCs employ insulated gate bipolar transistors (IGBTs) or metal oxide semicon-
ductor field effect transistors (MOSFET) as they can carry fairly large current
and have fast switching characteristics and low losses. The wide bandgap devices
like silicon carbide (SiC) are still in their infancy. The converter switching
frequency will drastically change when such devices are readily available for
high-power applications.

The converter of Figure 7.1a supplies a passive RL load. It is connected
between the two legs of the converter, which is supplied by a DC source with
a voltage of V.. The switches of each leg usually have complementary values,
e.g. when S; is on, S, is off, and vice versa. Furthermore, when the switches
S1 and S, are on, Sz and S, are off. Similarly, when S; and S, are on, S; and
S, are off. However, a small time delay is provided between the turning off of
one pair of switches and the turning on of the other pair. This period, called
the blanking period, is provided to prevent the DC source from being short
circuited through the legs. Consider, for example, the transition when S3 and
S, are turned off and S; and S, are turned on. During this period, if switch
S1 gets turned on before switch S, turns off completely, these two switches will
connect the two leads of the DC source directly. It is therefore mandatory that
switch S, turns off completely before switch S; is turned on. To ensure this,
the blanking period (deadtime) is used. The continuity of the current during the
blanking period is maintained by the antiparallel diodes.
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(a) (b)

2 S

(c) (d)

R L R L
+ i L _ L
Vdc —_ Vdc —_
- +

Figure 7.1 Single-phase VSC circuit: (a) equivalent representation, (b) switch
representation, (c) equivalent circuit when S; and S, are on, and (d) when Ss and S4 are on.

The equivalent circuit of the converter when the switches S; and S, are on is
shown in Figure 7.1c, while when S; and S, being on is shown in Figure 7.1d.
Neglecting the blanking period, the current flowing through the circuit is given by

d R

1
B Mt ¢ 71
ar'’” it et (7.1)

where u is the variable that takes on the values of +1 as per

+1 when S; and S, are on
u= (7.2)

—1 when S; and S; are on

7.1.1 Hysteresis Current Control

Hysteresis control is the simplest form of current control. In this, the H-bridge
converter is required to track a reference current (ir.s). An upper and lower
band are chosen around this reference current, as shown in Figure 7.2. When
the current touches the lower band, a positive voltage is applied across the
load by switching S; and S, on. Conversely, when the current reaches the upper
band, a negative voltage is applied across the load by switching S; and S, on. The
switching logic is given for a small positive scalar h by

If iLZiLref+h then u= -1

e (7.3)
elseif i <ipr—h then u= +1
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Figure 7.2 Reference current and upper and lower hysteresis bands.

Example 7.1 Consider the circuit shown in Figure 7.1a with the following
parameters

o DC input voltage: V. = 550 V

o Sinusoidal reference current: Peak value = 400 A, frequency = 10Hz,
i.e. iryer = 400 sin(207t) A

e RL load: 0.42 +0.121 Q

o Hysteresis band: & = 10 A.

The steady state waveforms of the output current, its reference, and upper
and lower hysteresis bands are shown in Figure 7.3a. The corresponding converter
output voltage is shown in Figure 7.3b.

The output current for two cycles is shown in Figure 7.4a. It can be seen that the
current follows the reference faithfully, in spite of the ripples due to the hysteresis
band. Now, the load impedance is increased five times such that the load is
2.1+40.605 Q. The result of the current tracking is shown in Figure 7.4b, from
which it is obvious that the current fails to track the reference due to the presence
of the larger inductor. With the same load, the DC voltage is now increased to
V4e = 1500 V. The reference current tracking becomes accurate for this increased
voltage, as can be seen from Figure 7.4c. However, as the supply voltage increases,
the rate of change di;/dt increases as well.

The behavior of the current tracking vis-a-vis the load impedance is shown in
Figure 7.5. As the value of the load inductor increases, the rate of change of the
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Output Current, Reference and Hysteresis Bands (A)
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Figure 7.3 Steady state voltage and current waveforms of an H-bridge converter.
(@) Output current, reference and hysteresis bands (A), (b) Converter output voltage (A).

(a) Output Current (A) with Nominal Load
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0
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(b) Output Current (A) with Increased Load
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(C) Output Current (A) with Increased Load and DC Voltage
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Figure 7.4 Current tracking performance of H-bridge converter with different load and DC
voltage. (a) Output current (A) with nominal load, (b) Output current (A) with increased load,
(c) Output current (A) with increased load and DC voltage.
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Figure 7.5 Converter output current and voltage with a high load. (a) Output and reference
current (A), (b) Converter output voltage (V).

inductor current (di;/dt) decreases and the converter fails to overcome the effect of
the large inductor. As shown in Figure 7.5a, the converter output current fails to
reach the tracking band when the reference current moves toward its positive or
negative peaks. The converter output voltage is therefore held at its maximum or
minimum values depending on the polarity of the reference current. This can be
seen in Figure 7.5b. However, in the linear ranges between the peaks, the hysteresis
controller works perfectly and chatters around the reference current. During these
periods, the output voltage toggles between the positive and negative DC voltage.

Note from Example 7.1 that the applied DC voltage has a direct relation to the
tracking behavior. This is irrespective of the modulation strategy employed for
converter switching. The characteristics of a hysteresis controller can be summarized
by the following points:

o There is a direct relation between the hysteresis band and the switching
frequency: as the band becomes narrower, the switching frequency increases.
Even though this might result in better current tracking, high-switching
frequency results in increased losses culminating in increased heating in the
power semiconductor devices. Therefore, the choice of the hysteresis band is
a compromise between tracking error and inverter losses.

o For the same value of the hysteresis band, the switching frequency decreases as the
value of the inductor increases, since the rate of change in the inductor current
(dip/dt) decreases with the increase in the value of the inductor. As we can see
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in Example 7.1, the tracking with a larger inductor becomes inferior compared to a
smaller inductor for the same value of the hysteresis band and input DC voltage.
e The tracking performance can be improved by increasing di;/dt. For a large
inductor, this can be achieved by increasing the DC voltage.
o The switching frequency of this controller is not fixed, as it varies based on the
reference signal. Thus, in some applications, a filter designed for harmonic mit-
igation and system stability needs to be considered for the overall system.

Hysteresis current control techniques with adaptive hysteresis band or different
topologies such as a single-phase, a three-phase, or a multilevel converter are
discussed in [3-5].

7.1.2 Bipolar Sinusoidal Pulse Width Modulation (SPWM)

In this section, the SPWM of the H-bridge converter is discussed. For SPWM, the
switching signals are generated by the intersections of a high-frequency triangular
carrier wave and a sinusoidal modulating signal, the frequency of which is the
desired frequency of the output voltage. Consider the H-bridge inverter of
Figure 7.1a. In a bipolar SPWM, the switching signals are generated as per

If Vigg>Vre then u= +1

) (7.4)
elseif Vys < Ve then u= —1

where V)5 is the modulating signal and V¢ is the triangular carrier waveform. We
define the modulation ratio or index (m,), which is the ratio of the peaks of these
two waveforms, as

Vpeak

MS
my = (7.5)
Vie

The modulation index determines if the signal is under- or overmodulated.
If m, <1, the signal is undermodulated, while it is overmodulated when m, > 1.
One example of an undermodulated operation is shown in Figure 7.6, where the
modulation index is chosen as m, = 0.75. The overmodulation case is shown in
Figure 7.7 for m, = 1.5.

It is also obvious from Figures 7.6 and 7.7 that the output voltage
(vo) (see Figure 7.6b) will contain harmonics. The fundamental component
(Vo1) of this voltage depends on the modulation index. The root mean square
(rms) value of the fundamental component of the output voltage is given, for
the undermodulated case, by [1]

14
& ome<1 (7.6)

7 <

Vor=mg X
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Carrier and Modulting Waveforms for Under-Modulated Case
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Figure 7.6 Undermodulated bipolar SPWM and converter output voltage.

Carrier and Modulting Waveforms for Over-Modulated Case
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Figure 7.7 Overmodulated bipolar SPWM and converter output voltage.
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For the overmodulated case, the rms value of the fundamental voltage is [1]
my > 1 (7.7)

Now consider the case where the carrier waveform has a frequency of 15 kHz and a
normalized peak of 1 per unit (pu) for a base voltage of 400 V. The modulating signal
has a frequency of 50 Hz and a peak of 0.75 pu, i.e. the desired output of 300 V. The
DC bus voltage is chosen as V. = 550 V, i.e. 1.375 pu. From (7.6), we have

mq = 0.75
Ve 1.375
Voo=mg X — =0.75X ——
01 a \/E \/j
Therefore, the fundamental rms output voltage is 0.7292 X 400 = 291.68V, as
shown in Figure 7.8a. For the same carrier waveform and DC voltage, a 50 Hz

modulating waveform is chosen that has a peak of 1.5 pu (i.e. 600 V). Obviously,
the modulating index in this case is 1.5. Then from (7.7), we have

=0.7292 pu

1.375 4 1.375
- —==0.9723 <V <1.370 pu

— <V <
NG o<~ /2
This implies that the fundamental rms of the output voltage will be between
0.9723 x 400 = 388.91 V and 1.2379 x 400 = 495.17 V. In Figure 7.8b, this voltage
is plotted, where its value is found to be 453.1V.

7.1.3 Unipolar Sinusoidal Pulse Width Modulation

In this method, the switches of the two legs of an H-bridge converter of Figure 7.1a
are not switched simultaneously. The first step in this process is to generate two
modulating signals, where one is the negative of the other. This implies that these
two signals are phase shifted by 180°. Let us denote them as V)5 and —Vjs. These
are then compared with the triangular carrier signal V. The switching law is
given by the following relations with respect to Figure 7.1a.

If Vs > Ve then S;ison;otherwise off
If Vys < Ve then S, ison;otherwise off (78)
If —Vys > Ve then Ssison;otherwise off '

If —Vys < Ve then S, ison;otherwise off

Figure 7.9 (a) shows the carrier and the modulating waveforms, while Figure 7.9b
shows the output voltage waveform. The rms fundamental voltage remains the
same as those given in (7.6) and (7.7) respectively for the under- and overmodulat-
ing signals.
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Figure 7.8 Rms values of the fundamental components of the output voltage for
(@) my=0.75 and (b) m, = 1.5.
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Figure 7.9 Undermodulated unipolar SPWM and converter output voltage. (a) Carrier and

Modulting Waveforms for Unipolar SPWM, (b), Output Voltage for Unipolar SPWM.
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The schematic diagram of a three-phase full-bridge converter is shown in
Figure 7.10a. This contains six switches S; to Sg, each consisting of a power sem-
iconductor device and an antiparallel diode. As in the case of the H-bridge con-
verter, the switches of each leg are complementary (e.g. when S; is on, S, is off,
and vice versa). This is the most common form of three-phase converter available,
where the DC bus voltage is equal to V., as shown in Figure 7.10a. However, this
has the disadvantage that the algebraic sum of the three output currents must be
zero, i.e. i, + i, + i, = 0, i.e. the zero-sequence current must be zero. There is an
alternative way to connect the DC link, as shown in Figure 7.10b. In this, the
DC bus is split into two, with a center point N. The DC bus voltage is still equal
to V.. But it now contains two DC sources, each equal to V;./2. The center point N
can be connected to protective earth to circulate common mode and electromag-
netic interference (EMI) currents. In a special case, when N is connected to the
load neutral, it provides a path for the unbalanced (zero-sequence) current to flow.
Hence, the three legs of the converter can be treated separately, and each leg can be
controlled independent of the other two legs.

Two other possible three-phase converter structures are shown in Figure 7.11,
each of which provides a path for the zero-sequence load current to circulate.
The VSC of Figure 7.11a consists of three H-bridge converters. The output of each
H-bridge contains a single-phase transformer that provides a galvanic isolation
and prevents the DC bus from being short circuited [6]. The secondary side of
the three transformers are star-connected, and this point can be connected to
the load neutral (V). An alternate converter structure containing four legs is shown
in Figure 7.10b. This converter was first proposed in [7-8] and was subsequently
used for compensating unbalanced loads in [9-10]. It is evident that the center
point fourth leg is connected to the load neutral (N). The current through this path

(a) (b)
SN SN SsL« Vael2 S SN SsL«
+ . .
1 A > i, A > i,
Vae B >, N B > iy
Cr—»i, CH L

S S S % Viel2 S S S
| | | T | | |

Figure 7.10 Three-phase converter circuits: (a) bridge converter and (b) neutral-clamped
converter.
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Figure 7.11  Structure of (a) transformer couple of three H-bridge converters and (b) a four-
leg VSC.

is iy and this current is used to cancel the zero-sequence component of the load
current. The switches S, and Sg are controlled to cancel the zero-sequence current.
Therefore, the reference current for the fourth leg is the negative sum of the load
currents, i.e.

iv=— iLoad (7.9)
The switches S; and Sg are then controlled using hysteresis current control, i.e.

If iy > iy + h then S;isoff and Ss ison

e . ) (7.10)
elseif iy < iy —h then S;isonand S is off

Let us now consider the converter of Figure 7.10. Only the bipolar SPWM
of this converter is considered here, where a triangular waveform is compared
with three reference sinusoidal waveforms that have equal magnitude and
are phase displaced by 120°. The switching signals for each leg of the converter



7.2 SPWM of Three-phase Bridge Converter

are then generated following the same logic as given in (7.4). For the undermo-
dulated case, the rms value of the fundamental line-to-neutral voltage is
given by [1]

my <1 (7.11)
Example 7.2 Consider the circuit of Figure 7.12, in which the converter is

connected to a balanced back emf through an RL circuit. The system parameters
are:

DC voltage (V4) = 600V

e back emf = 415V (L-L rms)
¢ frequency = 50 Hz

e R=5Q

e L =11.6 mH.

A base voltage of 400V is chosen, with the assumption that the peak of the trian-
gular carrier waveform is 1.0 pu. The peak of the modulating signal is 315V
(i.e. 0.7875 pu). Therefore, the modulation index is also 0.7875. Now the DC volt-
age is 1.5 pu. Therefore, from (7.11), the rms value of the line-to-neutral voltage is
given by Vg, = 0.7875 X 1.5/2\/5 = 0.4176 pu. This translates into 0.4176 x 400
= 167, as shown in Figure 7.13b, while their phase angles are shown in
Figure 7.13c. The output voltages are balanced, i.e. they have the same magnitude
and are phase displaced by 120°.

The output voltage waveforms will contain harmonics that are dependent on the
frequency of the carrier waveforms, and these voltages will produce current har-
monics. Phase a of the output current is shown in Figure 7.14 for three different
frequencies of the triangular waveform (fr¢). It can be seen that the ripples in the
current decrease as the frequency increases.

Vdv/z_—-_ Sl \ S}\ SS \ R L Vg
§ “R L
N B AN—TLHA )
—
R L F V,
Cr— W\~ WL,

L s, S

Vael2 T 4|\ "|\ 2|\ Back emf

Figure 7.12 Converter connected to a back emf through an RL impedance.
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Figure 7.13 SPWM control of a three-phase converter: (a) carrier and reference waveforms,
(b) rms fundamental voltage, and (c) their phase angles.
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Figure 7.14 Output current with three different frequencies of the carrier waveform.
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7.3 Space Vector Modulation (SVM)

SVM is essentially an averaging technique which takes into consideration that
a three-phase inverter has only eight switch states. Figure 7.15 shows a three-phase
converter and its eight switching states. Noting that the top and bottom switches of
each leg are complementary, there are two states for each leg. Therefore, for the
three independent legs of the inverter, a total combination of 2° = 8 states can be
obtained. These are also shown in Figure 7.15.

The voltage vectors for the eight switch states are depicted in Figure 7.16. Each
vector is displaced from its adjacent vectors by 60°. The entire voltage vector space
is divided into six regions. Each region is the triangular area between two contiguous
vectors, e.g. Region-1 is the space between vectors V; and V5, and so on. Note that

n n n
Vy =001 Vyr = 101 Vyn =111

Figure 7.15 The converter structure and the switching states.
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Imaginary
A
Region-2

V3(010) V, (110)

Under-modulated
Region

V, (100) Real

Forbidden
Region

Vs (001) Ve (101)

Figure 7.16 The converter output voltage vector space.

there are two zero states. These are the states 000 and 111, i.e. when all the top
switches are off and on respectively. For the discussions of this section, it is assumed
that “0” in Figure 7.15 is connected to the ground. However, depending on applica-
tions, this terminal may have a different potential with respect to the ground.

In Figure 7.16, two circles are also drawn. The area inside the inner circle is
called the undermodulated region. The area between the two circles is the overmo-
dulated (forbidden) region. As we have seen in the case of SPWM (Figure 7.7), over-
modulation reduces the switch utilization capability of an inverter. Therefore, proper
care must be taken to keep the converter operation in the undermodulated region.

7.3.1 Calculation of Space Vectors
Consider a set of balanced three-phase voltages, given by
Voo = V2|V|sin (ot + ¢)

Vpo = V2|V|sin (ot + ¢ —120°) (7.12)
Veo = V2|V|sin (ot + ¢ + 120°)

A space vector is then defined in the polar form as
2 2
v =3 (Vao + aveo + a’veo) (7.13)

where a = ¢'?”". Note that

3
a=—05 +j§, @ =—05-j

V3

2 1+a+ad’=0
2
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Using (7.12), the last two terms on the right-hand side of (7.13) can be expanded as

2V2

3
avyy = T\V\a {—0.5 sin (ot + ¢) — \/7_ cos (wt + (p):|
2V2

3
a*vo = T|V|az {_0.5 sin (ot + @) + \/7_ cos (wt + (p):|

Adding these two terms, we have

2v/2 [ 3
avy + a’vg = %_\W — (a+ a*)0.5sin (wt + @) — (a—a®) g cos (wt + (p)}
2y/2 3
= ?\/—W\ 0.5sin (ot + @) —jv/3 X % cos (ot + go)}

3
= —|V\ O.SSin (ot + @) _ji cos (ot + (p)]

Substituting these in (7.13), the voltage vector vp is expressed as

2V2

3
vp_—\V\ sm(a)t+go) jicos(a)t+go)}

= —j\/§|V|[cos (0t + @) + jsin (wt + )] = V2|V |e/@+¢=9)
(7.14)

Therefore, the vector has a constant magnitude and rotates counterclockwise with
a speed of w.

7.3.2 Common Mode Voltage

The voltage between the star point of the load and the midpoint of the DC link is
called the common mode voltage, v,,o. From Figure 7.15, we can write

Vao = Van — Vno
Vbo = Vpn — Vo (7.15)

Veo = Ven — Vno
Adding the two sides of (7.15), we get
Vao + Vbo + Veo = Van + Vpn + Ven — 3Vno

Note that, for a balanced system, the sum v,,, + vy, + V., Will be equal to zero.
Therefore, the common mode voltage is given as

V + vV + v
Vo = QT 700 T T0 ;’0 <0 (7.16)

The common mode voltage for the eight switching states is listed in Table 7.1.
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Table 7.1 Eight switching states of a three-phase converter.

State Number S Ss Ss Vao Vo Veo Vno
Vo 0 0 0 _Vae _Vae _Vae _Vae
2 2 2 2
Vi 1 0 0 Vae _Vae _Vae _Vae
2 2 2 6
Vs, 1 1 0 Ve Ve Vi Ve
2 2 2 6
Vs 0 1 0 _Vae Vae _Vae _Vae
2 2 2 6
v o 1 1 Ve o Ve Vae Vae
2 2 2 6
s o o 1 Ve o Ve o Va Ve
2 2 2 6
Vs 1 0 1 Q _& Ve Ve
2 2 2 6
v, 1 1 1 Ve Vae Ve Vae
2 2 2 2
(a) _ (b) ,
Imaginary Imaginary
4 4 Region-2
V3 /
V>
\‘ vp ,,4
AY a /
Region-1 N\ —\,/
[\
O\I
» Real » Real

Figure 7.17 Placement of vector vp in (a) Region-1 between vectors V4 and V, and

(b) Region-2 between vectors V; and V.

7.3.3 Timing Calculations

Now suppose at any given instant of time we want to recreate the vector vp in
Region-1, as shown in Figure 7.17a. This can be done by time averaging of the
nearest inverter state vectors V; and V, and a zero vector V; or V. The averaging
is done over a suitably chosen time interval T;. This technique is known as space
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vector modulation [11]. Let us denote the converter voltages as V; for states i = 0,
1, ..., 7. Then, if the converter spends time T, in state V; and time T}, in state V5,
we get the following equation

VvpTs = ViTy + VT + Vo(Ts— Ty —Tp) (7.17)

Let us assume that vp has a magnitude of |Vp| and an angle a with vector V; so
that it is written as

vp = |Vp|la = |Vp|(cosa + jsina) (7.18)
From (7.13) and Table 7.1, vp in state V; is written as

2V

vp == —~(l—a-d*) = 3

3 3

2 2 2

_ 2 (Vdc Vdc az Q) — Vdc

Similarly, vp in state V5 is

2 Vdc Vdc 2 Vdc Vdc 2 2Vdc . \/§
== —-a — | = 1 - =——(05 -
vp = 3 ( S tao—at— 3 (1+a-a?) 3 +i

Furthermore, vp in state Vj is equal to zero. Then (7.18) can be written in the form
of (7.17) as

2V, 1 3
[Vp|(cosa + jsina)T, = =% [Ta + (i +j\§) Tp + 0 X (Ts—Ta—Tb)]

3
(7.19)
Equation (7.19) is resolved into real and imaginary parts as
3|V, 1
2|Vi| Tycosa=Ta+ 5Ty (7.20)
3|Vp| ., . V3
Tysina= —T, 7.21
We SSNET R (7.21)
From (7.21), we have
— =V3——sina 7.22
Ts Vdc ( )

Substitution of (7.22) in (7.20) results in

3|V 3|V
| P|Tscosa:Ta+£| r|
ZVdc 2 Vdc

Tysina
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Rearranging (7.22), we get

T, =3 Vel T <£ cosa — L sina) =3 Vel Tssin (60° —a) (7.23)
Ve 2 2 Ve
Equations (7.22) and (7.23) give the time in which the converter will be state
vectors V; and V5.
Let us now consider that the vector is in Region-2 between state vectors V, and
V3, as shown in Figure 7.16b, where the vector is defined as

vp = |[Vp|/¢p (7.24)

If the converter spends time T, in state V, and time T} in state V3 then, following
the same process as before, we have

(lvp| /) Ts = [vp|/(a + 60°) T

2V 1 3
Tdcl600|:Ta + <E +j§)Tb + 0 X (TS—Ta—Tb)

(7.25)

This is similar to the expression given in (7.19) and hence the timing calculations
of (7.22) and (7.23) will remain valid. However, comparing (7.19) with (7.25), we
find that the positioning of the vector changes with the region in which it is placed.
For example, in Region-3, (7.19) can be written as

2V 1 3
[Vp|/(a + 120°) T = Sd“ /120° [Ta + (5 +j§> Tp+0X (Ty—Ta—Tp)

(7.26)

We must therefore determine the angle a before the computation of the times
T, and Ty, The first step in the process is to determine the sector (region) in which
the vector is placed by observing ¢. An integer value is then assigned to the regions
(or sectors) as

Region-i=i, i=1,..,6 (7.27)

Once the regions are identified, the angle « is calculated based on the following
formula

a=¢— (Region-i—1) X 60°, i=1,..,6 (7.28)

Substituting (7.28) in (7.22) and (7.23), the following timings are obtained

T 1%
T _ 31l o {¢— (Region-i—1) X 60°}, i=1,..,6 (7.29)
Ts Vdc
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T,

V.
\/5M sin {60° — ¢ + (Region-i —1) X 60°}
T Ve

| (7.30)

_ 3!

Ve sin (Region-i X 60° —¢), i=1,..,6
Vdc
7.3.4 An Alternate Method for Timing Calculations

This section discusses an alternate method for timing calculation. Let us define the
vector vp as

Vp = Vg + jv, (7.31)

Assume that the vector is in Region-1, where the converter is required to spend
time T, in state V; and Tj, in state V,. Then, from (7.17), the following equation
is obtained

(7.32)

2V, W (1 3
(vd +jvq> T, = ?‘*Tﬂ + 3"“ <§ +j§>Tb

Equating the real and imaginary parts, the following equations are obtained

v, 3Ts T, + L
Ve T2
3T, V3
q —T»
Wa | 2

Solving the above two equations, we have

3T 1
T,= —2 (vd - —vq) (7.33)
2V \/§
T
Ty = V3", (7.34)
de

In a similar way, the converter operating times for the other regions are com-
puted, and they are listed in Table 7.2. It is assumed that the converter spends time
T, in the first state of each sector and time T} in the second state of the sector while
moving in a counterclockwise direction.

Note that the time Ty is determined from the following equation

To=Ts—Ta—Ts (7.35)
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Table 7.2 Timing information for the six regions.

Region Vector Placement T, Ty
1 Between 0° and 60° 3T, T
Ve <vd - %vq) \/§de Vg
2 Between 60° and 120° 3T, 3T,
Ve <vd + %vq) Frn (—vd + %vq>
o (e} T’
3 Between 120° and 180 \/§de Vg 23VT; <_Vd _ Jiqu>
o o Ts
4 Between 180° and 240 . < vy + %Vq) -3
5 Between 240° and 300° 3Ty (o 1y 37 (4, _ 1y
W d— /3"q e\ 3V
o o Ty
6 Between 300° and 360 - \/§Vdc Vg ;TT; (vd 4 \/% vq)

Example 7.3 Consider a converter with the following parameters
Vi =600V, V2|V| =315V, o =100zrad/s, ¢ = —30°

Using (7.12) and (7.13), the state vector vp, evaluated at t = 0.923 seconds, is
vp = 128.12—j287.77 = 315/ —66° = 315/294° V

This is obviously in Region-5, between 240° and 300°. Then from (7.30) and (7.29),

we get
Ta 315
— = V3—5in (294° —240°) = 0.0951
T \/_600 ( )
T 315 .
— = V3—sin (300° —294°) = 0.7357
T f600 ( )

Now, for Region-5, vg = 128.12 V and v, = — 287.77 V. Therefore, the following
values are obtained from Table 7.2

Ta_ 1 (— 128.12 + i287.77) =0.0951
T, 600 V3

Ty 1 (128.12 + L287.77) =0.7357
T, ~ 600 V3

Thus, it can be concluded that both methods produce the same values. From (7.35),
To/ Ty is calculated as

T T, T
20 _q_Ze b 01693
T, T, T,
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7.3.5 Sequencing of Space Vectors

The SVPWM algorithm is carried out in the following steps:

1) Calculate vp from (7.13) and determine |Vp| and the angle ¢.

2) From the angle ¢, determine the sector in which the space vector lies at that
instant.

3) Determine T, and T}, respectively from (7.30) and (7.29) or from Table 7.3 and
T, from (7.35).

4) Determine the switching sequence in which the upper and lower switches are
turned on or off.

However, it is desired that the space vectors remain in the undermodulated
region. For this, it must be ensured that the maximum absolute value of the space
vector is bounded by [12]

2V,
Vb = —= cos 30° (7.36)

max 3

The modulation index is then given by

_ V|

= 7.37
“= oy, (7.37)

Then the maximum modulation index is calculated as 0.9069.

The advantage of SVPWM is that the number of switching (and hence
switching losses) can be reduced using a special arrangement in which only
one switching on each inverter leg occurs during the transition from one state
to the next. This can only be achieved due to the use of the zero vectors
Vo and V;. The switching patterns are shown in Figure 7.18. Consider the

Table 7.3 Switching information for the six regions.

Region S Ss Ss

1 To+ Ty + To/2 Ty + To/2 To/2

2 T, + To/2 Ty+ Ty + To/2 To/2

3 To/2 To+ Ty + To/2 Ty + To/2

4 To/2 To + To/2 To+ Ty + To/2
5 Ty+ To/2 To/2 To+ Tp+ To/2
6 To+ Tp+ To/2 To/2 Ty + To/2
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Figure 7.18 Switching patterns in six regions: (a) Region-1, (b) Region-2, (c) Region-3,
(d) Region-4, (e) Region-5, and (f) Region-6.
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switching pattern of Figure 7.18a. The converter transition pattern and the
timing sequence used for this case are:

000 100 110 111 110 100 000
To/4 T./2 T,/2 To/2 Ty/2 T./2 T,/4

This is synchronized with a triangular carrier wave, as shown in Figure 7.18. The
time duration of one full cycle of the carrier wave is T;. The switching times of the
upper switches for all the sectors are listed in Table 7.3. Note that the lower
switches are complementary to the upper switches.

Example 7.4 Consider the same system as discussed in Example 7.2. Since the
DC voltage is chosen as 600V, |Vpln.y is calculated from (7.36) as 346.41 V. The
balanced sinusoidal modulating voltage has a peak of 315V, and so |Vp| = 315
V. Therefore, the modulation index that is calculated from (7.37) is 0.8247, which
is higher than the one obtained for SPWM. This proves the higher switch utiliza-
tion for SVPWM. Next, a switching frequency of 5kHz is chosen. Figure 7.19
shows the angle variation of the vector Vp and the corresponding regions (sectors).
Figure 7.20 shows the switching signals and the output current. It can be seen that
the output current has a higher magnitude than that in the case of SPWM due to
better switch utilization. Also, the switching frequency is considerably lower in
this case.

Angle of the Vector (deg)
T T

400 .

300 -, —

100 — T

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Regions

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (s)

Figure 7.19 Variation in angle of the vector Vp and the computation of the regions in
Example 7.4.
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Switching Signals —S1—S
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02 L | | L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Output Currents (A) ——Phase-a —Phase-b —— Phase-c
T T T T T T
i /\ ) /N
0 \ —
o0 / -
1 1 | | 1 | 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)

Figure 7.20 Switching signals and the output currents in Example 7.4.

7.4 SPWM with Third Harmonic Injection

0.1

To improve the performance of SPWM so that it can better utilize the available DC
bus voltage, the injection of the third harmonics in the modulating waveform is
proposed by [13]. Let us consider the following modulating voltage

v(t) = sind + Asin 36 (7.38)

where 6 = w tand A is a parameter that needs to be determined. This parameter
must be so chosen that the modulating waveform remains below unity. Taking
the derivative of (7.36) with respect to 6 and equating it to zero, we have

d‘;—‘(;) = cosf + 3Acos30=0 (7.39)
Now

cos 30 = 4cos*0 —3cos = cosf(4cos’f—3)
Therefore, (7.39) can be rewritten as

cosO(1 + 124 cos’0 —9A4) = 0 (7.40)

The solution of (7.40) produces two extremal points, which are

cosfd =0 (7.41)
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9A -1
cosf = (7.42)
12A
Equation (7.41) is equivalent to
sinf =1 (7.43)

Squaring both sides of (7.42), we get cos’d = 94 — 1/12A. Therefore, sin’d can be
written as

9A-1 3A+1

2 2
0=1-— 0=1-— =
Sin CosS 1 1

Therefore

(7.44)

We now substitute these values in (7.38) to determine the optimal value of A.
Using the identity

sin3¢ = 3sinf—4sin >0 = sin (3 — 4sin0)
(7.38) is rewritten as

v (t) = sin@(1 + 3A —4Asin*0) (7.45)
Substituting (7.43) in (7.45), we get

v()=1-A (7.46)

Since (7.46) does not serve any useful purpose, we substitute (7.44) in (7.45) instead

to get
3A+1 3A+1 3A+1({12A(3A+1)—4A(BA + 1
vty =22 (1 43a-aa20 ) 2 AT (3A+1)-4ABA+1)
12A 12A 12A 12A

34 +1\?
(5

12A
(7.47)
The maximum value of v(f) in (7.47) is obtained with respect to A as
dv(t)  PA+1 1\ _
=\ (2—§>_0 (7.48)

Equation (7.48) has two possible solutions, which are

1 1
A=—-andA= —— (7.49)
6 3
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Consider the waveform of phase-a, where the third harmonic component is in
phase with the fundamental voltage. Then, during the negative peak, the modu-
lating waveform will be more than the carrier waveform if we choose A = —1/3.
As can be seen from Figure 7.21a, the modulating waveform is higher than the
carrier waveform indicating an overmodulation. However, it remains in the under-
modulated region if A = 1/6 is chosen, as shown in Figure 7.21b. Then (7.38) can be
rewritten as

1
v(t) = sinf + A sin 36 (7.50)

Substituting A = 1/6, € can be evaluated from (7.44) as

9= sin ! (1 /3/61; 1) = sin _1< %) = 0.866 = \/7§ (7.51)
6

Thus, the positive and negative peaks will occur at 60°, 240°,.... The maximum
output voltage at these instants will then be

1
[V (1)] pax = SIN60° + A sin 180° = 0.866

To increase the output voltage even further, the peak of the modulating voltage
can be made equal to 1 by using

1
v(t) = K(sin9 + 5 sin 39) (7.52)

(a) For A=-1/3

N
\Z/\

0 0.002 0.004 0.006 0.008 0.012 0.014 0.016 0.018 0.02

1 /\ A}

For A =1/6
T

A

e = \'/ \

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time (s)

Figure 7.21 Modulating wave for two different values of A. (a) For A =-1/3 and
(b) For A=1/6.
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v ) - —/\7'
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For K=1.155
T (.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0 018 .02
Time (s)

Figure 7.22 Modulating wave for two different values of K.

where the gain K is chosen as

1
BERTIO
Figure 7.22 clearly shows that the switch utilization for K = 1.155 is better than
that with K = 1.

Note that the triplen harmonics of the three phases have the same phase angles
and, therefore, they are eliminated from the line to neutral voltages. The lowpass
filtered version of these three-phase voltages are shown in Figure 7.23 for two
different values of K (K = 1 and K = 1.155). The reference voltage is chosen as
400 V. The peak of the line to neutral voltage with K = 1.155 is higher than that
with K = 1. Note that the converter bandwidth must be at least three times the
desired output frequency in order to accommodate to the triplen harmonics [13].

7.5 Multilevel Converters

The first application of power electronic converters in power systems was in high-
voltage direct current (HVDC) bulk power transmission, in which the converters
were basically line frequency commutated. Most popular among these converters
were 12-step converters, which were constructed using two 6-step converters that
are phase shifted through magnetic connections. These were mainly thyristor-based
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Voltage V,;, (V) —K=10 —K=1.155
I
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0
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0
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Time (s)

Figure 7.23 Line to neutral voltage for two different values of K.

devices. Later, gate turn-off thyristor (GTO) based devices were proposed for multi-
step converters. However, with the improvement in the power ratings of IGBT
switches, different types of multilevel converters have been proposed. These conver-
ters are capable of high-power operation. The structures of some multilevel conver-
ters are discussed in this section. It is, however, to be noted that the control of these
converters is more involved than two-level converters.

Multilevel converters operate using a combination of a series connection of sem-
iconductor switches such as IGBTs or MOSFETSs with different DC voltage sources
or capacitors to synthesize and generate different voltage levels which are either a
low-frequency staircase or a high-frequency modulated voltage waveform. In real
life applications, different energy sources such as batteries or photovoltaic panels
can be considered as the DC voltage sources in various multilevel converter
structures.

Figure 7.24a shows one leg of a general schematic of a multilevel converter with
n voltage level based on several capacitors as voltage sources. In this example, the
high-voltage DC source (V) can be generated by a high-voltage rectifier and the
capacitor voltages can be charged equally or unequally. In other cases, different
low-voltage DC sources (batteries or solar panels) can be utilized to generate a
high-voltage across the DC link and the load. Assuming that the voltage ripple
across each capacitor is negligible and the capacitors are charged at defined voltage
levels (depending on the multilevel topology and configuration), the output
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Figure 7.24 (a) Schematic diagram of multilevel converter and (b) output voltage
waveform of one phase of the converter.

voltage can be generated based on the position of the switch in the leg and the
configuration of the capacitors, in series with the load.

Figure 7.24b shows the output voltage of the multilevel converter for a single-
phase system with different voltage levels utilizing n number of DC capacitors
which can be charged equally or unequally [14-15]. In this case, the output vol-
tages are generated without using a high-frequency PWM strategy, and the output
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voltage is changed step by step with a low-frequency modulation method to gen-
erate a sinewave signal. In real applications, voltage modulation can be implemen-
ted at each voltage level based on different conventional PWM methods such as
SVM or SPWM. In high-voltage applications, it is possible to generate higher volt-
age levels by adding up more DC sources and switches depending on the multilevel
topology. However, the maximum voltage across each semiconductor switch and
diode should be considered based on the DC voltage source and the multilevel con-
verter topology and configuration. The circuit of the multilevel inverter depends
on the topology and the load configuration, i.e. either a single-phase load or a
three-phase load (delta- or star-connected).

If the number of voltage levels is increased, the output voltage waveform can be
closer to a sinusoidal voltage waveform. Under this condition, the converter does
not need a large output filter and the output voltage and current harmonics can be
minimized significantly. To highlight the main advantage of the multilevel con-
verter compared to a conventional two-level converter, their output voltage wave-
forms in the time and frequency domain have been analyzed. As shown in
Figure 7.25, the harmonic contents of the output voltage in the multilevel con-
verter of Figure 7.25b are significantly less than that of the two-level converter
of Figure 7.25a. During each switching transient, the voltage stress (dv/dt) across
the load is reduced significantly in the multilevel converter. At each switching
transient, the voltage level change is defined as V./(n — 1), where n is the number
of voltage levels in the converter. For example, in a conventional converter, there
are two voltage levels, i.e. n = 2. Therefore, the voltage stress during each switching
transient is V.. For a three-level inverter where n = 3, the voltage stress at the
switching transients is reduced to half of V.. These two main advantages can
reduce low- and high-frequency harmonics and EMI filter size and cost in different
applications, such as in motor drive and grid-connected renewable energy systems.

The other advantage of a multilevel converter is its flexibility to have low switch-
ing losses. Utilizing fast and low-voltage semiconductor devices in a multilevel con-
verter compared to slow and high-voltage semiconductors in a two-level converter
can make them operate much faster during each switching transient (on and off)
and at a lower switching frequency. Thus, a multilevel converter can be designed
with a reduced switching loss suitable for different applications. Note that it is obvi-
ous that the number of the semiconductor switches in a multilevel converter is
higher than a two-level converter but the DC voltage across each switch in a mul-
tilevel converter can be lower than the same voltage across a conventional converter.
As the switching loss is proportional to the DC voltage level across the switch, the
number of switches, the number of voltage levels, and the DC link voltage should be
considered to calculate the total switching loss in a multilevel converter.

In addition to these advantages, the multilevel converter can be modulated in
such a way that it has a reduced common-mode voltage in a three-phase system
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and (b) multilevel converter.

based on a proper modulation technique through the utilization of different zero-
voltage vectors. This feature reduces the common mode and shaft voltage in motor
drive systems with less voltage stress on a bearing system, thereby increasing the

lifetime of the motor under control.

However, the main drawbacks of the multilevel converters are the need for a
high number of passive and switching components and a complexity on the con-
verter topology, control, and overall system design. Multilevel converters have dif-
ferent topologies and configurations based on different structures of a DC link
voltage. The main multilevel converter topologies are:

o diode-clamped
o flying capacitor
o cascaded converters.

Low and high frequency harmonic
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In some topologies, the voltage across the DC capacitors should be controlled and
balanced, which requires different current and voltage control methods. From
design points of views, each type of multilevel converter has different advantages
and disadvantages, which need to be considered to have an overall optimum
design in a specific application. For each topology, the voltage ratings of the
switches and the diodes should be considered because the voltage stress during
normal operations is different.

There are some technical terms and definitions for multilevel converters which
should be considered:

o Voltage Level: It is defined based on the number of voltage levels generated by
each leg of the inverter with respect to the negative DC link voltage terminal.
Note that, in some other technical reports and books, the voltage level might
have different definitions.

o Capacitor Voltage Level: The voltage across capacitors can be equal or unequal.
The main advantage of the unequal voltage across the capacitors is to generate
more voltage levels with a few numbers of passive and switching devices. The
main drawback here is the capacitor voltage control during the operation which
depends on the multilevel topology, control, and switching patterns.

In Sections 7.5.1-7.5.3, the general operation and switching patterns of diode-lamped
and flying capacitor multilevel topology are discussed assuming the capacitor
voltages are equal.

7.5.1 Diode-clamped Multilevel Converter

A diode-clamped (or neutral-point-clamped) multilevel converter is one of
the multilevel converter topologies which have been widely utilized in different
products such as variable speed motor drive, renewable energy, and power quality
compensation systems. Figure 7.26a shows one leg of a three-level diode-clamped
converter where the total DC link voltage is V4. and V., = Vi, = Vi /2.

The three-level converter, at each leg, has three voltage levels (0, V./2, and V)
with respect to the negative DC link terminal. The DC link voltage is split into two
voltage levels using two capacitors, C; and C,, which are charged equally at V./2.
This structure consists of pairs of switches (S,1, Sq3 and Sg,, Sq4) and two clamped
diodes (D.q1 and D.,,) which connect the common terminals of the capacitors to
the switches in each leg. For example, when switch S,; is on, switch S, is off, and
vice versa, and one of the diodes might be turned on depending on the converter
switching state. The switching state of each leg is defined based on the switching
states of the top switches, where 1 and 0 represent the on and off states respectively
of the top switches. For example, the switching state of 01 in leg-a means that the
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Figure 7.26 (a) One leg of a three-level diode-clamped converter, (b) its output voltage
waveform, and (c) one leg of an n-level converter.

first top switch, S,1, is off and the second top switch, S,,, is on. Three voltage levels
are generated based on different switching states, as shown in Figure 7.26b and
explained in the following paragraphs.

To develop a single-phase or three-phase converter, more legs (switches in
series) are required to be in parallel while the DC link configuration is not
changed. However, more clamped diodes are required to connect the DC link
to each leg of the converter. To increase the output voltage amplitude and levels,
more DC capacitors and pairs of switches are required as well as the clamped
diodes, according to the topology shown in Figure 7.26c.

7.5.2 Switching States of Diode-clamped Multilevel Converters

In this section, the different switching states of the diode-clamped converter are
presented in detail.

e Case 1: When S,; = 0 and S, = 0: In this switching state, switches S,; and S,
are off and the complement switches, S,; and S,4, are on, as shown in
Figure 7.27. When the load current is positive, the antiparallel diodes D,; and
D4 conduct, as shown in Figure 7.27a, while Figure 7.27b depicts the loop when
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Figure 7.27 The current loops when S;; = 0 and S,; = 0 for (a) positive load current and
(b) negative load current.

the load current is negative and S,3 and S,4 conduct. Thus, terminal a is con-
nected to terminal n of the DC link and the output voltage is zero, i.e. v, = 0
during the time interval 0 <t <t; (see Figure 7.26b). According to the current
loops shown in Figure 7.27, this switching state cannot affect the charging
state of the DC link capacitors, as the capacitors C; and C, are not charged or
discharged through the load current.

o Case2: When S,; =0and S,; = 1: In this switching state, the switch S, is off and
its complementary switch S, is on, while the switches S,, and S,4 are on and off
respectively. Figure 7.28a depicts the current flow path when the load current is
positive. During the interval t; < t <t,, switch S, and diode D.,; conduct due to
the polarity of the voltage across the diode and the load current direction. In this
case, when the load current passes through the DC link capacitor, C, will
discharge it. Figure 7.28b shows the current flow direction when the load
current is negative, where the current flow direction will cause the capacitor
C, to charge. Assuming that the voltage ripple is negligible, and the capacitors
are charged equally, we have V,(f) = V(f) = Vy4./2. During this interval of
t; < t<t,, the output voltage is v, = V./2.
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Figure 7.28 The current loops when S;; = 0 and S, = 1 for (a) positive load current and
(b) negative load current.

e Case 3: When S;; =1 and S, = 1: When the top switches S,; and S,, are on, the
output voltage is V.. Assuming the load current is positive, S,; and S,, conduct
and the load current passes through the DC link, as shown in Figure 7.29a.
Usually, the DC link voltage is connected to a common DC source, and the total
DC voltage does not change significantly during each switching state. Since the
switching state S;; = 0 and S,, = 0 cannot affect the charging states of the DC
link capacitors, as the capacitors C; and C, are assumed to be connected to a
voltage source and the total DC link, the voltage across the capacitors is not
changed.

e Case 4: When S,; = 1 and S,, = 0: This is a forbidden state for the diode-
clamped topology. Figure 7.30 shows the two different output voltage levels
based on positive and negative load currents. When the load current is positive,
the diodes D,; and D,, conduct, and the output voltage is zero (see
Figure 7.30a). On the other hand, when the load current is negative, the diodes
D,; and D,; conduct, for which the output voltage is Vg, as shown in
Figure 7.30b. We cannot achieve an output voltage of V;./2 and its amplitude
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Figure 7.29 The current loops when S;; =1 and S,; = 1 for (a) positive load current and
(b) negative load current.

is changed from 0 to V., depending on the load current. Thus, this switching
state is not used in a diode-clamped topology as the output voltage depends on
the load current.

So far only one leg of a diode-clamped converter has been analyzed and
explained. A single-phase full-bridge or a three-phase converter configuration
consists of two or three legs of the above-mentioned topology in parallel respec-
tively. The common terminals of the capacitors are connected to the switches in
each leg by the clamped diodes. These are shown in Figure 7.31. The DC link con-
figuration is not changed, while the parallel legs are added to develop single-phase
or three-phase converters.

Table 7.4 lists all switching states of a single-phase, diode-clamped three-level
converter, while Table 7.5 lists the switching states of a three-level, three-phase
converter. The output voltage (line-to-line) is measured based on two leg voltages.
However, in a three-phase system, the phase voltage across the load should be
extracted based on the leg and the common mode voltage. In Table 7.4, when
the switching state of each leg is 10, the output voltage cannot be determined,
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Figure 7.30 The current loops when S;; = 1 and S,; = 0 for (a) positive load current and
(b) negative load current.

as the output voltage depends on the load current. This is indicated by a “?” where
this occurs, and the rows are shaded in the table. Thus, these switching states are
not used in the inverter operating modes.

7.5.3 Flying Capacitor Multilevel Converter

This multilevel converter topology comprises several capacitors that are connected
in parallel with each leg. One leg of a three-level converter is shown in
Figure 7.32a. In this, the switch pairs (S,1, Sas) and (Suz, Su3) work in complemen-
tary fashion, i.e. when one of the pairs (e.g. S,1) is on, the other switch S, is off
and/or vice versa. The capacitors in this structure are charged to different voltage
levels. Different output voltage levels can be achieved by connecting the capacitors
in parallel with the DC link voltage based on switching states of the semiconductor
switches. Assuming that the voltage across the DC capacitors is V;./2 with no rip-
ple, the leg voltage for different switching states is shown in Figure 7.32b. One leg
of a general n-level flying capacitor converter is shown in Figure 7.32c.
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Figure 7.31 Three-level diode-clamped multilevel converter: (a) single-phase and
(b) three-phase.

As in the case of a diode-clamped converter, the switching behaviors of the flying
capacitor converter are dependent on the switching states. Three different cases
are discussed here:

e Case 1: When S,; = 0 and S,, = 0: In this switching state, the complement
switches S,3 and S.4 are on, as shown in Figure 7.33. The output current will
flow through either the switches or the diodes depending on the direction of
the current. The output voltage, however, will remain zero in either case.

e Case2: When (S, =0and S,, =1) or (S, =1 and Sy, = 0): There is no switching
restriction in the flying capacitor topology and the top switches can have two
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Table 7.4 Switching states for a three-level, single-phase diode-clamped converter.

Switching States

sal saZ Sbl st Va(t) Vb(t) Vab(t)
0000 0 0

0001 Vael2 —Vael2
0010 0 ? ?

0011 0 Vael2 —Vyel2
0100 Vael2 0 Vyel2
0101 Vael2 Vael2 0

0110 Vacl2 ? ?
0111 Vael2 Ve —Vie/2
1000 ? 0 ?

1001 ? Vael2 ?

1010 ? ? ?

1011 ? Ve ?

1100 Ve 0 Ve
1101 Ve Vael2 Vyel2
1110 Ve ? ?

1111 Ve Ve 0

different combinations to generate V,./2, as shown in Figure 7.34. Assuming
that the voltage across the flying capacitor Cy; is V4./2, the output voltage for

both switching states is V./2 since:
o when S;; =0and Sy, = 1, vy = Vg = Viye/2

o when S;; =1and Sy =0, vy = Vye — Vear = Viye/2
e Case3:When S,; =1and S,, = 1: In this case both switches S,; and S,, are on and
the complementary switches S,; and S,, are off. As shown in Figure 7.35, the out-
put voltage is V. and the flying capacitor C,; are not connected across the load.

As in the case of the diode-clamped topology, a single-phase and a three-phase
flying capacitor topology can be developed by paralleling two or three legs, as
shown in Figure 7.36. Since there is no restriction for the top switches, and there
are four top switches (two in leg-a and two in leg-b), a total of 2* = 16 different
switching combinations for a single-phase, three-level converter is possible. These

are listed in Table 7.6.
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Table 7.5 Only possible switching states for a three-level, three-phase diode-clamped

converter.

Switching States

Sa1 Saz2 Sb1 Sb2 Sc1 Sc2 Va(t) Vi(t) v(t) Van(t) Vic(f) Vealt)
000000 0 0 0 0 0 0
010000 Vil2 0 0 Vael2 0 Vel
110 000 Ve 0 0 Ve 0 —Vie
000100 0 Vil2 0 “Val2 Va2 0
010100 Vil2 Va2 0 0 Vael2 Vel
110 100 Vie V2 0 Vel 2 Vael2 Vi,
001100 0 Vil2 0 Ve Ve 0
011100 Viael2 Ve 0 —Va/2 Ve —Vacl2
111100 Vie Vie 0 0 Vie Ve
000001 0 0 Vil2 0 Val2  Val2
010001 Vil2 0 Vil2 Va2 Va2 0

110 001 Ve 0 Viel2 Ve ~Vacl2 ~Vacl2
000101 0 Val2 Va2 Va2 0 Va2
010101 Vil2 Va2 Val2 0 0 0
110101 Ve Va2 Val2 Va2 0 Va2
001101 0 Vie Val2 Vi Vael2 Vael2
011101 Va2 Vae Va2 —Vae/2 Va2 0
111101 Ve Vie Vel 2 0 Vel 2 —Vgel2
000011 0 0 Vie 0 Vg Vie
010011 Vil2 0 Vie Vael2 Ve Vael2
110011 Vie 0 Vie Vie Ve 0
000111 0 Val2 Ve Val2  =Val2 Ve
010111 Val2 Va2 Va 0 Val2  Val2
110111 Vie Vil2 Vi Vel 2 Val2 0
001111 0 Vie Vie Vg 0 Vie
011111 Vil2  Va Ve “Va@l2 0 Vael2
111111 Ve Ve Ve 0 0 0
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Table 7.6 Switching states for a three-level, single-phase flying capacitor converter.

Switching States

Sa1 Saz Sp1 Sp2 Va(t) Vi(t) Vas(t)
0000 0 0 0

0001 0 Vael2 —Vae/2
0010 0 Viel2 —Vacl2
0011 0 Vacl2 —Vae/2
0100 Vacl2 0 Vael2
0101 Vac/2 Vel 2 0

0110 Vacl2 Vacl2 0

0111 Vacl2 Ve ~Viae/2
1000 Vael2 0 Vacl2
1001 Vael2 Vacl2 0

1010 Vael2 Vael2 0

1011 Vacl2 Ve —Viae/2
1100 Ve 0 Ve
1101 Ve Vicl2 Vael2
1110 Ve Vicl2 Vicl2
1111 Ve Ve 0
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7.5.4 Cascaded Multilevel Converter

A cascaded multilevel converter is constructed by connecting several H-bridge
converters in series for each leg of the converter. To implement a three-phase cas-
cade converter, three legs of the single-phase cascade converter are connected, as
shown in Figure 7.37. As each leg and each H-bridge of the cascade converter can
be controlled individually to generate different voltage levels, the control system is
simple and modular. Due to this modular nature, this topology has been attractive
for medium- and high-voltage applications.

7.5.5 Modular Multilevel Converter (MMC)

HVDC transmission is one of the most important areas of power electronics
applications to power systems. Due to the large uptake of offshore windfarms,
modular multilevel converters are gaining popularity these days for VSC-HVDC
transmission. The MMCs are modular and therefore can be scalable to any desired
voltage level. They have higher efficiency and lower harmonic components. The
schematic diagram of one phase of an MMC is shown in Figure 7.38a. Each phase
can have several identical submodules (SMs). In Figure 7.38a, there are n SMs on the
positive half of the leg and another n SMs on the negative half of the leg. The SMs

a b C
A A y
| | |
\ = L‘ x \ x k x \ x k x
Vae = Vae=— Vae =2
|\ x |\ x |\ x |\ x l\ x |\ x
I I I I I I
| | |
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Figure 7.37 Schematic diagram of a three-phase cascaded multilevel converter.
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Figure 7.38 (a) Schematic diagram of an MMC and (b and c) two possible SM structures.

can be a half bridge or full bridge, as shown in Figure 7.38b,c. Other configurations
are also possible. It is obvious that this converter can produce an almost sinusoidal
voltage by phase shifting the firing pulses.

The SPWM of MMC is somewhat similar to that of multilevel converters. In
Section 7.5.6, we briefly present the different possible PWM techniques for multi-
level converters.

7.5.6 PWM of Multilevel Converters

We see in this chapter that a PWM voltage waveform is generated through the
intersection of a sinusoidal modulating waveform with a triangular carrier
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waveform. For a multilevel converter, several carrier waveforms are intersected
with a single modulating waveform. For an n-level converter:

e There are n — 1 carrier waveforms.
o All the carrier waveforms have the same frequency f. and the same amplitude A..
o The bands they occupy are contiguous.

Let the modulating waveform have a frequency of f,, and an amplitude of A,,.
Then the frequency ratio (or index) is defined as

fe
mp = =5 (7.53)
T Fu
The modulation index is defined as
Am
= — 7.54
Ma = 1A, (7:54)

Three different types of deposition of the carrier waveforms are discussed
here. For this, we shall consider a five-level converter, i.e. there will be four carrier
waveforms. The following parameters are chosen:

o Carrier waveform: A, = 0.25 pu and f, = 1350 Hz
e Modulating waveform: A,, = 0.9 pu and f,,, = 50 Hz

Therefore, we have m; = 27 and m, = 0.9. It is assumed that, depending on the
converter type, the relevant switches are turned on and off to obtain five voltage
levels and the capacitor voltages are kept balanced.

o Phase Disposition (PD): In this method, even though the carriers are disposed,
all of them are in phase, as shown in Figure 7.39a. The output voltage is shown
in Figure 7.39b. In this method, the harmonics are centered around the carrier
frequency f, as can be seen from Figure 7.39c.

e Alternative Phase Opposition Disposition (APOD): In this method, the
contiguous carrier waveforms are phase displaced by 180° from each other.
This is shown in Figure 7.40a, where the topmost and the third waveform
from the top are in phase, while the other two waveforms are in phase oppo-
sition. The output voltage waveform is shown in Figure 7.40b. The significant
harmonics appear as side bands of the carrier frequency f,, as shown in
Figure 7.40c.

o Phase Opposition Disposition (POD): There are two sets of carrier waveforms:
those above and those below the reference line. The waveforms of each set
are in phase. However, the sets are phase displaced by 180° from each other,
as shown in Figure 7.41a. The output voltage waveform is shown in
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Figure 7.39 PD-PWM of a five-level converter: (a) carrier and modulating waveforms,
(b) output voltage, and (c) harmonic spectrum.
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Figure 7.41 POD-PWM of a five-level converter: (a) carrier and modulating waveforms,
(b) output voltage, and (c) harmonic spectrum.

Figure 7.41b. In this case also, the significant harmonics appear as side bands of
the carrier frequency f,, as shown in Figure 7.41c.

7.6 Concluding Remarks

In this chapter we discuss various converter structures and their different modu-
lation techniques. Even though multilevel converters have many desirable proper-
ties, their control is more complicated than that of two-level converters.

The modulation techniques that are discussed in this chapter operate in the open
loop, i.e. the output is synthesized based on a reference signal, which is assumed to
be sinusoidal. However, in practical applications, open-loop control is not desira-
ble. Moreover, as seen in this chapter, switching converters generate harmonics. If
they are not suppressed, they can be damaging to the other devices that are con-
nected in parallel with these converters in a power system. One way of eliminating
harmonics is to use passive filters. Once the filters are connected at the output of
the converters, the open-loop control, discussed in this chapter, may often lead to
instability. In order to avoid this, the feedback control of the converters must be
designed by including the filter dynamics along with that of the converter. This is
discussed in Chapter 8.



Notes and References

Problems

7.1 Athree-phase VSC is supplied by 2 kV at the DC side. It has to produce a line-
to-line fundamental voltage with a peak magnitude of 1kV at 60 Hz using
bipolar SPWM. Determine the modulation index m,.

7.2 The modulation index found in Problem 7.1 is used in bipolar SPWM of a
single-phase VSC, which is supplied by a DC voltage of 2kV. Determine
the peak of the fundamental voltage.

7.3 A set of balanced, 50 Hz three-phase voltages is given in phasor domain by
Vo =400/30°V, Vpe=400/—90°V, Vo =400/150°V

Find the space vector vp when the time is 0.11 seconds from (7.13). Verify
the result obtained from (7.14).

7.4 Find the quantities T,, Tp, and T, in terms of T using the method presented
in Section 7.3.3 when the space vector is
(a) vp = —78.8011 +j61.5661 V, DC voltage V;. = 250 V
(b) vp = 286.79 —j409.58 V, DC voltage V . = 1000 V
(c) vp = 1000 £ 210° V, DC voltage V4. = 2500 V

7.5 Verify the results obtained in Problem 7.4 using the timing calculation
method of Section 7.3.4.

7.6 A VSCis controlled by SVPWM, where the modulating voltages are given by
Vg0 = 300sin (100zt + 10°) V
Vpo = 300sin (1007t —110°) V
Veo = 300sin (100z¢ + 130°) V

Assuming the frequency of the carrier waveform as 10 kHz and the DC side
voltage of 600V, sketch the switching pattern when ¢ = 0.1502 seconds.

Notes and References

An excellent tutorial on space vector modulation can be found in [16]. Summaries
of different multilevel converter topologies are discussed in [17-19].
A comprehensive review of a multilevel converter, including PWM and SVPWM,
is presented in [20]. Simulation of a modular multilevel converter using an
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electromagnetic transient program is discussed in [21]. Theoretical analysis of
PWM for a multilevel converter is presented in [22], while several methods of
PWM applications in multilevel converters are discussed in [23]. Multilevel con-
verters with unbalanced voltage are discussed in [14-15].
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8

Control of DC-AC Converters

In this chapter, various techniques that can be employed for controlling the output
voltage or current of a voltage source converter (VSC) are presented. The main aim
of the closed-loop control is to control the switching functions of the VSC in such a
way that a desired output is attained. Chapter 7 shows how a converter output
voltage can be synthesized using pulse width modulation (PWM) techniques.
These are, however, open-loop techniques where the output voltage is produced
by comparing a modulating wave with a carrier wave. Such modulation can intro-
duce harmonics into AC systems in which the VSCs are connected. In order to sup-
press the harmonics, passive filters are connected at the output of the VSC’s
output. The feedback controllers then will have to consider the presence of these
filters. This implies that the dynamics of these filters must be considered for feed-
back control design. The output filters must be chosen carefully considering: (i) the
harmonic spectrum on the converter side, (ii) possible resonance due to the inter-
action of the filter with the rest of the system, and (iii) variation in the harmonic
emission with the operating point [1]. This chapter starts with a discussion about
the structure and design of the output filters.

8.1 Filter Structure and Design

A DC-AC converter is a switching device, which generates +V. voltage at the
output, where V. is the DC bus voltage. Therefore, when connected to a power
system, these converters inject harmonics. To prevent such harmonics from enter-
ing the system, passive filters are used at the output of the converters. Usually,
three types of filters are used: L-type, LC-type, and LCL-type. These are shown
in Figure 8.1.
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Figure 8.1 (a) Single-phase voltage source converter with L filter; converter equivalent
representation with (b) L filter, (c) LC filter, and (d) LCL filter.

Consider the single-phase converter shown in Figure 8.1a, which has an output
L-type filter with a converter side inductance of L,. Note that the resistance R; is
added due to the quality factor of the coil. This can also include the converter
losses. Its equivalent circuit is shown in Figure 8.1b, in which the converter is
represented by a voltage source u - V., where u = +1. A converter with an LC filter
is shown in Figure 8.1c. In addition to the inductor, this also has a capacitor C that
is connected in shunt. The capacitor provides a low-impedance path to the
harmonic currents - the higher the harmonics, the lower the impedance. There-
fore, the harmonic currents are bypassed and do not appear at the output.
The LCL-type filter is shown in Figure 8.1d. In addition to the LC filter, it has
an additional inductor L, (and its associated resistor R,), often called the outer
or grid side inductor.

The main aim of a converter control is to generate the switching signals u = +1.
In the example of hysteresis current control in Chapter 7 (Section 7.1.1), current is
controlled through a hysteresis band when the converter output voltage varies
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between +V,. (Figures 7.2 and 7.3). This is the simplest form of control, which is
suitable for current control with only L-type filters. In the presence of LC or LCL
filters, the closed-loop control system needs to consider the filter dynamics for sys-
tem stability and tracking performance. However, these filters must be designed
carefully. The design of the LCL filter is discussed in Section 8.1.1, and the design
of the LC filter can be considered a subset of this design.

8.1.1 Filter Design

For the filter design, we start with the converter side inductance L,. The size of this
inductor will depend on the maximum current ripple (Ai;ay)- Note that, to reduce
the current ripple, a larger inductor needs to be chosen, which will increase the
size and core losses. On the other hand, a lower ripple will cause lower switching
losses. Therefore, the choice of this inductor will be a compromise between the
inductor size and the losses. Typically, the current ripple is chosen between 5
and 25% of the rated current [1]. Then, denoting the converter switching frequency
as fsw, the empirical formula for the inductor is given by [2]

_ Ve
Sf SW Ailmax

Next, the value of the capacitance (C) will be selected. If this value is high, more
reactive power will flow into the capacitor, resulting in larger current demand.
This value cannot be too small either; otherwise, the inductor value must be
increased to meet the attenuation requirement. In general, the capacitance value
is chosen as a percentage (4) of the reactive power with respect to the real power at
rated conditions, given by [1]

S
2xf ViL

L (8.1)

C=12 (8.2)
where V7 is the line-line voltage, fis the line frequency of 50 or 60 Hz, and S is the
apparent power of the VSC.

According to [1], 4 should be limited to 5%; otherwise, the power factor may
decrease. The total inductance (i.e. L, + L) should be limited within a certain per-
centage to limit the voltage drop across the inductors [1]. A detailed and optimum
LCL filter design approach is proposed in [3]. A mathematical approach is utilized
to obtain a relation between the inverter side inductor and the ripple of the inverter
output current.

In this chapter, voltage and current controllers for a VSC are developed. The
function of a voltage controller is to produce a set reference voltage across the con-
verter output. For this purpose, usually LC filters are used so that the voltage v,
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across the filter capacitor C can be directly impressed across a load or a power sys-
tem. However, depending on prevailing situations, LCL filters may also be used,
but the voltage across the filter capacitor still needs to be controlled. The L-type
filter is the most basic filter that is used for current control. For more sophisticated
current control, LCL filters are used. This is also discussed in this chapter.

Example 8.1 In this example, we shall design an LC filter based on (8.1) and

(8.2), for a 400V (L-L), 50 kVA converter. In a three-phase system, the DC link

voltage should be kept as low as possible to minimize switching losses. However,

this DC voltage must be higher than the maximum instantaneous line to neutral

grid voltage to push the required current to the grid. In this example, the DC volt-

age is assumed to be V. = 600 V. The maximum per phase current is given by
S S 50 x 10°

T3V N V3V /3 %400

Then assuming that the maximum current ripple is 5% of i1max, We have
Ai1max = 3.6 A. Then, for a switching frequency of 15kHz, the converter side
inductor is

600

= ———— =139mH~2mH
8 X 15000 X 3.6

L,

From (8.2), by choosing 1 = 5%, the filter capacitor is calculated as

50 x 10°
C=005x ————— =497X 10>~ 50 pF
1007(400)
Consider the equivalent circuit of the LC filter shown in Figure 8.1c. Defining a state
vector as x = [v, i;]7, the state space equation of the system can be written as

X = Ax + BV ., (8.3)

where u, is the feedback control law, based on which the converter switching sig-
nal u = =+1 is generated and the matrices A and B are

SEEATSH
—1/L1 _Rl/Ll l/Ll

For the L and C values calculated above and choosing R; = 0.1 Q, the Bode plot
of the filter is shown in Figure 8.2, where the —3 dB point is around 800 Hz. This
means that the filter will attenuate signals below the 16th harmonic. Thus, with
proper control, the converter can cancel the lower-order harmonics below the 16th
harmonic. This is an important property for active filtering applications, where the
converter is required to cancel harmonics created by loads.
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Bode Plot of LC Filter
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Figure 8.2 Bode plot of the LC filter.

8.1.2 Filter with Passive Damping

The filters discussed in Section 8.1.1 may have problems of resonance with the
systems to which the converter is connected. To compensate for the resonance peak,
passive damping circuits may be required [1, 2]. Obviously, these damping circuits
will require resistors that may cause power loss. Some typical passive damping filters
are shown in Figure 8.3. An LCL filter with a series resistor, as shown in Figure 8.3a,
is the simplest of the passive dampers. An improved version of the series damper is
the shunt RC damper, as shown in Figure 8.3b. The high-frequency attenuation of
the LCL filter is retained in this structure. Good high-frequency attenuation that is
achieved without causing much power loss through shunt RLC damper, is shown in
Figure 8.3c. Here, the fundamental current in the damping resistor is bypassed by
the damping inductance L,. There are several other passive damping circuits that
are discussed and analyzed in [1, 2]. We shall, however, not discuss the passive
damping circuits further but will proceed to design controllers that will provide
significant damping through active damping control.

8.2 State Feedback Based PWM Voltage Control

The purpose of a converter controller is to track a set of voltages or currents
faithfully. In this section, we assume that the reference signals are instantaneous
quantities in their abc coordinates. Consider the system of Figure 8.4a, which
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Figure 8.3 Passive damping LCL filters: (a) series damper, (b) shunt RC damper, and
(c) shunt RLC damper.
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Figure 8.4 Schematic diagram of (a) a voltage source converter with its output LC filter
connected to a source through a feeder and (b) its single-line diagram.

depicts a bridge converter that is connected to a source (back emf) through a
feeder. The LC filters that are connected to the converter are also shown in the
figure. The purpose of the converter control is to make the converter output
voltages vy, k = a, b, c to track a set of prespecified reference voltages. In this
section, the closed-loop PWM based state feedback control is discussed.
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The output filters of the converter, shown in Figure 8.4, are all grounded. There-
fore, the three legs of the converter can be treated separately, and each leg can be
controlled independent of the other two legs. Moreover, the DC bus is split into
two, with a center point N. Nevertheless, the DC bus voltage will be equal to
Va4e, While it contains two DC sources, each equal to V,./2. In a three-phase,
four-wire system, when the center point N and the load neutral are connected
together, a path is provided for the unbalanced (zero-sequence) component of
the current to flow. The converter controller will be designed for just one phase
with the understanding that a similar control law can also be derived for the other
two phases.

As mentioned elsewhere, three identical controllers will be designed that will be
applied to each of the three phases separately. The single-line diagram for one
phase of the circuit is shown in Figure 8.4b, where the feeder current is denoted
by irand the capacitor current is denoted by i.. This contains an LC filter, the state

space description of which is given in (8.3), where the state vector of x = [v, i ]T
has been chosen. For the circuit of Figure 8.4b, this results in the following state
space equation

1
X=Ax+BVgu.+ | C|i (8.4)
0

The feeder current iris considered as a disturbance input and is not included in the
control design. Therefore, (8.3) is used for control law computation. Assuming that
the references for the states are available and are denoted by x,.; = [Veref  lvref ]T,
the state feedback control law is given as

ue = K (Xper —X) (8.5)

where K = [k; k; ]T is the feedback gain matrix.

In the PWM control law, a triangular carrier waveform (v;) is generated that
varies from —1 to +1 with a duty ratio of 0.5. The control output u,. is compared
with the carrier waveform to generate u as per the following formula

if u. >.vm then u = +1 (8.6)
elseif u, < vy;then u = —1
The schematic diagram of the control law is given in Figure 8.5a.

For tracking the output voltage, the voltage reference (v.,) for the output capac-
itor voltage can be prespecified. However, it is rather difficult to find a reference
(i1rep) for the converter output current i;. One approach can be to set this reference
to zero. This will, however, lead to an incorrect control action. To avoid this prob-
lem, a state transformation is used in [4]. This, however, is feasible only when the
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(@)

Veref Veref

Figure 8.5 Two different feedback control structures: (a) full state feedback and (b) partial
state feedback with HPF.

overall system structure and rough estimates of the system parameters are known
a priori. Therefore, this cannot be stated as a general solution. There are two pos-
sible approaches to this problem: (i) to use a highpass filter (HPF) or (ii) to use an
observer to estimate the current. These are discussed in Sections 8.1.1 and 8.1.2.

8.2.1 HPF-based Control Design

In this method, we note that the current i, should only contain lower-frequency
components, while its high-frequency components should be zero. Therefore, if
the current is passed through a HPF, then it is expected that the output (i1zpr)
of the filter is zero [5]. The modified control structure is shown in Figure 8.5b. Note
that the control gains remain the same irrespective of the HPF. The HPF transfer
function is given by

i11pr(S) __S (8.7)
i (s) s+a '

Equation (8.7) can be written as

fapr(s) = (—— Vir(s) = (1= —2—)is(s) = ia(s) — inzpr(s)

1HPF - S+a 1 - S+a 1 — 4 1LPF
where iy pr(s) is a lowpass filter, given by

. a .

iizpr(s) = <s n a) i (s)
This can be expressed in differential equation form as

d. . .

EIILPF = —alypr +aly (88)

Let us now define an extended state vector as X, = [V, i ilep]T. Then,
combining (8.8) with (8.3), we have

Xe = AoXe + BeVelle (8.9)
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A= [[oAa} —Oa}’ Be = m

From (8.5) and Figure 8.5b, the following feedback control law is obtained

where

u. =k (Vcref - Vc) + ka(0—i1mpr) = Ky (Vcref - Vc) —ka(iy —irzpr)

(8.10)
= [ -k —ky ks ]xe + klvcref
Substituting (8.10) in the state equation of (8.9), we have
Xe=(Ac + B[ ki —ky ka])xe + kiBeVers (8.11)

Example 8.2 Consider the system of Figure 8.4, where the LC filter designed in
Example 8.1 is used. The feeder parameters are R = 5 Q and L = 11.6 mH. The
system frequency is 50 Hz (i.e. ® = 100z rad/s) and source voltage and the chosen
reference voltages are

Vg = 326.65sin (@t — 20°) Verefa = 326.6 8in (wt)
Vp = 326.68in (wt —140°) Ve = 326.65in (w0t —120°)
Ve = 326.65in (wf + 100°) Voo = 326.65in (wt + 120°)

A linear quadratic regulator is designed for the system of (8.3) with the LC para-
meters of Example 8.1, with the following weighting matrices

{150 0

, r=20.01
o 1)

The resultant gain matrix is K = [122.47 10.59]. The HPF is given by

S

HPF() = 000

The Bode plot of the HPF is shown in Figure 8.6, where the cutoff frequency is
about 1000 rad/s, i.e. 159 Hz. This means that the filter will pass the harmonics
components above the third harmonic. The closed-loop eigenvalues of the system,
computed from (8.11), are located at —4 X 10°, —2.44 X 10°, and —1 x 10°. They are
all on the left half of the s-plane.

A triangular carrier wave varying between +1 is chosen with a frequency of
15 kHz. The DC voltage (V) is chosen as 800 V. The system response is shown
in Figure 8.7, where the reference voltages and the actual voltages are shown. It can
be seen that the tracking is almost perfect. The control inputs are shown in
Figure 8.8. Barring the initial transients, these are restricted to +1, indicating that
these signals remain in the undermodulated region. These signals will be in the
overmodulated region for higher values of the gain matrix K and this will result
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Figure 8.6 Bode plot of the HPF.
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Figure 8.7 Tracking performance of the closed-loop system of Example 8.2.
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Figure 8.8 Control signals in Example 8.2.

in unnecessary ripples in the output voltages. In particular, the gain matrix K is
very sensitive of the choice of parameters r, as the penalty on control reduces with
the reduction on the value of r.

8.2.2 Observer-based Current Estimation

Consider again the system of Figure 8.4b. Applying KCL at the point of common
coupling (PCC) of the feeder and converter, we get

iy =i +if (8.12)
Let the reference capacitor voltage be assumed as

Veref = Vi sin (ot + )
Then, the reference for the capacitor current is written as

dvcref _

dsin (wt + @)
=CVy————
dt "

dt

feref = C = wCV,, cos (wt + @) (8.13)

Now, for each phase, i..s is computed using (8.13) and the feeder current i is
measured. The reference for current i, is then formed from (8.12), which is termed

as its estimate i;. The feedback control structure is shown in Figure 8.9.
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Veref Figure 8.9 Feedback control
structure with current observer.

C(dVereglet)

Example 8.3 This is a continuation of Example 8.2. The linear quadratic reg-
ulator (LQR) gain matrix remains the same as that computed in Example 8.2. The
tracking performance is shown in Figure 8.10. It is almost identical to that of
Figure 8.7. Since the control signals are almost identical to those shown in
Figure 8.8, they are not shown here. The estimated and actual current i; through
the filter inductor L, are shown in Figure 8.11 for one of the phases. It can be
seen that the estimated current is actually the filtered version of the actual
current.
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Figure 8.10 Tracking performance of the closed-loop system of Example 8.3.
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(a) Phase-a Estimated Current iy (A)
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Figure 8.11 (a) Estimated and (b) actual phase-a current iy, of Example 8.3.

8.3 State Feedback Based SVPWM Voltage Control

The concept of space vector pulse width modulation (SVPWM) closed-loop control
is almost identical to that of the PWM control discussed in Section 8.2. The closed-
loop switching computation is shown in Figure 8.12. First the control input u, is
computed for all the three phases using either the HPF based or observed based
current estimation discussed in Section 8.2. Then follow the steps outlined in
Section 7.3 of Chapter 7. First, using u.,, Ucp, and u., find the state vector Vp
and its angle ¢. Then, based on the angle, determine the sector to which the vector
belongs. Thereafter, compute the timings T,, T, and T, Then, sequence the

U =P ¢ Determine
Calculate the Sectors
u.p,—»| vector and find l
Uoe—w] >
| Compute T, | Sequence the
IVl Timing T Switches N b
— [V

Figure 8.12 SVPWM feedback control structure.
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Phase-a Voltage and its Reference (V)
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Phase-b Voltage and its Reference (V)
T T
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Phase-c Voltage and its Reference (V)
|

Il 1
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Time (s)

Figure 8.13 Tracking performance of the closed-loop system of Example 8.4.

switches and generate the switching pulses u,, u., and u. by comparing the output
with a triangular carrier waveform.

Example 8.4 The same system as in Example 8.2, with the same LQR gain
matrix, is used here. The switching frequency is chosen as 15 kHz. The tracking
performance is shown in Figure 8.13. It can be seen that the performance of
the SVPWM closed-loop controller is similar to those of PWM closed-loop control-
lers of Examples 8.2 and 8.3. The switching signals are shown in Figure 8.14. They
are in the undermodulated region, as expected.

8.4 Sliding Mode Control

Consider a system given by
.7.(,'1 =Xy

. (8.14)
X = f(x) + glx)u

Let us define a state vector of x = [x; x]” and an error vector of x, = X" — X,
where x" is the reference vector. We further define a time varying surface (man-
ifold) as [6]
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Phase-a Control Signal

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Figure 8.14 Switching signals of SVPWM control of Example 8.4.

d n—1
s(x.) = (E + ﬂ) X, (8.15)
where n is the order of the system. For the system of (8.14), the following can be
written
5(Xe) = X + X, (8.16)

Then the tracking problem is converted into an equivalent form of remaining on
the surface s = 0 for all t> 0.

The first-order problem of keeping s(x.) = 0 can be achieved by choosing the
following control law [6]

1ds*
—— < =75, n>0 8.17
<l (817)
The existence condition for the sliding mode is then written as

§>0 when s<0
_ (8.18)
§<0 when s>0

This can be written in a compact form as

5§<0 (8.19)
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The switching control law is defined as

. { U for s(x) >0 (8.20)

Umin for s(x,) <0

8.4.1 Sliding Mode Voltage Control

Consider the H-bridge converter that is connected to a source, as shown in
Figure 8.15. The following equations are written for this circuit

di— R1i+1(u ve)

' " LT L ‘ (8.21)
de _ 1,

d —c°

where u = +V,, is the control input. Since i- = i; — i, we can write

dve  ldic 1 /di dig 1[ R, 1 1di,
— ==l -5 = A -t —(u=ve)| - 55
dt C dt C\dt dt c L L Cdt
_1[ R, 1 1dig
_E{_E(1C+1L)+L1(u vc)} Cdr
The above equation is then written as
dva R 1 1 dlL Ry
= — et ——(Uu—ve)— = - — ——i 8.22
dr clet el - c g T et (8.22)
Defining the following disturbance input
. 1 dig, R
dist= —— —— —i 8.23
s cd Lc" (8:23)
S S3 R L R L 4V

|
Ve =" L — 1 iCiTC ve i,
S

VSC and LC Filter

Figure 8.15 H-bridge VSC with LC filter connected to a back emf.
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(8.21) is written as

dZVc R1 1
— = — —=i —(u-— dist 8.24
e L1Clc + L1C( u—vc) +dis (8.24)

Let the state vector be chosen as

Ve
X =
[Vc]
Then the state space description of the system is written as

X = Ax + Bu + Hdist

b= Cx (8.25)
where
R 1 1 1
A= L L,C|, B=|LC], H:{] cC=[0 1]
1 0 0 0
We now define the following error vector
X = (V5 — Ve
Ve —ve
The switching surface is then given from (8.16) as
S(Xe) = Xe + A% = (Ve —vc) + (Ve —ve) (8.26)
Assume that the converter has to track a reference voltage given by
Ve = Vi sin (ot) (8.27)
Then
Ve = @V, cos (o) (8.28)

The following reference equations are now defined for an ideal oscillator [7]

Xm = ApXy + Bpr

8.29
Ym = CimXm ( )
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Then
1;”22;) = Cou(sI—An) ‘B
. s _o21l1 . (8.30)
TR ”L ; mﬂ—w)
Choosing
R(s) = Vo (8.31)

(8.30) is rewritten as

Vo
Yn(s) = 5t
m(s) (s + @?)
The inverse Laplace transform of the above equation is
Y = Vi sin (ot) (8.32)

which is the desired output voltage.
Since the switching manifold s(x,) = 0, we can write

$(x.) =K(x;,—%) =0 (8.33)
where K = [1 4]. Then, combining (8.25) and (8.29) with (8.33), we have

5(x.) = K(ApXm + By — Ax— Bu — Hdist) = 0 (8.34)
From (8.34), an equivalent control law is obtained, which is given as

Ueg = (KB) " 'K(ApXp + By,r — Ax — Hdist) (8.35)

Note that, if infinitely large iy, and uy,;, were available, (8.35) would always be
possible. This will guarantee that the sliding mode will exist. However, this is not
possible, and the sliding mode will chatter between

Umin < ueq < Umax (836)
Now, from (8.29) and (8.25), we have
X, = X — X = ApXy, + By — Ax — Bu — Hdist

Replacing u by u,, from (8.35), the following equation is obtained [7]

. -4 0
Xe = AnXe, A, = . o (8.37)

The eigenvalues of the matrix A,, are located at 0 and —1 and the system time con-
stant is 1/4. Thus, by choosing the value of 4, the convergence on the switching line
can be forced.
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Example 8.5 Consider the system of Figure 8.15, where L; = 2 mH, C = 50 pF,
R=5Q,V,;.=500V,and L = 11.6 mH. The back emf and the reference voltage are
given by

v = 326.6sin (wt—20°), v; = 326.6sin (wt)
From (8.12), we get

it. = oCV, cos (wt) = 5.13 cos (wt)
Since V¢ = ic/C, the error vector is written as

- .
|:vc_vc:|
X, = =

Ve —Ve

(ic—ic)

Ve —Vc

Qlr-

A hysteretic control law is then designed such that x, is maintained within the
upper bound u,,x and lower bound Upp.

The system response for two values of 4 is shown in Figure 8.16. It can be seen
that the system response is much faster when A = 200 rather than when A = 20 due
to a smaller time constant.

v.* and v, for 1=20
400 T T T T T

200

—200
—400
—600 1 1 1 1 L 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
v.* and v, for 2=200
400 T T T T T

200

-200

—400

1 1 1 1 1
0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

1 1 1 1
0 0.02 0.04 0.06 0.08

Figure 8.16 Tracking performance with sliding mode control H-bridge converter of
Example 8.5.
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400 Phase-a Voltage and its Reference (V) — Reference — Output
T T T T T T T T
200 ol
0
—200 [~ —
—400 I | | — 1 | 1 1 I 1 |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Phase-b Voltage and its Reference (V)
400 T T T T T T
200 -
0 4
—200 o
—400 - I 1 1 1 ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

400 Phase- c Voltage and its Reference

T
200 P
0
—200 -
—400 | I I I I

0 0.01 0.02 0.03 0. 05 0.08 0.09 0.1
Time (s)

Figure 8.17 Tracking performance with sliding mode control of three-phase converter of
Example 8.7.

Example 8.6 The same system as in Example 8.2 is considered here. The voltage
tracking performance is shown in Figure 8.17. It can be observed that the tracking
performance is perfect. However, the sliding mode controller does not operate at a
fixed switching frequency, and excessive chattering might occur in some cases,
resulting in heating in power switches.

8.5 State Feedback Current Control

Consider the circuit of Figure 8.18, which shows an H-bridge converter with an
LCL filter. The VSC is connected to a back emf through a feeder. The main purpose
of this is to track a reference current i Defining a state vector as

x=[ve i i ]T, the dynamic equation of the converter is given by
X = Ax + BV .u. + Hyr (8.38)
where vy is the voltage at the terminal of the converter (PCC voltage) and

0 Ve ~Ye 0 0
A= |-y, -Ry, 0 , B=|1, |, H= 0
Y1, 0 =Ry, 0 -V
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S S —_
. 3 R, Ly R Ly 3

__M\/\,_(W)T_W\,_(m
_>i1iClTC ve —» 0 AVT

Vie =/

Ay S4

I

VSC and LCL Filter

Figure 8.18 VSC in current control mode through an LCL filter.

Let the desired output current be
boref = I sin (wt + ¢)

where I, is the desired magnitude and ¢ is the phase of the current with respect to
the terminal voltage v7. Since it is not possible to set references for the capacitor
voltage vc and the inner inductor current i;, two HPFs are designed that are
given by

S N
HPF-1 : ilHPF = ( )il, HPF-2 : VcHPF = ( )VC
S+ o S+ o

The feedback control structure is shown in Figure 8.19. First, a phase locked loop
(PLL) is used to extract the phase 0 of the terminal voltage vr. The phase ¢ is then
added with it to derive the reference i,,,r which the converter must track. A state
feedback controller is then designed, and the resultant control signal is used for
switching signal generation through PWM [8].

vr PLL I, sin (6+¢)

ij—» HPF-1

v.—»| HPF-2

Figure 8.19 Current tracking state feedback control structure.
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Example 8.7 Consider the system of Figure 8.18, where the system parameters
are listed in Table 8.1. The magnitude I,,, of the reference current is chosen as 10 A,
while the phase ¢ of the current leads the phase of the terminal voltage by 20°.
A linear quadratic controller will now be designed. The purpose here is to inject
acurrent that is in series with the feeder with a higher impedance. Therefore, more
emphasis must be given on the output current error. Accordingly, the LQR is
designed with

Q= 1 , r=0.01
10°

The resulting gain matrix is
K=[1025 1615 3.15X10°]

The results are shown in Figure 8.20. The current tracking is fairly accurate as
the peak of the tracking error is 0.2 A. The total harmonic distortion (THD) of the
output current is below 0.05% in the steady state. This implies that the LCL filter
has eliminated the lower-order harmonics effectively.

Table 8.1 System parameters for Example 8.7.

System quantities Parameter values

System frequency
Back emf

Feeder resistance (R)

50 Hz
230V (rms), with phase of 0°
5Q

Load inductance (L) 11.6 mH
Filter capacitance (C) 25 uF
Inside filter inductance (L) 0.2mH
Inside filter resistance (R;) 01Q
Outside filter inductance (L,) 1.25mH
Outside filter resistance (R,) 0.1Q
DC voltage (Vg4.) 450V
HPF-1 (a;) 5000
HPF-2 (a,) 5000
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(a) The PLL Output (9) (b) The Output Current (A)
400 10
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Figure 8.20 Performance of the state feedback based current controller. (a) The PLL
Output (), (b) The Output Current (A), (c) The Current Tracking Error (A), (d) THD of the Output
Current (%).

8.6 Output Feedback Current Control

A state feedback controller will require the measurements of the state variables for
feedback. As is illustrated in Section 8.5, it is not possible to form or estimate the
reference values for some of these variables and therefore two HPFs are used in
Section 8.5. An output feedback control, on the other hand, will only require
the measurements of the output variable, which is i, in this case. Hysteresis cur-
rent control is very effective for current tracking, as demonstrated in Section 7.1.1
when the output of a VSC is connected with an L-type filter. To evaluate the behav-
ior of hysteresis controller when the VSC has an output LCL filter, consider the
state equation of (8.38). Neglecting the Hv term, the transfer function between
the input and the output is given by

ia(s) _ Ayl
W =[0 0 1](sI-—A)" B (8.39)
Solving (8.39), we have
1
ir(s) CL,L,

22 = (8.40)

M(S) 3 R1 R2 ) 1 1 Rle R1 + Rz
SH(—+2)P+ =+ — + s+
( L,C L,C LiL, CL,L,
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The control input is now defined as u = +V;.. Then the characteristics equation
of the closed-loop system is defined by

R R 1 1 RiR
A =+ |—+ =)+ =+ +
cu(s) = (Ll Lz)s (L1C L,C Lle)s

Ry +R +V,
+<1 2+_dc):0

(8.41)

CL,L, CL,L,

Routh’s table is then given by

s 1 1  RR,
s 1 — +—+
L,C  L,C LiL,
R R R, +R +V,
S2 ]1 + "2 1 2 + = de
Ly L, CL,L, CL,L,

st a

0 R+ R, + Ve
CL1L, CL.L,

Then, for the system to be stable, @ > 0. For u = Vy, this is satisfied when

R1L2 R2L1 Rl RZ
Ve < + + CRiR| — + —
de Ll Lz 1482 (Ll Lz)

Since the inductances are in mH and the capacitance is in pF, this is not possible.
Furthermore, there will be two sign changes in Routh’s table, and therefore there
will be two roots of the closed-loop system in the right-half s-plane. On the other
hand, when u = — V,,, the term in the s° will be negative, even if @ > 0 is true. This
implies that there will be one sign change in Routh’s table, indicating one unstable
closed-loop pole. Therefore, the hysteresis current control will result in an unsta-
ble system response. For the system of Example 8.7, the reference and output cur-
rents are shown in Figure 8.21, which shows that large, high-frequency current is
flowing through the VSC, indicating unwanted behavior.

In order to avoid this, a discrete-time pole placement controller with a hysteresis
band controller is designed instead. The control signal u. is obtained using a pole
placement controller, and the switching signal is generated in a hysteresis band,
given by

Ifu. > hthenu = +1

. (8.42)
elseif u, < —hthenu = -1

where h > 0is a small number. The control structure is shown in Figure 8.22. The
following example demonstrates the effectiveness of the control design.
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Figure 8.21 Current tracking failure due to hysteresis current control for VSC with LCL

output filter.
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vy PLL Iy sin (0+) 2”f+ / D | e, I
-1
- Sampler k™) Hysteresis

]

Band

Figure 8.22 Current tracking output feedback control structure.

Example 8.8 Consider the system of Example 8.7. The first step in this process is
to choose a sampling time, which is taken as 10 ps for this example. Then the
input-output description of the system is given in difference equation form as

y(k) = —ay(k—1) —axy(k —2) — asy(k — 3)
+ [boute(k —1) + biuc(k —2) + byuc(k—3)] + C(z™")e(k)
where y(k) = iy(k) is the output of the converter and e(k) = vy(k) is considered a

disturbance input. For the parameters given in Table 8.1, the following coefficients
of the difference equation are obtained

—2.98, a, =297, a3 = —0.995, by =3.33 %1077,
13.27x1077, by =3.32x 1077

a; =
by

For this system, one of the open-loop zeros is outside the unit circle. Therefore, a
minimum variance controller cannot be designed for this system. Instead, we shall
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Figure 8.23 Performance of the output feedback based current controller.

design a pole shift controller with a pole shift factor of 1 = 0.75. The resultant con-
troller polynomials are

R(z™')=1+059z7" +0.12272
S(z7') =571 x10° -1 x 10*z™" + 4.62 x 10°z~*

The same reference as in Example 8.7 is chosen here as well. The hysteretic band
chosen here is i = 0.05. The system output is shown in Figure 8.23a, while the
tracking error is shown in Figure 8.23b. Since this is essentially a hysteretic con-
troller, the chattering can be observed in the output current. The tracking perfor-
mance, however, is acceptable. The THD in this case is 0.21%, which is higher than
the state feedback control, even though it is much lower than the acceptable
standard.

8.7 Concluding Remarks

In this chapter, we present the basic voltage and current control concepts using
voltage source converters. These are developed further depending on the applica-
tions discussed in subsequent chapters. There are two main control aspects of
power converters: fixed frequency and variable frequency. Fixed frequency con-
trollers, using a PWM technique, are often desirable when looking to restrict



Problems

the switching losses. The chapter shows that hysteretic current control will be
unstable when the output of the VSC is connected to a higher-order filter.
A hysteresis band controller that is designed based on a suitable discrete-time con-
trol technique is very stable. Even though these controllers operate at variable fre-
quencies, they are easier to design, and usually have faster convergence and
excellent tracking properties, albeit at the expense of higher switching losses. In
subsequent chapters, both these techniques are studied depending on the pro-
blems being addressed.

Problems

8.1

8.2

8.3

Design an LC filter with the following specifications
e Voltage: 11kV (L-L), frequency 50 Hz
¢ VA rating: 1.0 MVA
e DC voltage Vg 1.5 time the L-N voltage
o Switching frequency: 15 kHz
e Maximum current ripple: 2.5%
o A: 5%
Choose R; = 0.1 Q. Draw the Bode plot of the designed filter and find its
bandwidth.

The filter designed in Problem 8.1 is used for the PWM voltage control of a
single-phase VSC. Design an LQR state feedback controller with the follow-
ing specifications

0 1000 01
= , r=0.
10

Find the eigenvalues of the closed-loop system.

Assume that the filter designed in Problem 8.1 is used in the voltage control
of a single-phase VSC, where the high-frequency components of the
inner inductor current are suppressed by the HPF given in (8.7), where
the parameter « is chosen as 5000. Then, choosing an extended state vector
asX, = [Ve 11 lipr }T, the state space equation is given by (8.9). The con-
trol law is given by

Veref — Ve
uc=[ki ky k3] X | 0—iimpr

iy —iypr

Design an LQR state feedback controller with the following specifications
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8.4

8.5

8.6

1000
Q= 1 , r=0.1
10

Compute the eigenvalues of the closed-loop system and compare them
with those obtained in Problem 8.2.

Assume that three identical LC filters are connected at the output of a three-
phase VSC that is used for voltage control. The filter parameters are obtained
from Problem 8.1. The VSC and load are connected so that each phase can be
treated separately. Now assume that the state space equation in the dq
domain is given by X4; = AggXaq + VacBdgUag, where

Xdg = [vcd Veq ild ilq ]T7 U4q = [ud uq]T
Then design an LQR controller with the following parameters

1000
0= 1000 R 01
B ’ h 0.1

10

Compare the result with that obtained in Problem 8.2.

With the filter designed in Problem 8.1, add an outer inductor with
L, =2 mH and R, = 0.5 Q to form an LCL filter. Assuming the output is
the current i,, draw the Bode plot of the filter and find the bandwidth of
the filter. What are the gain and phase margins?

For the filter designed in Problem 8.5, design a pole shift controller with pole
shift factor (1) of 0.7 and sampling time of 20 ps.

Notes and References

Discussion on sliding mode control can also be found in [9]. Fixed switching fre-
quency application of sliding mode control is discussed in [10, 11], where its fre-
quency domain characterization for a DSTATCOM application it also presented.
Predictive current control using VSC has attracted much attention. Even though
this is not presented in this chapter, this control method can be implemented on
grid feeding converters. Those interested can refer to [12-15].
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VSC Applications in Custom Power

In this chapter, various techniques are presented which can be employed for con-
trolling the output voltage or current of a voltage source converter (VSC) for power
quality improvement in power distribution systems. The main aim is to control
the switching functions of the VSC in such a way that a desired output is attained.
One of the main applications of closed-loop converter control is in custom
power, through which utilities can supply value-added power to customers [1].
The custom power technology uses power converters to alleviate various power
quality-related issues, such as harmonics, voltage or load unbalance, poor power
factor, etc. [2].
There are several custom power devices, such as:

e solid state current limiter (SSCL)

o solid state circuit breaker (SSCB)

o solid state transfer switch (SSTS)

o distribution static compensator (DSTATCOM)
o dynamic voltage restorer (DVR)

o unified power quality conditioner (UPQC).

Of these, the first three are network reconfiguring types, which can limit current
during faults or can transfer loads from one feeder to the other. The last three are
network compensating devices as they can compensate various power quality
problems.

All the network compensating custom power devices are realized by VSCs, along
with their output passive filters. DSTATCOM is connected in shunt at the point of
common coupling (PCC) of the load and the feeder. The DVR is a series connected
device that is usually connected at the load terminals such that it can tightly main-
tain the required load bus voltage in the face of voltage sag or swell in the upstream
network. A UPQC has a shunt VSC and a series VSC that are connected together
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through a DC bus capacitor. In this chapter, the control of a DSTATCOM is dis-
cussed in detail. For DVR or UPQC control, refer to [2].

A DSTATCOM can be controlled in both voltage and current control modes. In
the voltage control mode, the DSTATCOM can tightly regulate the PCC voltage
such that it is balanced and sinusoidal, irrespective of unbalance and/or distortion
in the load currents such that the upstream voltage and current are balanced sinus-
oidally. In the current control mode, the DSTATCOM can work as an active filter
where it cancels out the load current harmonics, thereby preventing them from
flowing into the upstream network. A significantly better option is complete load
compensation in which the DSTATCOM can inject currents that can simultane-
ously perform power factor correction, harmonic filtering, and load balancing.
These aspects are also discussed in this chapter.

9.1 DSTATCOM in Voltage Control Mode

A DSTATCOM is a versatile device that can be used in both voltage and current
control modes. In this section, the voltage control application of DSTATCOM is
discussed. Let us begin our discussion with an example.

Example 9.1 Consider the radial distribution system shown in Figure 9.1, where
the source supplies two loads through two feeders. Of the two loads, Load Z, con-
tains an unbalanced RL circuit and a diode rectifier load, while Load Z; is a bal-
anced RL load. The system parameters are given in Table 9.1. The load currents are
shown in Figure 9.2. Load Z, currents are unbalanced and distorted, causing Load
Z, currents to be unbalanced and distorted as well.

This example shows that, when a distribution bus voltage is distorted, it affects
the rest of the network. A DSTATCOM that is working in voltage control mode will
be used to alleviate this problem. The possible DSTATCOM structures that are
used in voltage control mode are shown in Figures 9.3-9.5. All of them have a
DC storage capacitor Cy. supplying the DC bus. Furthermore, all of them have out-
put LC filters. The voltages (Vq, Vep, and v..) across the filter capacitors (C) are to be
controlled. Figure 9.3 shows a three-leg VSC, while Figure 9.4 shows a VSC that
has been constructed through three H-bridges and three single-phase transfor-
mers. In these, the capacitors are connected together at point N, which needs to
be connected with the load neutral, so that the zero-sequence current circulates
in this path. Figure 9.5 shows a four-leg VSC, where the fourth leg is used to cancel
the zero-sequence current.

Now consider the same system as in Figure 9.1 that is redrawn with a DSTAT-
COM, as shown in Figure 9.6. Here the DSTATCOM is connected to the point of
common coupling (PCC) of Load Z, and Feeder-2. If the DSTATCOM maintains
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=09
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Figure 9.1 Single-line diagram of a radial system supplying two loads.

Table 9.1 Parameters of the system of Figure 9.1.

Components Parameters

Source Voltage: 11 kV (L-L) rms, angle 0°
Frequency: 50 Hz

Feeders Feeder-1: 0.4033 + j4.0527 Q
Feeder-2: 0.2017 +j2.042 Q

Load Z; Balanced: Z; = 121.0 +j39.77 Q

Load Z, Unbalanced RL:

Zoe = 121.0+39.77 Q
Zyp = 91.0 +j31.42 Q
Zoe = 221.0471.19 Q

Diode rectifier with R = 100 Q and L = 100 mH

the voltage at the PCC (v.) as a balanced sinusoid, then the current flowing
through the upstream Feeder-1 and Feeder-2 will be balanced. Consequently,
the Load Z; bus voltage will also be balanced, and an undistorted balanced current
will be drawn by this load. The question here is how to make the PCC voltage
balanced.

The first step in this process is to choose a set of reference voltages for the PCC.
Let us set the references as

Vi, = |Vilsin (ot + &)
Vi = |Vim|sin (ot + 6 —120°) (9.1)
Vi, = |V sin (ot + 6 + 120°)
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Figure 9.2 The loads currents in Example 9.1.
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Figure 9.3 Three-leg DSTATCOM structure.

where |V,,| is a prespecified voltage magnitude. In any VSC, the DC link voltage
should roughly be around 1.5 times the line-to-line AC voltage to be synthesized.
Once the DC capacitor is charged, the DC link voltage will remain constant if no
power is drawn from it. However, a VSC will have its switching and other losses
(such as those due to quality factor of inductor or transformer core losses, etc.).
This implies that, to hold the DC voltage constant, the converter losses must be
supplied by the grid. Failing this, the DC capacitor will get discharged and its volt-

age will continue to fall.
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Figure 9.4 DSTATCOM structure with four H-bridges.
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Figure 9.5 Four-leg DSTATCOM structure.

It is well known that the power flow over a line connecting two AC sources
mainly depends on the angle difference between the sources. Therefore, taking
the source voltage angle as the reference, the angle & in (9.1) should be so adjusted
that the sum total of the power required by Load Z, and converter losses should
flow from the source to the PCC. Once the required amount of power flows to the
PCC, the DC capacitor voltage will remain constant. Therefore, the angle & is
adjusted to hold the DC capacitor voltage constant through the following propor-
tional plus integral (PI) controller.
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Figure 9.6 The distribution system of Figure 9.1 compensated by a DSTATCOM.

5= Ko(Vie = (Vaclt) + K1 | (Vie= (Vaclt)) o 92

where V7, is the DC voltage reference, (V4 (t)) is the average of the DC voltage Ve,
and Kp and K; are the PI gains. The VSC of the DSTATCOM will then track the
voltage to balance the PCC voltage [3]. Any of the controllers discussed in
Chapter 8 will be able to perform this task. However, in this section, other types
of control algorithms are also discussed.

9.1.1 Discrete-time PWM State Feedback Control

The feedback control system will be designed assuming that all the phases can be
treated separately, and identical controllers can be designed, one for each phase. In
the discrete-time control system, (8.3), given in Chapter 8, is discretized to obtain
the following state space equation for phase-a

Xq(k + 1) = Fx4(k) + Gugg (k) (9.3)
where the state vector is X, = [V, i14]". For a sampling frequency of T, the
matrices F and G are given by

T

F=eT, G= JeATdT B

0

The control law is then given as
Uca (k) = K [Xyefa (k) — X4 (k)] (9.4)

S ]" is the reference vector.
It is mentioned in Chapter 8 that the reference of the current i, is unknown.

where K is the feedback gain matrix and X,,; = [V}
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Figure 9.7 Firing pulse generation for discrete-time control.

Thus, the highpass filter (HPF) as shown in Figure 8.5b, can be used to remove the
low-frequency components of i,,. Alternately, the observer-based method shown
in Figure 8.9 can also be used.

The switching scheme for phase-a is shown in Figure 9.7 for the VSC of
Figure 9.3. The control output u. is sampled twice in each cycle, one at the negative
peak of the carrier waveform and the other at the positive peak. Assuming an
impulse modulated sampling, the output of the sampler is held by a zero-order
hold (ZOH) circuit to obtain u. This is then compared with a triangular carrier
waveform (v,;). The switching signals are generated from the comparison of the
carrier waveform and the sampled output as

if u (k) > vyithen u = +1,i.e. switch S; ison and S, is off

(9.5)

elseif u’, (k) < vy then u = —1,i.e. switch S, ison and S; is off

A similar algorithm is also employed to control phase-b through switches S; and Sg
and to control phase-c through switches Ss and S,.

Example 9.2 This is a continuation of Example 9.1, where the DSTATCOM is
connected to the PCC of the system, as in Figure 9.6. The following DSTATCOM
parameters are chosen

R, =1Q,L; = 3.3mH, C = 50pF, and Cy4. = 5000 uF

[Viu| = 9.0kV, @ = 100z rad/s (i.e.50 Hz)

Vi =16kV,Kp = —0.05andK; = —0.1
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Figure 9.8 The DC voltage, load angle, and PCC powers in Example 9.2 when the
DSTATCOM is connected.

Note that the negative signs in the PI gains indicates that the PCC voltage should
lag the source voltage to facilitate power flow from the source to the PCC.
A discrete-time LQR is designed for the system using the principle mentioned
in this section, The carrier wave frequency is chosen as 15kHz, and therefore
the sampling frequency (1/7) is 30 kHz.

The results are shown in Figures 9.8 and 9.9. From Figure 9.8, it can be seen that
the DC voltage (V) settles to 16 kV and the load angle (5) settles to —10.5° in about
0.6 seconds. The steady state power entering and leaving the PCC is shown in
Figure 9.8c. While the power entering the PCC (Ppcc) is about 2.972 MW, the
power supplied to the load Py, is about 2.955 MW. This means that DSTATCOM
losses are about 17 kW. Figure 9.9 shows the PCC voltages and Load Z; currents. It
can be seen that both are balanced and free of harmonics.

9.1.2 Discrete-time Output Feedback PWM Control

The state feedback control needs the references for both the states, which is not
readily available. That is why the low-frequency components of the inductor cur-
rent are eliminated from the feedback such that its high-frequency components
can be equated to zero or an observer needs to be designed to estimate this current.
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Figure 9.9 PCC voltages and load Z; currents in Example 9.9 when the DSTATCOM is
connected.

In an output feedback control, only the reference for the capacitor voltage is
required. Therefore, discrete-time output feedback control will be designed in this
section for the DSTATCOM. Examples 9.3 and 9.4 discuss two examples of the
DSTATCOM implementation for the same system of Example 9.2.

Example 9.3 (MV Control)

The application of minimum variance control for the DSTATCOM is illustrated in
this example. Assuming the system output for phase-a is v, the discrete-time state
space equation of (9.3) is converted into the following transfer function

Y, (Z)
Uca (Z)

=[1 0]sI-F)"'G

where y, = v... Then the above equation is converted into input—-output form as
y(k) + a1y(k—1) + axy(k —2) = bou(k —1) + bju(k—2)

The frequency of the triangular carrier waveform is chosen as 10 kHz, such that
the sampling frequency is 20 kHz. With this sampling frequency and the para-
meters of Example 9.2, the polynomial coefficients are

= —1.9699,a, = 0.985,by = 7.5281 X 10~ 3,and b; = 7.4902 X 103
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Figure 9.10 DC capacitor voltage and PCC voltage angle and PCC voltages with the MV
control of Example 9.3.

The MV control law is then given by
1
u(k) = ok +1) + awy(k) + axy(k —1) = biu(k —1)]
0

The control output is then compared with a triangular carrier waveform to obtain
the firing signals, as shown in Figure 9.7.

The system response with the MV controller is shown in Figure 9.10, where the
DC capacitor voltage and its angle and the PCC voltages are also shown. The sys-
tem response in this case is almost similar to that of Example 9.2, except that the
PCC voltage waveforms with a state feedback controller are smoother.

Example 9.4 PS Control

In Example 9.3, the open loop zero is at —0.995, i.e. almost at the edge of the sta-
bility boundary that can cause instability in MV controllers. Instead, a pole-shift
controller is designed in this example. For the input-output difference equation
given in Example 9.3, the following controller polynomials are defined

S(z™') =50+ 5127

Riz7™')=1+4+nrz!
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Figure 9.11 DC capacitor voltage and PCC voltage angle and PCC voltages with the PS
control of Example 9.4.

The coefficients of these polynomials are then synthesized from

1 b() 0 ry a; (/1 - 1)
a b1 b() So| = | (lz - 1)
a 0 b] S1 0

For a sampling frequency of 20 kHz and with 4 = 0.25, the controller polynomials
are given by

S(z™') =11587-79.58z"",R(z~') =1 + 0.605z "

The system response with the PS controller is shown in Figure 9.11. It can be seen
that the response is very similar to that with the MV controller.

9.1.3 Voltage Control Using Four-leg Converter

This converter structure is shown in Figure 9.5, in which the center point fourth leg
is connected to the load neutral through a resistor and an inductor. One of the main
aspects of the PCC voltage balancing is the cancelation of the zero-sequence current.
Thus, the current through the neutral iy is used to cancel the zero-sequence com-
ponents of the load by controlling the switches S; and Sg_ Therefore, the reference
current for the fourth leg is the negative sum of the three load currents, i.e.

*

iN = — (iLa + iLb + iLc) (96)
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The switches S; and Sg are then controlled using hysteretic current control
given by

If iy > iy + h then S;isoff and Sg is on

elseif iy < iy —h then S;isonand Ss is off

Example 9.5 For this example, a continuous-time state feedback control is
designed. For the DSTATCOM parameters given in Example 9.2, the LQR gain
matrix is computed following the procedure presented in Chapter 8. With

15
Q= { 1], r = 0.1, the gain matrix is found to be K = [11.29 36.63]. Note

that Load Z, contains an unbalanced RL load and a diode rectifier load which does
not produce a zero-sequence current. Therefore, the fourth leg is connected to the
neutral of the unbalanced RL load. The output L-filter parameters of the fourth
leg are

Ry =0.1Q and Ly = 1.0mH

The results are shown in Figures 9.12 and 9.13. The DC capacitor voltage, load
angle, and PCC voltage responses are similar to those shown in Example 9.2.
The neutral current reference is shown in Figure 9.13a and the actual neutral cur-
rent is shown in Figure 9.13b. They are almost identical, as evident from the track-
ing error of Figure 9.13c.

DC Capacitor Voltage (V) (kV)
20 T T T T T T T

1 1 |
0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2
PCC Voltage angle (5) (deg)
T T T

—40 - J

0 0.2 0.4 0.6 1. 6 2
10 PCC Voltages (kV) —Phase a——Phase- b Phase-c
—-10 1 1
0.1 0.1 0.12 014 015 016 017 0.2
Time (s)

Figure 9.12 The DC voltage, load angle, and PCC voltage with a four-leg DSTATCOM.
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Figure 9.13 Neutral reference and actual current and current tracking error with a four-leg
DSTATCOM.

9.1.4 The Effect of System Frequency

Consider Figure 9.14 in which the two sources are connected through an induc-
tance. Assume that the sending end has a frequency of w; and the receiving
end operates at the synchronous frequency of w. The sending and receiving end
voltages are denoted by

Vsq = Vi sin (ot + Awt)
Vsp = Vi sin (ot + Awt —120°)
Vse = Vi sin (ot + Awt + 120°)

VRq = Vi sin (wt)
Vb = Vi sin (wt — 120°)
Vge = Vi sin (ot + 120°)

where w; = w + Aw. Note that if Aw = 0 then the power transfer between the
sending and receiving end will be zero, as there is no angle difference between
the voltages.

Aligning the dq reference with the synchronous reference frame, i.e. 0 = wt, we
use (2.37) to get

VRd | Vin
qu B 0
Again using (2.37), the sending end d-axis and g-axis voltages are given by
sin (6 + Awt)
sin (0 + Awt —120°)
sin (0 + Awt + 120°)
(9.7)

sin (0 —120°)
cos (6 —120°)

sin (6 + 120°)

{Vsd:| _ 2V [ sin ()
vsg] 3 cos (6 + 120°)

cos (9)

353



354| 9 VSC Applications in Custom Power

Vsa L VRa Figure 9.14 Two sources connected
A\ + WL+ A through an inductance.
= M

L

( >+ (I < )va

Vsb % e 1 r\J

L

A A e
O ="
Sending Receiving
End End

Now using the identities

cos (a—b) — cos(a + b)
2 b

sin (a + b) + sin(a—b)
2

sin (a) sin (b) =

sin (a) cos (b) =

the terms in (9.7) are calculated as

Vsg = Vi cos (Awt)

. (9.8)
Vsg = Vmsin (Awt)
Using the similar approach in which (2.46) of Chapter 2 is derived
d 0 w V. [ cos(Awt) —1
— (igg) = lgg + — 9.9
dt (iag) [ - 0 } fda T 7 [ sin (Awt) } (5:9)

The state transition matrix for the state equation of (9.9) is

o) = £ s —w]7! _ o 1 )
® s E+0?) | _y s

[ cos (wt)  sin (wt) }

— sin (wt) cos(wt)

Therefore, the solution of (9.9), assuming that the initial conditions of the currents
are zero, is

VmH cos (w(t—7))  sin (af

. _'m t—
e = )| = sin (@(t=7)) cos (w(i-

r)ﬂ [ cos (Awr) —1

7) sin (Awr) }dr (9.10)
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Now
cos(w(t—7)) sin(w(t—7)) ][ cos(Awr)—1
{ —sin (w(t—7)) cos (w(t—r))} { sin (Awr) ]
{ —cos (w(t—r))}
+
sin (w(t —7))
[ —cos (w(t—r))]
+

sin (w(t —17))

{ cos (ot —wt — Awr)

—sin (wt — w7 — Awr)

{ cos (wt — w1 7)

—sin (ot — w17)

Substitution of the above equation in (9.11) results in

t t
UR | I EE | I
0 0
The first integral of (9.11) is evaluated as
[ cos (wt —wi7) v, | sin(—ot+ar) !
6[[ —sin (wt — w1 7) } dr= oL | _cos (—wt + wr7) } 0 (9.12)

1 sin (Awt)
- w_l{ [ —cos (Awr)

sin (wt)
—cos (wt)
The solution of the second integral of (9.11) is

iy o=l it =2l ]

(9.13)

Let us assume that Aw is small and therefore X = wL ~ w;L. Then the substitution
of (9.12) and (9.13) in (9.11) results in

. Vm{ sin (Awt) ]_[ sin (wt) } +[ sin (wt) ]}
“T X —cos (Awr) —cos (wt) 1— cos (wt)

. (9.14)
V., sin (Awt)
X | —cos (Awt) +1
Power delivered at the receiving end is
3, . . V2, .
P= > (VRaid — Vrqiq) = 5 sin (Awt) (9.15)
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Example 9.6 Consider the system of Figure 9.14, where V,,, = 11 kV (L-L),
Aw = 0.2 Hz, and L = 77 mH. When both the source and receiving end voltages
operate at 50 Hz, the lineimpedance is L =77 X 1073 X 1007 = 24.19 Q. Therefore, the
maximum power that can be transferred over the lineis 3 X (V,/ \/5) 2 /X = 5MW.
Figure 9.15 plots the receiving end power for two values of the sending fre-
quency: 49.8 and 50.2 Hz. The power oscillates at 0.2 Hz in both these cases with
peaks of 5 MW. However, the direction of power flow at the beginning is nega-
tive when Aw is negative, while it is positive when Aw is positive.

The consequence of the frequency mismatch for the four-leg DSTATCOM of
Example 9.5 is shown in Figure 9.16 for two different values of the frequency.
Figure 9.16a shows the DC voltage when the source frequency is 49.8 Hz. In this
case, the power will flow from the receiving end to the sending at the beginning,
and, as a result, the DC capacitor will start feeding power toward the source. Con-
sequently, the capacitor voltage will start collapsing and the PCC voltage angle will
diverge rapidly, as evident from Figures 9.16a,c respectively. This will cause track-
ing failure in the VSC, resulting in a system collapse. The opposite is true when the
frequency is 50.2 Hz. A sudden rush of power from the sending end will cause the
capacitor voltage to rise, as shown in Figure 9.16b, and the angle to run away, as
shown in Figure 9.16d.

The protection circuit will prevent capacitor overvoltage and therefore the
DSTATCOM will be taken off the system.

Receiving End Power (MW) for Source Voltage Frequency of 49.8 Hz

N

Receiving End Power (MW) for Source Voltage Frequency of 50.2 Hz

(NN

0 1 10
T|me (s)

o

Figure 9.15 Power received at the receiving end for two different values of frequency.
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(a) DC Capacitor Voltage for 49.8 Hz (b) DC Capacitor Voltage for 50.2 Hz
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Figure 9.16 DC bus voltage and PCC voltage angle during frequency mismatch. (a) DC
Capacitor Voltage for 49.8 Hz, (b) DC Capacitor Voltage for 50.2 Hz, (c) PCC Voltage Angle (5)
for 49.8 Hz, (d) PCC Voltage Angle (6) for 50.2 Hz.

Example 9.7 We shall now use the frequency estimation algorithm discussed in
Chapter 2 to estimate the system frequency. The system has been operating at
the steady state at the beginning at 50 Hz, when the source frequency changes to
50.2 Hz at 1 seconds. The system response is shown in Figure 9.17. The estimated
frequency is shown in Figure 9.17a, where the change in frequency is tracked within
about 0.15 seconds. Consequently, the DC capacitor voltage settles to 16 kV after the
initial transient following the frequency change, as shown in Figure 9.17b. The PCC
voltage angle is shown in Figure 9.17c.

9.1.5 Power Factor Correction

The PCC reference voltage, given in (9.1), is assumed to have a fixed magnitude.
This may cause, depending on the situation, the DSTATCOM to draw unnecessary
excess reactive power from the source or even feed reactive power toward the
upstream network. Let us assume that two voltage sources are connected through
an impedance. The sending end voltage is given by Vg = |Vl £ 0°, the receiving end
voltage is denoted by Vi = |Vpl 2 — §, while the impedance connecting them is
given by R + jX. Therefore, the current I flowing between the sources is

_|VI=IVe|/=5
T R4jX

I (9.16)
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Figure 9.17 DSTATCOM performance with frequency estimation algorithm.

Therefore, the complex power injected to the receiving end (PCC) from the
source is

Pr+jQg = ([Vp|/—08) X I" (9.17)

Expanding (9.17), the real and reactive power injected at the receiving end are
given by

1

. 2
P, = e [[VI|Vp|RcosS + |V||Vp|X sins— |Vp|°R] (9.18)
1 . 2
= ——— ||V||Vp|X cos§— |V||Vp|Rsind— |Vp|"X 9.19
Q= oy 52 VIVl VIVl [VeX] (9.19)

Assume that a DSTATCOM is connected at the receiving end (PCC) and Thévenin
impedance of the upstream network is represented by R + jX. When the DSTATCOM
operates in the voltage control mode, it adjusts the angle 6 to draw power from the
source in such a way that the load and the converter losses can be supplied from the
source. However, it is evident from (9.19) that the reactive power injected at the PCC
Qg cannot be made equal to zero by only controlling §. Moreover, from (9.18), it is
evident that the real power injection P will depend on both |Vl and 6, given that
IVl and R + jX are constant. Therefore, the reactive power control can be achieved
without sacrificing real power control. It is desired that the DSTATCOM operates
in such a way that the reactive power injected at the PCC is zero. From (9.19), it
can be seen that Qr = 0 when
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R .
p| = cosd — — sin .
IVl |V|[ -5 5} (9.20)

Therefore, the reactive power can be forced to zero by controlling the PCC voltage
magnitude |Vpl.

To control the PCC voltage magnitude, a PI controller is employed, which is of
the form

eqQ = 0—Qpcc

|Vm| = |V:<n’ +KPEQ +K[J€th (921)
where Qpcc is the measured reactive power entering the PCC, |V,,| is the voltage
magnitude used in (9.1) and ‘V:‘n ‘ is the reference voltage. Example 9.5 will now be
repeated with the reactive power control. The four-leg DSTATCOM is used here as
well, where ]an is chosen as 9 kV, peak phase voltage for L-L voltage of 11 kV.
The PI gains are Kp = — 0.05 and K; = — 1. The results are shown in Figures 9.18
and 9.19. Figure 9.18 shows the DC capacitor voltage and the PCC voltage angle. It
can be seen that they are the same as those shown in Figure 9.12. Figure 9.19 shows
the controlled PCC voltage magnitude and the reactive power injected to the PCC
from the source. The reactive power becomes zero after 3.5 seconds and the result-
ant PCC voltage magnitude becomes 8.61 kV, indicating a voltage drop of 4.33%,
which is within the acceptable range.

DC Capacitor Voltage (V) (kV)
20 T T T T T T

0 1 1 I I 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5

PCC Voltage Angle (5) (deg)
T T T

1
0 0.5 1 15 2 25 3 3.5 4 45 5
Time (s)

Figure 9.18 The DC voltage and load angle with the power factor correcting four-leg
DSTATCOM.
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PCC Voltage Magnitude (IV,,1) (kV)
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8.8
8.6 | | ;_77‘77\—*‘ — 4 I L
' 0.5 1 15 2 25 3 35 4 4.5 5
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—200
-300 - =
—-400
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Figure 9.19 The PCC voltage magnitude and injected reactive power with the power factor
correcting four-leg DSTATCOM.

9.2 Load Compensation

A load can have a poor power factor; this will result in more than the required
current drawn from the upstream feeder. The load might contain harmonics and
unbalance, which might propagate in the rest of the network, as we can see in
Example 9.1. A DSTATCOM, working in voltage control mode, will be able to
eliminate the harmonics and unbalance. As is demonstrated in Section 9.1.5,
it can also correct the power factor. There is, however, a class of current control
application in which a perfect load compensation is achieved when the load
draws a unity power factor, balanced, pure sinusoidal current from the PCC
bus. Before we discuss the operation of DSTATCOM in current control mode,
the classical load compensation technique that was proposed by Charles
Steinmetz [4] is presented.

9.2.1 Classical Load Compensation Technique

This theory was proposed by the genius mathematician and electrical engineer
Charles P. Steinmetz (1865-1923). However, this method is valid only for
A-connected loads, i.e. it cannot compensate for the zero-sequence load current.
Consider the A-connected load shown in Figure 9.20a, in which the loads are
denoted by Zrup, Zrpe, and Zr.,, and they are connected between the phases
a, b, and c.
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Ziap

ZL/JC

Biap
ZLab
Bfabz‘

Zrbe

Figure 9.20 Classical load compensator: (a) uncompensated and (b) compensated network.

The load admittances are defined as

1 .
Yiw = 7 = Grap + jBrgp
Lab
1 .
Yibe = Zz - = Grbe + JjBprpe (9.22)
Lbc
1 .
Yiea = Z— = Grea +JBLca
Lca

It is possible to have a pure reactive compensation in which three susceptances are
connected, each one in parallel with a load in the A-connection. This is shown in
Figure 9.20b. These susceptances are given by [4]

Grea—G

Bfab - _ BLab + Lca\/§ Lbc
Grap — G

Bﬂ)c — _BLbc + Lab\/§ Lea (9.23)
GLbc - GLab

By = —Brea + T

The remarkable property of this connection is that the line currents will be
balanced and will have a unity power factor. Let us consider Example 9.8.

361



362 | 9 VSC Applications in Custom Power

Example 9.8 Assume that the network of Figure 9.20a has the following
parameters

Vap = 11/30°kV, Ve = 11/—90° kV, and V,, = 11/150° kV
Z1ap = 100 + j100 Q, Z1p. = 200 + j200 Q, and Z;, = 50 + j100 Q

Note that the phase voltages will then have magnitudes of 6.35 kV, and the phase-a
voltage will have an angle of 0°, i.e. V, = 6.35 20° kV. The L-L currents are

11/30°
Iy = =75.13—j20.13 A
ZLab
11/—90°
Ipe= ——— = —27.5—j275A
ZLbc
11/150° .
Ig = =5.89 +j98.21 A
ZLca

The real power supplied to the load is
Sy = Re (VI + Vel + Veally) = 1.3915 MW

The load reactances are

Yia = = Grap + jBr4, = 0.005 —j0.005 ¢5

Z1ab

1
Yibe = —— = Gupe +Bype = 0.0025-j0.002575
Lbe

1
Yiea = Z— = Glca +jGLca = 0.004 —j0.008 t5
Lca

Then the compensator susceptances calculated from (9.23) are

Grea—G
Bjp = — Bpgp + —22_ 7t 5 Lbe — 0.0059 %5
Grap— G
Bjpe = — Brpe + % =0.0031 ¢
Grpe — G
TLbe — 7Lab — 0.0066 ¢

Bia = —Brea +
fea Lca \/§

Therefore, the compensated admittances are
Yeab = Yrap + jBgy = 0.005 + j0.0009 t5
Yepe = Yibe + jBppe = 0.025 + j0.0006 ¢5
Yeca = Yicea + jBpg = 0.004 —j0.0014 75
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Once the compensator is placed, the L-L currents will change. These are given by
Iop = VapYeap = 42.67 + j35.75A
Ipe = VpeYipe = 6.35—j27.5A
Ia = VeaYea = —30.17 + j35.75 A
From the L-L currents, the line currents are computed as
Iy =1 —1.0 =73.0348 A
Iy = Ipe— I = — 36.5174 —j63.25 = 73.0348/— 120° A
Io = Iq —Ipe = —36.5174 + j63.25 = 73.0348/120 A

It is obvious that the line currents are in phase with phase voltages, indicating
unity power factor operation. The power supplied to the compensated load is

P = |Vilo| + [ViIy| + |VeI.| = 1.3915 MW

This is the same as in the case of the uncompensated load since the compensators
are pure susceptances and therefore do not consume any power.

This is a remarkable technique. However, the main drawback here is that it
requires the accurate measurements of the load and can only be applied to
A-connected loads. Since the load can change any time, the application of this
technique is restrictive.

9.2.2 Load Compensation Using VSC

Consider the three-phase distribution system shown in Figure 9.21, which con-
tains a DSTATCOM that is used as a current compensator. In this, the voltage
source Vg supplies a load that may be unbalanced and nonlinear. The load current
drawn is denoted by i;. In the absence of the DSTATCOM, the load and source
currents will be the same, i.e.

sk =ik, k=a,b,c (9.24)
However, when the DSTATCOM is placed in the circuit, the KCL at PCC gives
Ige +ig = ik = i = ik —isk, k=a,b,c (9.25)
Let the load currents contain a fundamental and a harmonic component,
given by
ik = ik + ik, kK =a,b,c (9.26)

where the subscripts fand h denote the fundamental and harmonic components
respectively. The DSTATCOM should operate in such a way that it supplies the
harmonic components of the load currents, i.e.

ifk =i, k=a,b,c (9.27)
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Figure 9.21 Schematic diagram of a load compensator circuit using a DSTATCOM.

Then the source currents will become
iSk = ikaa k =aq, b’ c (928)

This means that the source will supply only the fundamental components of the
load currents. This procedure is called active filtering and the compensator here
ensures that no harmonic current flows in the upstream network.

The active filtering method eliminates the harmonic current, but it does not guar-
antee that the power factor correction or load balancing. For example, in (9.28), if the
fundamentals of load currents have unequal magnitude, the source currents will
also have unequal magnitudes. Also, the power factor will be dominated by the
fundamental load currents. Therefore, an alternate formulation for achieving power
factor correction, load balancing, and harmonic filtering together is required. It is
required that the compensating currents need to fulfill the following three objectives:

o To force the zero-sequence components of the source currents to zero.

o To make the source currents in phase with the source voltages.

e The DSTATCOM should neither supply nor absorb any real power. This implies
that the source supplies the total real power requirement of the load.

To satisfy these three objectives, we get the following three equations

isq + isp + ise = 0 (9.29)
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Mg = Vg, k=a,b,c (9.30)

Vsqlsa + Vsbisp + Vsclse = Prav (931)
Equation (9.29) stipulates that the instantaneous sum of the source current is zero
and therefore the source currents will not contain any zero-sequence current.
Equation (9.30) ensures a unity power factor operation. Now, if the source currents
get balanced due to the DSTATCOM action, the power supplied to the load vygis, +
Vspisp + Vsclse Will be a DC quantity and will be equal to the average of the real power
(Prqy) drawn by the load, as given in (9.31). The compensator currents are then
given by [5]

i;a = iy — Vgq X PLav/A

if*b =i —Vsp X PLav/A (9.32)

i;c = e — Vge X PLav/A

where
2 2 2
A=v, +vy +vg,

Since the DSTATCOM is supplied by a DC capacitor, as mentioned in Section 9.1,
the capacitor voltage will be discharged unless the converter losses are replenished
by drawing power from the source. Therefore, a PI controller of the same form as
(9.2) will be used to draw power from the source. This is given by

Pios = Kp (Vi — (Vael0)) + K1 J(V;c ~(Valt)) dt (9.33)

Consequently, (9.32) is modified as

i;a = ig —Vsg X (PLav + Ploss)/A
l;b = ilb —Vgp X (PLav + Ploss)/A (934)
i;c = lje — Vge X (PLav + Ploss)/A

Example 9.9 The network of Figure 9.21 has the following parameters

o Vy=11KkV, frequency = 50Hz, L, = 19.3 mH, R, = 0.1 Q

e Unbalanced load: Z;, = 24.2 +j60.5 Q, Z;, = 12.2+j31.4 Q, and Z; - = 48.2 +
j94.2 Q

o Nonlinear load: Diode bridge rectifier supplying 100 Q load

e DC capacitor: Cg. = 1000 pF, V3. =12 kV, Kp =1, and K; = 10

Any of the DSTATCOM configurations presented in Section 9.1 can be used.
The only aspect that needs to be considered is that its neutral point N must be
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connected to the load neutral n. The DSTATCOM in this example is operated
under a hysteretic current control.

The results are shown in Figures 9.22 and 9.23. Figure 9.22a shows the load
currents, which are unbalanced and harmonically contaminated. Figure 9.22b
shows the compensated line currents, which are balanced and are almost free of
harmonics. However, some notches are visible in the source currents. These
notches are caused when the currents in each phase of the diode rectifier
commutates. There are sharp, almost discontinuous, changes in the load cur-
rents at these points. Due to the presence of the inductance L;, the DSTATCOM
cannot make its output current change rapidly enough to counter and
smoothen the notches. Figure 9.22c shows the phase-a of the source voltage
and source current, which are in phase, indicating a unity power factor
operation. The DC capacitor voltage, shown in Figure 9.23a, has a steady state
value of 12kV, as per the reference voltage chosen. The average load power
and the power loss are shown in Figure 9.23b, where the power loss is almost
negligible.

(a)
Load Currents A —i g —ij i
500 T T ( ) T T = T = =
_500 1 Il 1
0.1 014 0.17 0.18 0.19 0.2
(b)
Source Currents —sa f'sb Iso
400|
200 =
-200
—400
0.1 0. 1 012 013 014 015 016 017 018 019 0.2
()
Phase-a Source Voltage (V) Source Currents (A) —Vsa —Isa
1000 T T T T T T T
0 o - _ ! —7
_1000 1 1 1 1 1 1 1 1 1
0 0.1 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2
Time (s)

Figure 9.22 (a) Load currents, (b) load currents, and (c) source voltage and currents in
Example 9.9.
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Figure 9.23 (a) Average DC capacitor voltage and (b) average load power and power loss in
Example 9.9.

9.3 Other Custom Power Devices

There are two more types of compensating custom power devices. One of them is
called a dynamic voltage restorer (DVR). This is essentially a VSC that is connected
in series to a distribution feeder, as shown in Figure 9.24. The main idea is to
protect a sensitive or critical load from voltage disturbance in the upstream feeder.
As shown in the figure, if a voltage sag occurs at the substation end, the DVR
inserts the amount of voltage needed such that the voltage supplied to the sensitive
load remains balanced and sinusoidal.

The DVR structure, shown in Figure 9.25, is a VSC, with its associated trans-
former (with leakage inductance Ly) and a filter capacitor Cy. It injects a voltage
vg such that the sensitive load voltage v;; = vp + vy remains balanced and sinus-
oidal. In the network of Figure 9.25, it is assumed that the load current i, is unbal-
anced, as shown in Figure 9.26a. This causes the PCC voltage vp to become
unbalanced as well (see Figure 9.26b). However, due to the DVR action, the critical
load bus voltage v;; remains balanced and sinusoidal, as can be seen from
Figure 9.26c. With the system operating in the steady state, a voltage sag takes
place at 0.05 seconds, and lasts till 0.125 seconds. Due to the action of the DVR,
the voltage vy, across the sensitive load remains balanced and supplies the load
with a specified voltage magnitude of 9 kV (peak).
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Figure 9.24 A DVR protecting a sensitive load.
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Figure 9.25 Schematic diagram of a distribution system where a DVR protecting a sensitive
load from a polluting load and voltage sag/swell.

One more custom power device that has attracted some attention is the unified
power quality conditioner (UPQC), the schematic diagram of which is shown in
Figure 9.27. The UPQC contains a converter connected in shunt with the feeder
and another converter that is connected in series with the feeder. These two
converters are connected together by a DC capacitor C,. on the DC side. The series
converter injects the voltage v, in series to protect a sensitive load, while the shunt
converter injects current ir for current compensation. Furthermore, the shunt
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Figure 9.26 (a) Polluting load current, (b) PCC voltage, and (c) sensitive load voltage for the
distribution system of Figure 9.25.

Feeder — Vi +

Critical
Load

Figure 9.27 Schematic diagram of a UPQC.

compensator draws the required current from the source to maintain the change
on the capacitor Cy4.. Note that the placement of these converters can also be
reversed (i.e. shunt on the right and series on the left) depending on applications.
These placement arrangements are sometimes referred to as left UPQC or right
UPQC, depending on the relative positions of the shunt and series compensators.
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9.4 Concluding Remarks

In this chapter, we present one of the most important aspects of power electronic
applications to power distribution systems in the form of custom power devices.
With the increasing trend of renewable energy integrations in distribution
systems, the operations of converters, in both voltage and current control modes,
are gaining importance. In Chapter 10, we discuss microgrids, where the converter
control plays a crucial role.

Among the custom power devices, the voltage control operation of the DSTAT-
COM is most important for microgrid operation, from the perspective of grid form-
ing converters. Also, the current control operation is important in terms of grid
feeding converters. These topics are covered in detail in Chapter 10 in the context
of renewable energy integration to power distribution systems.

Problems

9.1 Consider the single-line diagram of a three-phase distribution system shown
in Figure P9.1. The load is assumed to be balanced. A DSTATCOM, operating
in the voltage control mode, is regulating the load bus voltage. The system
parameters are

Vs=11.0kV (L—L),X =18.18 Q,and Z; = 120 +j12Q

Assuming that the phase-a of the source voltage has an angle of 0°, it is
desired that the DSTATCOM holds the phase-a of the load bus voltage
(Vp) to 6.35 2 —5 kV (L-N), while it produces balanced voltage across the
three phases.

(a) Determine the angle 6;.
(b) Determine how much reactive power the DSTATCOM must inject to

the PCC.
iX
-(’m Vi/- S
Hi
+ DSTATCOM Load
Vs Z

Figure P9.1 DSTATCOM compensated distribution system of Problems 9.1 and 9.2.



9.2

9.3

Problems

Consider the single-line diagram of a three-phase distribution system shown
in Figure P9.1 again. In this case the load is assumed to be unbalanced. The
system parameters are as follows
¢ Base voltage: 11kV (L-L, rms)
o Source voltage (Vs): 1.1 per unit
e Feeder reactance (X): 24.2Q
e Unbalanced load impedances (Z;):
e Phase-a: 100 + j61 Q
e Phase-b: 100 +j50 Q
e Phase-c:90 +j25 Q
e DSTATCOM losses: 10 kW
Assuming that the phase-a of the source voltage angle 0°, it is desired that
the DSTATCOM holds the load bus voltage (V1) to 1 £ — § per unit.
(a) Determine 8, and hence
(b) Compute the reactive power (Qs) injected by the source.

Consider the single-line diagram of a wye-connected three-phase system
shown in Figure P9.3, where the relevant system data are also shown. A PV
is connected to all three phases of the load bus and is injecting 600 kW power
at unity power factor. Together, the PV and the utility supply a constant power
load of 6.0 MVA at a lagging power factor of 0.95. The DSTATCOM has to reg-
ulate the load bus voltage in such a way that the reactive power injected from
the utility to the PCC is zero.

(a) Determine the angle ¢ of the load bus voltage.

(b) Determine the magnitude of the load bus voltage.

(c) Determine the reactive power injected by the source.

V,/~5
;50 |
—— (T PCC
KI_‘ 600 kW
+ -~ |
V=11,0°kV L
6 MVA at
1 DSTATCOM 0.9 pf (lagging)

J_ LOAD L

Figure P9.3 DSTATCOM compensated distribution system of Problem 9.3.
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9.4

9.5

Consider the three-phase circuit, the single-line diagram of which is shown
in Figure P9.4. In this circuit, the magnitude of the load bus line-to-neutral
voltage V7 has to be regulated at |Vl £ 0° V by adjusting the series compen-
sator that injects the voltage Vr. The sending end line-to-neutral voltage is
Vs=1VI£6V.

It is stipulated that the series compensator does neither supply nor absorb
any real power from the AC system, i.e. Re (Vplg) = 0. Then determine Vp,
assuming Z; = 20 +j20 Q and Zy= 0.5+ 2 Q.

Z

VF+
AN (T00) ()
&

b
+ Load

Vi

Figure P9.4 Series compensated distribution system of Problem 9.4.

The load in Figure P9.5 is supplied by an 11 kV (L-L), 50 Hz supply. Connect
a parallel delta-connected fixed purely reactive compensator such that the
load gets balanced and draws currents at unity power factor. Calculate the
following:

(a) Power consumed by the load.

(b) Line currents.

lg a
20 Q
oo (T) b
¢ 100 mH

Figure P9.5 Open-delta connection for Problem 9.4.



Notes and References

9.6 Consider the compensator circuit shown in Figure 9.21, where the load is
supplied by a 50 Hz balanced supply, given in per unit as

Vo = V2sinwt, vy =V2sin(wt—120°), v, = V2sin (ot + 120°)

It is assumed that the load is unbalanced and contain fifth and seventh
harmonics. The instantaneous load currents are given in per unit as

irg = 0.21sin (wt—16.5°) + 0.05sin (5wt) + 0.3sin (7wt)
iy = 0.42sin (ot —110.7°) + 0.05sin [5 (wt — 120°)] + 0.3sin [7 (wt — 120°)]
ire = 0.31sin (@t + 118.9°) + 0.05sin [5(wt + 120°)] + 0.3sin [7 (wt + 120°)]

It is assumed that the shunt compensator that does not supply any real
power to the load, such that the entire amount of real power must then
come from the supply. Furthermore, the compensator balances the load,
and the compensated load draws power at unity power factor. Then find
the instantaneous compensator and source currents.

Notes and References

The instantaneous PQ theory, which was first reported in [6] has gained a world-
wide attention, due to the remarkable way in which instantaneous reactive power
is defined. Based on this, reference generation for load compensation is reported in
[7]. This method has been widely used since then for distribution system applica-
tions of shunt active filters, series active filters, and even for transmission system
applications. Various other interpretations of this method are given in [8-11].

The theory of load compensation using instantaneous symmetrical components
is proposed in [5]. In this chapter, we present a gist of this method with its appli-
cation for a distribution system having a stiff source. However, in general, a pol-
luting load can be placed further down a distribution feeder, where the switching
frequency harmonics can pollute the PCC voltage. To avoid this, an LC filter and
its associated feedback controller will be required, as is reported in [12].

The early installations of DVRs are reported in [13, 14] to protect process plants
such as automated rug manufacturing, milk food processing, etc. The DC side of a
DVR can be supported by a battery storage unit [15] or rectifier [16]. The operation
of DVRs that are supported by a DC storage capacitor was first reported in [17],
where it was ensured that the DVR does not supply any real power to maintain
its charge. This technique has also been extended to systems containing unbal-
anced and distorted loads, where the limits of performance are also evaluated
[18]. A comprehensive review of UPQC can be found in [19]. An analysis of the
applications of DSTATCOM is a power distribution system containing several
DERs is presented in [20].
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Microgrids

A microgrid, essentially, is a small power distribution grid where the generations
and loads are placed in closed proximity. The term microgrid was proposed by the
Consortium for Electric Reliability Technology Solutions (CERTS) [1]. There are
several definitions of a microgrid. However, most of them have some common
themes. These are that a microgrid [2]:

Incorporates multiple loads.

¢ Incorporates multiple distributed energy resources (DERS).
o Is able to island from the utility grid.

o Can act as a single controllable entity.

o Can operate nominally in grid-connected mode.

o Has clear boundaries.

Summarizing the above points, a microgrid can be defined as an aggregation of
electrical loads and generation. To the utility, a microgrid is an electrical load that
can be controlled in magnitude. This load can (i) be constant, (ii) increase at night
when the price of electricity is cheaper, (iii) be zero during time of grid system
stress, and (iv) even supply power to the grid when the microgrid generation is
more than its internal load demand.

A thematic diagram of a microgrid is shown in Figure 10.1. A microgrid may
contain distributed generators (DGs), like photovoltaic (PV), wind turbine, micro-
turbine, fuel cell, and diesel (maybe biodiesel) generators. It can also contain
storages like battery energy storage systems (BESS) and flywheels. Together, the
DGs and storages are called DERs. These two terms will be used interchangeably
in the chapter. To control such diverse types of DERs, a microgrid has a central
controller, as shown in Figure 10.2. However, a microgrid may have different hier-
archies of control. This is discussed in Section 10.8.
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10 Microgrids

As can be seen from Figures 10.1 and 10.2, a microgrid is connected with the
utility grid at a point of common coupling (PCC). The utility grid may contain cen-
tral generation and large-scale renewable generators like wind farms or solar
farms. The operation of a microgrid is not influenced by the generators on the util-
ity side. A microgrid can operate in a grid-connected mode or be islanded (also
known as autonomous mode). In the latter mode of operation, the DERs con-
nected to a microgrid will have to cater to all the local loads in the microgrid.
Therefore, a microgrid will also be required to install demand response and load
shedding protocols.

An AC microgrid can contain different types of DERs with various
characteristics:

o Inertial: These have a rotating mass that can store kinetic energy. These include,
for example, diesel or natural gas turbines employing (usually) synchronous
generators. The advantage of these is that they can hold the frequency for a
longer period of time by releasing the stored kinetic energy temporarily. Disad-
vantages include the use of polluting resources and the lack of availability of
fuel, especially in remote areas. These usually have slower response times.

o Noninertial: These usually are interfaced through converters that can change
their outputs almost instantaneously (very fast response time). These include,
for example, batteries, fuel cells, microturbines, and solar photovoltaic cells
(PV). These DERs cannot store rotational energy, and frequency/voltage col-
lapse can result if immediate remedial action is not taken with respect to faults
or load increase.

Additionally, DERs are also classified according to their ability to control their
output powers:

o Dispatchable: The power output of these DERs can be controlled depending on
the load demand. These include diesel or natural gas gen-sets, batteries, fuel
cells, microturbines, etc.

o Nondispatchable: The maximum available power is harnessed in maximum
power point tracking mode in renewable energy sources, such as solar PV
and wind. The power output from these sources is intermittent since the PV out-
put can get affected by a passing cloud or the wind speed can change suddenly.

If a microgrid contains such a mix, the maximum power is obtained from non-
dispatchable sources, while the dispatchable sources supply the rest. The problem
with such a scheme can occur when the power available from the renewable
resources is more than the demand or when it is not sufficient to meet the load
demand. In both cases, storage devices will be required to absorb excess generated
power or to supply a power shortfall.
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Dispatchable DGs, such as diesel generators and microturbines, can be easily
controlled by the associated controllers to follow the desired generation patterns.
However, the nondispatchable sources, which are mainly the renewable DGs such
as wind and solar, cannot be properly controlled due to the fluctuation of their
input power. Intermittency and volatility are the main characteristics of this type
of DG, and these can deteriorate the power quality indices if their penetration level
is high. Usually, these side effects can be avoided by installing a proper capacity of
electric energy storage (ESS) units. The ESS can smooth fluctuations of the output
power of the DGs by absorbing or injecting the appropriate amount of power.
Therefore, the combination of ESS and the nondispatchable DGs can yield dis-
patchable energy sources that, beside other dispatchable DGs, can be employed
to control both the frequency and the voltage in a microgrid.

The discussions in this chapter start with the different operating modes of con-
verters for grid integration of renewable sources - both in microgrids and in power
distribution systems.

10.1 Operating Modes of a Converter

A voltage source converter (VSC) can operate in three different modes: grid form-
ing, grid feeding, and grid supporting. The dynamic operation of a converter
depends on its operating principles [3-4].

o Grid forming: The main objective of this type of converter operation is to regu-
late network voltage and frequency. A converter operates in this mode when
supplying small standalone systems like uninterrupted power supply (UPS) or
islanded microgrids. A grid forming converter works as a controlled voltage
source, with fixed voltage amplitude and frequency. Here, the real power and
the reactive power are not directly controlled, but these are determined by
the interaction of the converter with the network. It is to be noted that since grid
forming converters operate at a fixed frequency, it can operate in parallel with
other converters only when all of them operate at the same frequency.

o Grid feeding: In grid feeding converters, the active and the reactive are directly
controlled, while the voltage magnitude and frequency are determined by the
interaction of the converter with the grid. These converters are used for deliver-
ing power from renewable energy sources to the grid. For example, in a solar PV,
the active power is harnessed by a maximum power point (MPPT), while the
reactive power is usually set as zero. It is important to note that, since these con-
verters are designed to operate in parallel, they cannot operate in isolation.

o Grid supporting: These converters operate like synchronous generators by deli-
vering power to the grid. Here, frequency and voltage magnitude are controlled
by a droop mechanism, thereby imposing a fair power sharing regime.
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Figure 10.3 Grid-connected VSC operation modes: (a) grid forming, (b) grid feeding, and
(c) grid supporting.

These converters can be connected in parallel and can also work in isolation.
As is reported in [3], these converters can either be current-source based or
voltage-source based. Only the voltage-source based converters are discussed
here since they have a direct relation with droop equations.

The schematic diagrams of these three operation modes are shown in
Figure 10.3, where Cy defines the voltage reference generation and C; defines
the current reference generation. In grid forming mode, shown in Figure 10.3a,
the converter output voltage is connected to the AC grid through an output imped-
ance (Z). The converter reference voltage depends on the prespecified voltage
amplitude and frequency. In the grid feeding mode, shown in Figure 10.3b, the
converter behaves like a current source in parallel with a high impedance. In this
method, it delivers specified active and reactive power to the grid. The current
injected should be synchronized with the grid frequency. Finally, in the grid sup-
porting mode of Figure 10.3c, the converter behaves like an ideal voltage source
that is connected to the grid through an impedance. The voltage source reference
depends on active power, reactive power, voltage magnitude, and frequency.
Often, the link impedance is emulated by an internal control loop [3].

10.2 Grid Forming Converters

The feedback control principle of a grid forming converter is discussed in
Chapter 8 (Section 8.2) in the abc-frame. In this section, we design the control
based on the dg-domain. Two different types of control of such converters —
(i) using multiple proportional plus integral (PI) controllers and (ii) using state
feedback control - are discussed. For this, the same system as shown in
Figure 8.4 will be considered.
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10.2.1 PI Control in dg-domain

The VSC for the grid forming converter is assumed to be equipped with and an
output LC filter, as shown in Figure 8.4. It is desired that the VSC should reproduce
a balanced set of reference voltages across the filter capacitors, given by

Vi, = Vsin (ot + @), Vi, = Vysin (ot + ¢ —120°),
Vi, = Vi sin (ot + ¢ + 120°)

The system frequency is assumed to be 50 Hz. Then, from (2.40), the following
d-axis and g-axis voltage references are obtained

Vog = Vi cos (@), vy = Vmsin(g) (10.1)

Two PI controllers will now be used to regulate these voltages to their desired
values. The closed-loop control system is shown in Figure 10.4. The advantage
of this scheme, as opposed to those discussed in Chapter 8, is that the filter dynam-
ics need not be considered here.

Example 10.1 Consider the same system as in Example 8.2 with the same
network, converter, and filter parameters, where the magnitude of the voltage
is chosen as V,,, =326.6 V. The AC source and the converter reference voltages
are written by choosing ¢ = 20° as

Vg = Vpsin (ot), vy = Vpsin(wt—120°), v, = Vy,sin (ot + 120°)
Vi, = Vpsin (ot + 20°), vl = Vi, sin (wt—100°), v, =V, sin (et + 140°)

Then, as per (10.1), their reference voltages are given by v}; = 306.9V and
Veg = 111.7V. The gains of both the PI controllers are chosen as Kp=1 and
K;=100.

The system tracking performance is shown in Figures 10.5 and 10.6. From these
figures, it is obvious that the steady state tracking performance is very good.
However, the transient performance needs improvement as significant ripples
can be observed at the beginning.

® —p .[dt
B
Ve
Ved — AL Ueq
Vea =9 . PI-1 £ Vi —» U,
abc d u,
Veb =9 q b - up
Veq ot abc
Ve = dq PI-2 ey, PWM > u
+

Figure 10.4 Block diagram of closed-loop voltage control for grid forming converter.
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Figure 10.5 d- and g-axis voltages for grid forming converter with voltage feedback.
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Figure 10.6 Phase voltages for grid forming converter with voltage feedback.
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Figure 10.7 Block diagram for inner current and outer voltage of grid forming converter.

To eliminate the starting ripples, a further two PI controllers are added to control
the inner current loop. This is shown in Figure 10.7, where outputs of the first two
PI controllers produce d-axis and g-axis reference currents ij,; and ij, respectively.
These are then compared with the d-axis and g-axis currents of i14 and iyq
respectively and passed through the second set of PI controllers to produce the
switching signals.

Continuing with Example 10.1, the proportional and integral gains of PI-3 and
PI-4 are chosen to be the same as those of the first two PI controllers, i.e. Kp = 1 and
K;=100. The results are shown in Figures 10.8 and 10.9. It can be seen that the
starting transient ripples have reduced significantly, while the steady state
tracking is perfect.
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400 ; | ; yotage V) ; ; 7 2
e A NS e
il —
300 =
200 N
100 B
0 | 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Q-axis Voltage (V. — Vg — V.
150 | , X ge (V) | L‘:q cq
e
100 - d 4
50t
0 -
~50 I I | | | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)

Figure 10.8 d- and g-axis voltages for grid forming converter with two loop controls.
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Figure 10.9 Phase voltages for grid forming converter with two loop controls.

10.2.2 State Feedback Control in dg-domain

Consider the single-line diagram of the LC filter structure shown in Figure 8.1c.
The differential equations for the capacitor voltage v. and the inductor current
i; are given by

dve li
- = =h

e C (10.2)
din _ R1i+1(Vu Ve)

di - L 1 L de c

These can be rewritten in a compact form for all the three phases as
chabc _ 1i b
— “S1labe

e ¢ (10.3)
diigpe R, 1

dt = - L_lllabc + L_l (VacWape _Vcabc)

From (2.38), the dq-axis transformations of the above two equations in (10.3) are

_19Vedgo | 51 1.
T 1% +T Vedgo = ET 1llqu
1 ditgg | -, Ry _q. 1
T '—= +T Lidgo = — —T 11lqu + —T 1(Vdcudqo _Vcdqo)
dt L, L

(10.4)
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These can be rewritten as

AVedgo -1 1.

% = —TT Vedgo + Elldqo

dilqu _ TT—I. Ry, 1 % (10.5)
T - - 11dq0 — L_lllqu + L ( dcWdqo _Vcqu)

From (2.45), we find that

0 —w O
T '=|w 0 o0
0 0 0

Substituting (10.5) and neglecting the zero-sequence, the following equations
are obtained

dveg | O o] 1 1 0i
di - —w 0 cdq C 0 1 1dq

diygq 0 wf, R |1 Of, N 111 O
= i — i —
dt 0 1dq Ll 01 1dq 1

(Vdcudq - Vcdq)

L1 0
(10.6)
Let the state and control vectors be defined by
Ved
Vegq Uqg
Xdg = | . »  UWdg =
lid Uq
ig
Then (10.6) is rewritten as
Xdq = AXqq + BV 4l (10.7)
where
0 w A 0 0 0
- 0 0 1 0 0
A= Le . B=
v, 0 —Ryp, @ v, O
0 -, —w Ry 0 v
The state feedback control law is given by
iy = K (x, —Xeq (10.8)

The feedback control structure is shown in Figure 10.10, where the reference
vector Xg, is computed as per Example 10.2.
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Figure 10.10 Block diagram of the state feedback control structure of grid forming
converter.

Example 10.2 Consider the same system as in Example 10.1, where the refer-
ence voltages and therefore their dq components are the same as those computed.
The reference capacitor currents are computed using (8.13), i.e.

icrep= @CV,, cos(wt + ¢)

For C=50 pF and the system frequency of 50 Hz, the reference capacitor
currents are computed as

I, =CwV, =513A
if, = Imcos(wt +20°), iy =I,cos(wt—100°), ii, =1I,cos(wt+ 140°)

C

The d-axis and g-axis components of the capacitor currents are then com-
puted as

l':d = —1.75, l':q =4.82
The references for the inductor L, are computed from (8.12) as
g = log + bt Iy = Igy + iy

A linear quadratic controller is now designed with the following gain matrices
(the same as those shown in Examples 8.2 and 8.3)

150

0= 150 R [0.1 }
B ’ - 0.1

1

The resulting gain matrix is

K =

[122.47 0 10.06 0
0 122.47 0 10.06
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The system response is shown in Figures 10.11 and 10.12. The transient response
is much smoother than both of the PI-controlled cases of Example 10.1. The reason
for this superior performance is that this controller feeds back both the output fil-
ter current and the voltage, just like the two-loop control with four PI controllers.
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Figure 10.11 d- and g-axis voltages for grid forming converter with state feedback control.
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Figure 10.12 Phase voltages for grid forming converter with state feedback control.
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However, the controller in this case is designed based on the optimal control law.
Such controllers are easier to design than PI controllers. Moreover, optimal con-
trollers are very robust to parameter variations.

10.3 Grid Feeding Converters

A grid feeding converter should be synchronized with the grid frequency and is
required to inject prespecified amounts of active and reactive power to the grid.
One of the simplest approaches is to use a hysteretic current control, where the
reference is generated in of-frame.

Assume that the converter output is connected with the utility bus through an
external reactance only (L-type filter). We now denote the following:

o Utility bus voltages: v,, v, and v,

o Converter output currents: iy, i, and i,
e Desired active power: P

o Desired reactive power: Q™.

The measured utility bus voltages (v,, v,, and v,.) are converted to their equiv-
alent aff components to obtain v, and vs. The desired real and reactive powers can
be defined as

3

P2 (vats, + vpiy)
3

Q= > (vui}; —v/;i(*l)

where i, and ij are the desired output currents. The solution of (10.9) can be writ-

(10.9)

ten in the following form

il o] w010
Wl s b e I '

Once i andi; are computed, the desired output currents i,, i,,andi; are

~

obtained using inverse af} transform. These are then compared with i, i, and i.
to generate the switching pulses using hysteretic current control.

One of the main advantages of using aff transform is that the signal is automat-
ically synchronized with the grid frequency. The grid feeding inductor is now con-
nected with a stiff utility bus of voltage 400 V (L-L) through a 1 mH inductor. The
converter DC side voltage is chosen as 600 V. The converter operates in a hysteresis
current control with a hysteresis band of 5 A. It is required that the converter
injects P* =50 kW and Q" =25 kVAr power to the utility bus, the frequency of
which is 50 Hz at the beginning. It is changed to 49.75 Hz at 1.1 seconds. The
results are shown in Figure 10.13. It can be seen that the frequency change has
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Figure 10.13 Performance of the grid feeding converter.

no impact on the operation of the system and that the desired active and reactive

power are supplied by the converter.

Consider the system shown in Figure 10.14, in which a utility substation supplies
a load through Feeder-1. There is a battery ESS connected to the system through

Feeder-1 Feeder-2
Rpi Lp Ry Ly

Pp

3 H-Bridge
VSC

o Vdc+

Figure 10.14 Battery-connected grid feeding converter in a distribution network.
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another feeder (Feeder-2). The battery system is interfaced with the AC system
through a three H-bridge configuration of VSC shown in Figure 7.11a. The VSC
has an LCL output filter, where L, is the leakage inductance of the transformer.
The system parameters chosen for the study are:

o System voltage (vy): 11kV (L-L), 50 Hz

o Feeder-1 and -2: Ly; =Ly =57.8 mH, Ry =Ry, =3.025 Q

e RLload: L; =372 mH, R;=242Q

o LC filter: L, =38.5 mH, C =3.76 uF

o Transformer: 1 MVA, 440 V: 11 kV, leakage inductance of 10%.

An output feedback current control is designed using the pole shift control in the
abc-frame as in Example 8.7 with a sampling time of 10 ps. The magnitude and the
phase angle of the battery bus voltage vg is first extracted using a fast Fourier trans-
former (FFT) block. Let this be denoted by |V,,| £ 5. It is assumed that the battery
injects power at a unity power factor. If the power reference is denoted by P}, the
reference for the current that will be injected by the battery is given by

V2 P

— X
3 7 |Vau|
i[5 = Imsin (ot + 8g), ij,, = Imsin (ot + 65 —120°), i}, = Iy sin (et + 65 + 120°)

I, =

The results are shown in Figure 10.15. At the beginning, the source frequency is
50.1 Hz and the battery neither absorbs nor supplies any real power. Then, at 0.5,
the battery starts absorbing 135 kW of power at unity power factor. Subsequently,

(a)

600 Active Power Flowing in the Grid (kW)
T T

e I —Ps—Pg P,
400y k
200 m
o / ]
500 T I 1 1
0 0.5 1 1.5 2 25 3 3.5
(b) .
20 Phase-a Current Tracking Error (A)
T T T
20 -
10 =
0
—10- _|
-20 1 | Il
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Figure 10.15 (a) Power flow in the network and (b) current tracking error when the battery
operates in grid feeding mode.
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at 1.5 seconds, the battery supplies 130 kW of power at unity power factor. The
source frequency changes to 49.8 Hz at 2.5seconds. It can be seen from
Figure 10.15a that the power supplied by the source increases at 0.5 seconds to sup-
ply the battery and reduces at 1.5seconds since the battery is now supplying
power. The load power remains constant throughout. The change in frequency
has no impact on the power flow since the battery is operating in the grid feeding
mode. The current tracking error for phase-a is shown in Figure 10.15b. It can be
seen that there is a jump discontinuity when the battery power reference changes.
However, the tracking error is negligible. Also, the change in frequency does not
have any impact on this tracking error.

10.4 Grid Supporting Converters for Islanded Operation
of Microgrids

In this section, the islanded (or autonomous) operation of a microgrid is discussed,
where the converters operate in grid supporting mode, as shown in Figure 10.3c.
The inputs to these converters are DGs (DERs) on the DC side. The converters are
required to produce output voltages depending on active and reactive power, volt-
age magnitude, and frequency. The DERs that are connected to the microgrid
share power according to their ratings. A step-by-step approach for designing
droop gains such that an accurate real/reactive power sharing can occur is pre-
sented here. However, the power sharing usually is dependent on the R/X ratio
of the feeders that connect the DGs in the microgrid. To explain the droop concept,
let us first consider the behavior of a large turbo alternator during transients.

A large power system has several large turbo alternators. They can store kinetic
energy while rotating at synchronous speed. If the system load suddenly increases,
the generators momentarily release the stored kinetic energy to meet the load
demand. Assuming that the system damping is negligible, the generator rotor
dynamics are given by the swing equation [5]

2H d&°

where

_ Stored kinetic energy MJ
- Generator MVA

where w; is the rotor synchronous speed in rad/s, é is the load angle in rad,
P,, is the mechanical power input in per unit (pu), and P, is the electrical power
output in pu.



10.4 Grid Supporting Converters for Islanded Operation of Microgrids

The load angle is related to the generator speed @ by the relation

dé
@O (10.12)
For a large turbo alternator, the mechanical input speed cannot be changed
instantaneously due to its large rotational inertia. Thus, when a sudden load
increase occurs, the term P,, — P, becomes negative. Equation (10.12) indicates
that the generator speed w drops below the synchronous speed w, i.e. the gener-
ator slows down. It tries to maintain the balance between the mechanical and elec-
trical power through the release of the stored rotational energy such that the angle
does not diverge, causing the generator to lose synchronism. This, however, is a
temporary process and can last only a few cycles. In order to supply the increased
load, the generator turbine-governor action is required. This is achieved through a
steady state frequency-power relation, called the droop equation [5]. In
Section 10.4.1, the droop equations for different R/X ratios of distribution feeders
are discussed.

10.4.1 Active and Reactive Over a Feeder

Consider the simple system shown in Figure 10.16, in which two sources are
connected together through a feeder with an impedance of R +jX. Assuming
Vs=V; 26, and Vi =V, £ 5,, the current through the line is given by

V12461 =V, /6
| R (10.13)
R+ jX

Therefore, the complex power flowing from the source is

Vil—86,—=Vy/=6 V2V 1V, /(61 -6
PL+jQ =VixXI'=V/sx — 2202 "1 1V2/(61 =)

R—jX R—jX
(10.14)
Figure 10.16 Two AC source P;, Q4 .
connected together through a :> R iX /

feeder. M —>
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Defining 6 = 6; — §, and expanding (10.14), the real and imaginary parts are
given by

Vi

Py = —=R(V1—=V;c080) + XV, sinéd 10.15
! R2+X2[ 4 2 ) 2 ] ( )
Q= ! [—RV;,siné + X(V V2 cosé)] (10.16)
TR+ X? 2 ! ? '

10.4.2 Inductive Grid

Consider the case when the grid is predominantly inductive, i.e. X > > R, such that
we can assume R = 0. Furthermore, assume that the load angle § is very small, such
that sin(8) ~ 6 and cos(5) ~ 1. Therefore, (10.15) and (10.16) can be rewritten as

ViV, XP,
P~ 6= 0~ 10.17
TUX ViV, (10-17)
VieVv,V, XQ,
PO N VS Vi 10.18
Ql X 1 2 Vl ( )

These two relations define the direct relationship:

o Between the load angle 6 and the active power P;.
o Between the voltage difference V; — V, and the reactive power Q;.

The first relation has resulted in a P-8 droop, as is reported in [6-7]. However,
note from (10.12) that the derivative of angle ¢ is proportional to the frequency
difference. Therefore, a relation between the active power and the frequency can
be established. Also, the second relation results in a voltage droop that varies
with reactive power.

Assume that a microgrid has a total N number of DERs. Then the P-f and Q-V
droop equations for each DER are given by

fi=f +mx(05P —P), i=12,.,N (10.19)
Vi=V +mx(05Q°—Q), i=12,.,N (10.20)

where f™* is the reference frequency of the entire microgrid in Hz and V™ is the
reference voltage of the microgrid in kV; P} and Q; respectively are the active
and reactive power rating of the ith DER and n; and m; are their respective droop
gains. The droop characteristics are shown in Figure 10.17. Assume that the fre-
quency variation is restricted between fi,.x and fiin, as shown in Figure 10.17a.
Then, as per (10.19), a DER should supply half its rated power when it operates
at the rated frequency f*. The Q-V droop line is shown in Figure 10.17b, which
stipulates that a DER voltage magnitude should be 1.0 pu when it supplies half
its rated reactive power.
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Figure 10.17 Droop characteristics for inductive grid: (a) P-f droop and (b) O-V droop.

Consider a microgrid where only two DERs are present. The droop lines are
shown in Figure 10.18. Assume that the DERs are operating at the rated frequency
of 50 Hz, supplying half their rated power, when the load increases suddenly. It is
shown in Chapter 9 (Section 9.1.4) that all generators in a grid must operate at the
same frequency, failing which a large amount of current will flow through the net-
work. Therefore, DER-1 should supply P; /2 + AP; amount of power, while DER-2
should supply P;/2 + AP, such that the operating frequency of both the DERs
becomes 50 — Af Hz. This will be the basis of a droop gain selection. Note that
the droop line of DER-1 is shallower than that of DER-2. The inequality
P} > P implies that the angle of the droop line with the y-axis is larger for DERs
with higher power ratings than those with lower power ratings.

50 Hz

Figure 10.18 P-f droop lines of a two-DG microgrid.
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Example 10.3 Consider the simple microgrid with two DERs, as shown in
Figure 10.19. The DERs are supplying a load through two feeders. Let us specify
that the microgrid operating frequency will be contained within 50 + 0.5 Hz.
Therefore, the maximum frequency deviation is stipulated as Af.x=0.5 Hz.
Let the ratings of the DERSs be

P; =200kW and P; = 50 kW

Then, when DER-1 supplies its maximum rated power, the following expression
is written from (10.19)

— Afmax :fl —f* =m X (OSPl* —Pl)
Substituting the power rating of DER-1 in the above equation, we get
—0.5Hz = n;(0.1-0.2) MW = n; = 5Hz/MW

In a similar way, the droop gain for DER-2 is calculated as

0.5
ny = —— =20 Hz/MW
0.025
Note from these values that
P*
—1 =4 = E
P2 ni

In general, a microgrid containing N number of DERs will obey the following
expression if the frequency of all of them are to be restricted between +Af;,.x Hz

P1*n1 = Pz*l’lz == I*VnN =a (10.21)

Thus, the droop gains for all the DERs should be chosen such that a remains
constant.

Figure 10.19 A simple microgrid with two DERs.
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Once the required voltage magnitude and the frequency are obtained, the refer-
ence voltages for each DER are obtained as

Vi = \/2V;sin (2zf;t)
Vi, = V2V sin (2zf 1t — 120°)
v, = V/2V;sin (2zf;t + 120°)

i=1,2,.,N (10.22)

Each DER is realized by a VSC, connected to the microgrid through an output
LC filter. The reference voltages given in Example 8.2 are then reproduced across
the filter capacitor in an abc frame using a linear quadratic regulator (LQR) state
feedback controller discussed in Chapter 8. It is assumed that the DERs are sup-
plied by fixed DC sources.

For the system of Example 10.3, the reactive power limits are chosen as half the
real power limits, i.e. Q] = 100 kVAr and Q} = 25 kVAr. The voltage droop gains
are chosen as m; = 10 V/MVAr and m, = 40 V/MVAr. The feeder impedances are
Lpy =514 mH, Ry =3 Q, L, =77 mH, and R, =2.42 Q. A balanced RL load is
chosen as R; =672 Q and L; = 0.4265 H.

The results are shown in Figure 10.20. Figure 10.20a shows the real powers
supplied by the DERs, which, in the steady state, are P; =142 kW and
P, =35.5 kW. Thus, the power sharing ratio is 4:1, which is as expected from
the droop relations. From (10.19), and with the droop gain of n, =5 Hz/MW,
the steady frequency of DER-1 should be

f1=50+ 5% (0.1 —0.142) = 49.79 Hz

(@) Real Power Supplied by DERs (kW) —Pi—P,
150 = 1 T T T 1 3
100 ~ .
50 - .
0 1 1 | 1 1
0 05 1 15 2 25 3
(b) ; —fy—t,
505 : DER FreunnC|es (Hz) : 1 o
50 =
Mg
X
495 L . L
“o 0.5 1 15 2 25 3
() Reactive Power Supplied by DERs (kVAr) —0—Q,
T T T
A I E———
20 -
10 .
0 1 Il 1 =
0 05 1 15 2 25 3
Time (s)

Figure 10.20 Microgrid operation results while operating with P-f and Q-V droop control.
(a) Real power supplied by DERs (kW), (b) DER frequencies (Hz), (c) Reactive power
supplied by DERs (kVAr).
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which is as shown in Figure 10.20b. As the droop gains chosen such that the
frequency remains the same throughout the microgrid, both the DERs supply
power at this frequency. The reactive powers supplied are Q; = 14.4 kVAr and
Q, =23.6 kVAr, shown in Figure 10.20c. They do not obey the desired sharing
ratio. There is a potential problem with this discrepancy in the reactive power
sharing.

Let us assume that the DER output voltages are roughly equal to 6.35kV (L-N).
Then the currents supplied by the DERs are

V1422 + 14.4% V35.5% 4+ 23.6%
L=—— " =749Aandl, = —— """ =224A
3 X 6.35 3 X 6.35

Thus, the current sharing ratio is 3.34 : 1, i.e. the converter with a lower rating
has more share of the current. It might so happen that a DER with lower
rating may have to supply more reactive power than other DERs with higher
ratings, so much so that it reaches its maximum current limit. The DER protec-
tion system may then take it offline, thereby endangering the system stability.
Therefore, proper care must be taken to avoid this action.

10.4.3 Resistive Grid

Power transmission systems usually have a high a X/R ratio. On the contrary, dis-
tribution feeders are mostly resistive and therefore the reactance X in (10.15) and
(10.16) can be neglected. These two equations are then rewritten as

v
P, = —Rl (V1 —V,cosé) (10.23)
141%
Q = - IR 2 sin s (10.24)

Again, assuming the load angle 6 to be very small, (10.23) and (10.24) are
reduced to

RP

Vi-V,= 71 (10.25)
R

5= — X (10.26)
ViV,

Therefore, in a predominantly resistive grid, the real power is proportional with
voltage magnitude, while the reactive power varies with frequency. The P-V and
Q-f droop equations for the resistive grid are

Vi=V +m; X (OSPl* —Pi) (1027)
fi=f"—nx(05Q" - Q) (10.28)
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Figure 10.21 Droop characteristics for resistive grid: (a) O-f droop and (b) P-V droop.

Note that the negative sign in (10.28) results from the negative sign in Q - é rela-
tion in (10.26). The Q-f and P-V droop lines are shown in Figure 10.21.

Example 10.4 Consider the system described in Example 10.3. The DER output
voltages have a specified value of 11 kV (L-L). Therefore, the L-N voltage will be
6.35kV. Let the voltage variation be restricted between +0.06 pu (6%), i.e. between
5.969 and 6.732 kV. Thus, when DER-1 is not supplying any power, from (10.27)
we have

(1.06 —1) X 6.35kV = my X 0.1 MW

0.381

Since DER-2 rating is one-fourth of that of DER-1, its droop gain will be m, =
15.42 kV/MW.

For the Q-f droop gains, the frequency deviation is restricted to be within +0.5 Hz.
In Example 10.3, the reactive power limits are chosen as Q] = 100 kVAr and
Q5 = 25kVAr. Using (10.27), when DER-1 is supplying its maximum rated reactive
power, the following expression is obtained

0.5 =mn; X 0.05 = n; = 10 Hz/MVAr

Therefore, the droop gain for DER-2 is n, =40 Hz/MVAr.

The feeder impedances are chosen as Ly = Lp =0.8 mHand Ry =R, =109, i.e.
the X/R ratio of both the feeders are 0.2513 : 10 (nearly 1 : 40) at 50 Hz frequency.
A balanced RL load is chosen as R;, = 672 Q and L; = 0.8556 H. The DERs are sup-
plied through two DC sources, while the converters operate in the LQR state



400

10 Microgrids

a
( )60 Reactive Power Supplied by DERs (kVAr) —Q;—Q,
T T T T
40+ |
20 4
0 1 1 I 1 I
( ) 0.5 1 15 2 25 3
b :
DER Frequencies (Hz) —f—1,
50.2 . , q (Hz) :

50 [~ ph -
49.8 4
49.6 4
49.4 L : L I |

o 0.5 1 15 2 25 3

(C) Real Power Supplied by DERs (kW) — Py —P,
1 1 T T
100~ 4
50 |
0 1 1 I 1 I
0 0.5 1 15 2 25 3
Time (s)

Figure 10.22 Microgrid operation results while operating with Q-f and P-V droop control.
(a) Reactive power supplied by DERs (kVAr), (b) DER frequencies (Hz), (c) Real power supplied
by DERs (kW).

Table 10.1 Steady state quantities obtained
for the resistive grid.

DER-1 DER-2

P, = 117.9 kW P, = 32.6 kW

Q, = 47.68 kVAr Q, = 11.92 kVAr
fi = 49.777 Hz fo = 49.777 Hz

feedback control mode. The results are shown in Figure 10.22. The steady state
quantities are summarized in Table 10.1. Since the reactive power supplied by
the DERs is nearly half their reactive power ratings, the operating frequency is
near 50 Hz, exactly f; = 50 — 10 X (0.05 — 0.04768) = 49.777 Hz. From this table,
it is found that Q; : Q, =4 and P; : P, = 3.62. Thus, while the reactive sharing is
fairly accurate, the real power sharing does not meet the requirement.

10.4.4 Consideration of Line Impedances

In the two droop control methods discussed in Sections 10.4.2 and 10.4.3, the droop
equations are derived by neglecting either the line resistance or the line reactance.
This results in suboptimal performances, as evident from Examples 10.3 and 10.4.
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One approach to include the line impedances in the droop equations is proposed in
[8]. With respect to Figure 10.16, let us define

1Z|/0 =R + jX (10.29)
where 6 = tan™'(X/R). An orthogonal rotational transformation matrix is defined
as [8]

P p
=T (10.30)
Q Q
where
X R
B [siné’ - cose} 12 |Z|
“lcos¢ sing | | R X
1zl 12l

The following observations can be made from (10.30):
R
o When)—( =0(#=90°),P’=Pand Q' =Q.
P-Q
V2

R
) When)—( = 0 (6:00),P,: —QandQl:P.

P+Q

and Q' = N

. When% =1(0=45°),P =

The droop control equations are then [8]

f=f=nx(P"-P)

_[x . _5 . (10.31)
V-vV'=mx (Q"-Q)

10.32

=n[2w-r+ 2@ -0 (10:32)

Example 10.5 Consider the same system discussed in Example 10.4. The feeder
impedances for this case are chosen as Ly =Lp =L=0.8 mH and R;; =R, =R =
1 Q, i.e. the R/X ratio is 3.99 at 50 Hz frequency. Then, X =100z X 0.0008
=0.2513 Q and @=tan '(0.2513) = 14.1°. Furthermore, |Z| = v0.25132 + 1 =
1.031 Q, and therefore R/IZ1=0.97 and X/IZ| =0.244. The droop gains are
chosen as

n, = 0.1, ny; = 0.4, my; = 4, m; = 16

The results are shown in Figure 10.23. The DER-1 supplies 135.41 kW of real
power and 54.18 kVAr of reactive power, while the real and reactive power
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Figure 10.23 Microgrid operation results while operating with combined droop
considering line parameters of Example 10.5. (a) Real power supplied by DERs (kW),
(b) Reactive power supplied by DERs (kVAr), (c) DER frequencies (Hz).

supplied by DER-4 respectively are 34.44 kW and 13.71 kVAr. Both the real and
reactive power sharing ratios are (nearly) 4 : 1. The frequency of the DERs are
49.997 Hz.

As demonstrated in Example 10.5, this method accommodates the effects of line
impedance and, because of this, both real and reactive power sharing ratios are
fairly accurate. In this example, it is assumed that the feeder impedances are
known a priori. However, this assumption is not valid in real-life situations since
the load will not be lumped and placed in a single location but will be distributed
throughout the network. Therefore, a change in some of the loads will alter the
Thévenin equivalence of the feeder impedance. Moreover, in the case of plug-
and-play DERs, a DER coming online or going offline will change the Thévenin
impedance. Thus, for the method to be successfully implemented, a parameter
estimation algorithm and communication network will be required. In [9], a
method is proposed with angle droop which can facilitate accurate power sharing
in highly resistive lines, however, using a communication network.

10.4.5 Virtual Impedance

It is evident from the discussions in this chapter that the power sharing ratio
is heavily dependent on the R/X ratio of the distribution feeders. It is not
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possible to change the feeder impedance and therefore alternate means will be
required to counter the influence of the X/R ratios. One way of overcoming
the effect of higher resistance is to use a large output inductor in an LCL filter.
This, however, is not desirable, since it may cause unnecessary voltage drops
and degrade power factors. An alternative to this is the use of a virtual
impedance, which was first proposed in [10] and subsequently appeared in
several other publications. For a detailed explanation of this method,
see [10-12].

The main idea here is to use the droop equation discussed in Sections 10.4.2 and
10.4.3. However, the voltage reference is then modified by subtracting the output
current multiplied by the virtual impedance. Consider, for example, the microgrid
containing two DERs of Figure 10.19. The voltage references generated through
the droop equation for DERs are given in (10.22). These are then modified through
negative feedback of the output currents. For DER-1, the modified voltage refer-
ences will be

Vrefl = Vig — Zvi, k=a,b,c (10.33)

A similar expression can also be written for DER-2. Therefore, without adding
any physical hardware that may cause the power or voltage to drop, the effect of an
output impedance is introduced in the feedback loop. Let us now consider
Examples 10.6 and 10.7.

Example 10.6 In this example, the effect of choosing virtual resistors in pre-
dominantly resistive lines will be demonstrated. For this, the same P-f droop
gains, as in Example 10.3 (i.e. n, = 5 Hz/MW and n, = 20 Hz/MW), are selected,
with the same DER power ratings. The feeder impedances are Ly =1.9 mH,
Rp1=3 Q, Ly, =64 mH, and Ry, =10 Q. The R/X ratios of both feeders at
50 Hz are about 5. It is obvious that these are highly resistive feeders, where a
P-f droop will not work properly. A balanced RL load is chosen with R; =
672 Q and L; = 0.4265 H. The Q-V droop gains are chosen as m; = 10 V/MVAr
and m, =40 V/MVAr. In order to counter the highly resistive line, the effect of
the feeder resistances is nullified using two virtual resistors, which are chosen as
Zy1 =Ry, =5 Q and Zy, =Ry, =20 Q.

The results are shown in Figure 10.24. The steady state DER output powers
are P, =137.5 kW and P, = 34.38 kW, which are in the ratio of 4:1. The cor-
responding frequency in the steady state is 49.81 Hz, which obeys the droop
Eq. (10.19). The reactive powers, however, do not obey the droop relations.
In fact, Q, is less than Q, in this case since the Feeder-2 impedance is higher
than that of Feeder-1.
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Figure 10.24 Microgrid operation results while operating with P-f and Q-V droop control
with virtual resistance. (a) Real power supplied by DERs (kW), (b) DER frequencies (Hz), (c)
Reactive power supplied by DERs (kVAr).

Example 10.7 For this example, the predominantly resistive circuit of Example
10.4 is chosen with the same line and load parameters. The Q-f and P-V droop
parameters remain the same as those calculated in Example 10.4, which shows
that even though the reactive power sharing was accurate the real power sharing
was not acceptable. To counter the effect of the line resistance, a virtual inductor is
now chosen such that (10.33) is rewritten as
. di; .
Vrefi:Vi_LViE9 i=1,2
Often the derivative part is not implemented in the form shown in the above
equation. An ideal derivative action can generate spikes every time the set point
changes, as is pointed out in (3.32) of Chapter 3. Instead, the derivative action in
the above equation is modified as
dii Ns

LViE = LViH—Nii, i=1,2

The virtual inductor parameters are chosen as Ly, = 50 mH, Ly, = 550 mH, and
N =100. The results are shown in Figure 10.25. The values of the reactive powers
and the frequencies are identical to those listed in Table 10.1. However, the real
power sharing has improved considerably. These are given by P; =119.2 kW
and P, =29.5 kW. They have a power sharing ratio of 4:1, as desired.

These two examples, which present the merits of including the virtual imped-
ance, can be very effective in improving power sharing in an islanded microgrid.
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Figure 10.25 Microgrid operation results while operating with Q-f and P-V droop
control with virtual inductance. (a) Reactive power supplied by DERs (kVAr), (b) DER
frequencies (Hz), (c) Real power supplied by DERs (kW).

These impedances, however, can lead to system instability. The design aspects are
discussed in [10-12]. A systematic study of an interconnected microgrid will be
required, which may provide guidelines for the selection of these impedances.
The eigenvalue analysis of an inverter-based microgrid is presented in [13]. This
paper can be used as a guideline for checking the limits of these impedances for a
stable operation of microgrids.

10.4.6 Inclusion of Nondispatchable Sources

A microgrid, be it islanded or grid-connected, can have different generation types.
Usually, nondispatchable sources like wind or solar PV operate in a maximum
power tracking mode. A solar PV, when connected to an islanded microgrid, will
inject active power in the grid feeding mode. This can be taken as a negative load
and the dispatchable generators can supply the rest of the load in the droop control
mode, as illustrated by Example 10.8.

Example 10.8 Let us consider the inductive grid of Example 10.3, except that a
grid feeding converter is connected to the system through another feeder that is
placed to the right of DER-2 in Figure 10.19. The impedance parameters of this
feeder are 77 mH and 2.42 Q. With the system operating in steady state, the grid
feeding inverter is connected at 1second. The power that the grid feeding con-
verter injects varies at discrete intervals of time. The results are shown in
Figure 10.26, and these are summarized in Table 10.2, where the power injected
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Figure 10.26 Operation of islanded microgrid with a grid feeding converter.

Table 10.2 Steady state quantities obtained in Example 10.8.

Time t (s) Ppy (kW) Py (kW) P, (kW) Frequency (Hz) Py:Py
0<t<0.5 0 138.5 34.62 49.807 4:1
0.5<t<1.25 28.4 115.65 28.91 49.92 01
1.25<t<?2 62.1 88.6 22.15 50.057 01
t>2 28.4 115.65 2891 49.92 4:1

by the grid feeding converter is denoted by Ppy. From these results, it is obvious
that the inclusion of the nondispatchable source does not affect the droop sharing
of the dispatchable DERs.

10.4.7 Angle Droop Control

The angle droop control is suitable for a predominantly reactive grid, even though
it is feasible to implement this on grids with high R/X ratios using communication
networks [9]. Consider the two-DER microgrid system of Figure 10.19, which is
redrawn in Figure 10.27. In this figure, it is assumed that both the DERs are
equipped with output LCL filters. The inductances L, and L, represent the outer
inductances of the LCL filters. However, the DERs still operate in voltage control
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Figure 10.27 Microgrid structure for angle droop control.

mode in which they control the voltage across the filter capacitors. These capacitor
voltages are denoted by Vg £ 64 and Vy, £ 8y, in Figure 10.27. The outer inductors
L, and L, are used for real and reactive power flow control, as will be explained in
this section. The load bus voltage is denoted by V £ 6.

It is shown in (10.17) that the real power is directly proportional to the angle
difference between two AC sources. Therefore, the droop equations for DERs
are given by

§=8+mx(P[-P), i=1,2 (10.34)
Vi=Vi+mix (Q-Q), i=1.2 (10.35)

where §" is the reference angle and V; and §; define the bus voltage magnitude and
its angle, as indicated in Figure 10.27. Assuming that the feeder resistances are
negligible and applying a DC load flow, the following expressions are obtained
for the microgrid of Figure 10.27 [6-7].

61—0=XP
! v (10.36)
52 —6= X2P2
wal a)sz . .
where X; = Tz and X, = o being the fundamental frequency in rad/s.
1 2

In an AC system, the power flow depends on the relative angle difference, and
therefore the reference angle §* can be taken as 0. However, all the DERs in a
microgrid must measure their angles with respect to this reference angle, and
hence a global clock will be required for synchronizing all the units. The angle
droop gains must be chosen as per (10.21), hence

Pl*nl = Pz*nz
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Substituting the above equation in (10.34), the following expression is obtained
S1—8=n X (P{—P1) —ny X (Py—Py) =mP1—n; X P, (10.37)
Comparing (10.36) with (10.37), we get
81—, = X1P1 —X,Py = Py —ny X P, (10.38)
Rearranging (10.38), the following power sharing ratio is obtained

P1 _X1+n1
PZ_X2+n2

(10.39)

Then the power will be shared in proportion to the droop gains, i.e. P1n; = P,n,
provided that

n, >>X; and n, > X,

The droop Egs. (10.34) and (10.35) will produce the bus voltage magnitudes and
their angles. From these quantities, the references for the filter capacitor voltages
need to be calculated. Consider, for example, DER-1. From Figure 10.27, the
current I; flowing from DER-1 to Bus-1 is given by

Va1 8 = V116,

I, =
! jo Ly

Then the complex power injected by the DER to the microgrid bus is given by

Vo /—8q—V1/=8 VaVil(61 — —V?
P1 +jQy =Vilé & g1 L= 2t ( L ) L
—jo L —Jjo L

(10.40)

Separating the real and imaginary components, the real and reactive powers
injected in Bus-1 are given by

Vgl Vl sin (51 — 5g1)

P, = 10.41
1 oL ( )
VaVicos (8, — —-V?
Q =21 (91=09) = V3 (10.42)
w L,

Equations (10.41) and (10.42) can be rewritten as

. L,P
A

2
Ccos (61_ gl) — w

VaVi
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From these expressions, the angle of the DER voltage is computed as

C()Llpl )

10.43
wLiQ, + Vi ( )

5g1 = 51 — tan _1(

In (10.43), the value of @ L, is known a priori. The Bus-1 voltage V; and its angle 6;

are computed from the droop equation. Furthermore, P; and Q, are measured.

Therefore, knowing these quantities, the angle Jg, is calculated from (10.43). Once
this is obtained, the DER reference voltages for the three phases are decided as

Vgla = Vi sin (wt + 5g1)
Vg1p = Vim Sin (a)[ + g1 — 1200) (10.44)
Vgie = Vi Sin (of + 851 + 120°)

where V,,,; is computed from (10.41) as

\/_ a)L1P1

le - Vl sin (51 - gl)

In a similar way, the DER-2 voltage and angle can also be derived.

Example 10.9 Consider the predominantly inductive system of Example 10.3,
with the same DER real and reactive power ratings. The other system parameters
chosen are

V*=6.35kV,8" =0°,L; =L, = 10mH
ny = 1°/MW, ny = 4°/MW, m; = 0.05kV/MVAr, and m, = 0.2kV/MVAr

The results are shown in Figures 10.28 and 10.29. Figure 10.28 shows the real
and reactive powers supplied by the DERs, which are P, =137.5 kW, P, =
39.4 kW, Q; =50 kVAr, and Q,=38.8 kVAr. The active power sharing ratio
3.5:1is not very accurate. The accuracy can be improved by increasing the droop
gains. This might, however, make the system unstable and auxiliary controllers
may be required for stabilization [6]. The bus voltages and their angles are shown
in Figure 10.29.

In this section, the islanded operation of microgrids is discussed, where it is
assumed that all the DERs operate in dispatchable mode and all of them are inter-
faced with the microgrid through VSCs. However, even rotary generators like
biofuel-based generators can easily be integrated to a microgrid through a fre-
quency droop equation. Hydrogen fuel cells and microturbines are dispatchable.
Solar PVs and wind turbines can also be dispatchable if they are not operated in a
maximum power point tracking mode. Furthermore, renewable generators with
battery ESSs can also act like a dispatchable generator. For example, consider
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Figure 10.28 (a) Real and (b) reactive power supplied by the DERs, when operated
under angle droop control.
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Figure 10.29 Bus voltage (a) magnitude and (b) angle when the microgrid operates

under angle droop control.
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the case in which a solar PV and battery are connected to the same bus, and they
work in tandem. Then, during the sunlight hours, the PV-battery combination can
supply a fixed amount of power in most of the time. If the PV generation is high, it
can charge the battery while maintaining the rated output power constant as well.
On the other hand, when the PV generation is low, the battery can discharge,
thereby maintaining the rated output power constant. The battery storages can
also act like a dispatchable source if they are fully charged, especially in the eve-
nings. To take into account these variabilities, microgrid planning becomes an
important aspect that needs to be considered for the successful implementation
and operation of a microgrid.

10.5 Grid-connected Operation of Microgrid

Consider the system shown in Figure 10.30, in which a microgrid is connected to a
utility substation through a feeder of impedance Ry - L;. There is a circuit breaker
CB placed at the PCC that connects/disconnects the utility from the microgrid.
There are two modes of operation: (i) grid-connected mode and (ii) islanded mode.
The DERs are equipped with output LC filters and will operate in voltage control
mode. The main aim is to compute the reference voltages depending on the mode
of operation of these converters. These two modes are defined as:

o Islanded mode: The DERs will share power according to their ratings under a
suitable droop control regime.

U . L
S oty T qm s Ly

._ Substation .-

PCC
> 1 ;r l POy
S <Vl
Ly
Load
Ry

Figure 10.30 Schematic diagram of a utility connected microgrid.
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o Grid-connected mode: The DERs operate as voltage-controlled grid feeding con-
verters. They will supply fixed amounts of real and reactive power to the local
load. The rest of the power requirement will come from the utility system.

Let us denote the real and reactive power references of DER-1 by P; and Q;
respectively. Also, the DER-1 output voltage is defined as

Ver = Vi sin (a)t + 51) (10.45)

where w is the frequency of the grid, synchronized through a PLL. The angle §,
should be so adjusted that the required amount of active power P; flows out of
the DER. Similarly, the voltage magnitude V,,,; is adjusted through reactive power
feedback. These are accomplished through two PI controllers, given by

51 =Kp51(P;—P1) +K151‘[(P;—P1)dt (1046)

Vi =Kpy1(Q) — Q1) + Knn J(QT —Q)dt (10.47)

In the same manner, the real and reactive powers of DER-2 are also controlled in
the grid-connected mode.

Example 10.10 The microgrid of Figure 10.30 is operated with the parameters
given in Table 10.3. In the islanded mode, the microgrid is operated in P-f and
Q-V droop control mode. For the grid-connected mode, the PI controller para-
meters chosen for both the DERs are

Kp5 = 0.001, K[5 =10
KPV = 0001, K[V =100

Also, the power references chosen are

P; =300kW, Q! =150kVAr
P; =100kW, Q} =50kVAr

Both the VSCs of the DERs operate in LQR state feedback voltage control mode.
The results are shown in Figure 10.31. At the beginning, the system operates in the
grid-connected mode, where the DERs together supply 400 kW of power and the
utility supplies about 500 kW of power. The active and reactive power are regu-
lated by the PI controllers accurately. The circuit breaker (CB) opens at 1 second.
Once it opens, the power supplied by the utility becomes zero and the DER-1 and
DER-2 supply 675 and 168.75 kW of active power in a ratio of 4 : 1. Accordingly,
the frequency becomes 49.83 Hz.
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Table 10.3 System parameters chosen for Example 10.8.

Quantities Parameters

Utility

Voltage 11kV (L-L)
Frequency 50 Hz

Feeder 0.605Q and 19.3 mH
DER-1

Power references
Droop gains
Filter parameters
DER-2

Power references
Droop gains
Filter parameters
Microgrid feeder and load parameters
Feeder-1
Feeder-2
Balanced RL load

P; =1 MW and Q! = 600 kVAr
n, = 1 Hz/MW and m; = 0.54 kV/MVAr
3.3mH, 0.1 Q and 50 pF

P; =250 kW and Q; = 150 kVAr
ny = 4 Hz/MW and m, = 2.16 kV/MVAr
3.3mH, 0.1 Q, and 50 pF

Ry =3 Qand Ly = 57.8 mH
Ry, =6 Qand Ly, = 115.6 mH
120 Q and 125.5 mH

Real Power in the Network (kW) —P,—P, Py
600 - ' /\ :
400 ) 4
200 |- / =
0 Il 1 1 L 1
0 0.5 1 15 2 2.5 3
DER Frequencies (Hz) —f —f,
T T
50.2 .
50 =
49.81 =
L I 1 1 1
0 0.5 1 15 2 2.5 3
300 Reactive Power Supplied by DERs (kVAr) —Q —Q
T T T
200 - / &
100 /‘ -
0 Il 1 1 1 1
0 0.5 1 15 2 25 3

Time (s)

Figure 10.31
islanded.

Operation of a microgrid, when connected to a utility and subsequently
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Resynchronization of microgrids with the utility network is an active area of
research. In general, an AC source can be synchronized with another AC system,
when they have the same voltage, the same frequency, the same phase sequence,
and the same phase angle. In undergraduate laboratories, this synchronization is
performed by using synchroscopes and three lamps. However, this process must
be automated for microgrid synchronization. In [14], the grid synchronization is
performed through an intelligent connection agent (ICA), which consists of a
switch and a grid-connected VSC. The VSC is fed from an external DC source
that acts as an energy storage unit. The synchronization is performed through
a PLL that obtains the phase angle of the grid voltage. There are other aspects
that need to be considered before the microgrid can be synchronized with the
utility grid. As shown in Example 10.10, the microgrid frequency becomes
49.83 Hz in the islanded mode. However, to bring the frequency back to the grid
frequency before the synchronization can occur, an isochronous controller can
be used. In [15], a wind energy integration with an islanded microgrid is pre-
sented, where the droop line is shifted using the isochronous action before the
system can be integrated with the wind energy system. In [16], an interconnect-
ing switch is used for coupling two microgrids when they operate in different
droop control regimes.

A scheme for controlled power flow between a utility system and a microgrid is
proposed in [7]. This employs a set of back-to-back VSCs, as shown in Figure 10.32.
The voltage magnitudes of the VSCs are assumed to be specified, or can be con-
trolled through reactive power, as given in (10.47). VSC-1 holds the DC capacitor
voltage constant using an angle control, in the same manner as discussed for a
DSTATCOM in Chapter 9. VSC-2 is operated in a power control mode, where
its angle is controlled based on real power, as given in (10.46). Note that the power
exchange, denoted by Py, in Figure 10.28, is bidirectional. When a microgrid is
under stress, it can buy power from the utility. On the other hand, when the micro-
grid is lightly loaded, it can sell power to the grid. This structure is discussed in
Section 10.11, where a frequency-based microgrid overload prevention method
is presented.

Feeder-1
000 Cye

1
=%

VSC-1 VSC-2

AC Microgrid

Feeder-2

Figure 10.32 Schematic diagram of power flow control between utility and microgrid
through back-to-back converters.
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10.6 DC Microgrids

Many electrical loads, such as LED lighting, adjustable speed motors, electric vehi-
cles, computing, and communication equipment need DC supply. At the same
time, many DERs - like PV, batteries, and fuel cells - produce power at the DC
voltage level, which is then converted into AC for grid connection. Moreover, there
is potential to directly connect a wind turbine or microturbine to a DC grid. There-
fore, there is renewed interest in DC grids at the distribution level as they reduce
conversion losses significantly. Voltage transformation from one level to another
in a DC grid can be achieved through DC-DC converters, which have more than a
95% efficiency.

The basic building block of a typical DC microgrid (DCMG) is shown in
Figure 10.33. The DCMG is connected to the utility system through a transformer
and an interlinking AC-DC converter. Renewable energy sources, like wind or
solar PV, can be directly connected to the DC bus of the microgrid. The DCMG
can also have BESS units. Usually, such units operate with constant output vol-
tages. However, there may be variations in the output voltages depending on
the battery chemistry, current, ambient temperature, and state of charge (SoC).
The direct connections of a battery to the DC bus can result in fluctuations in

Wind

% - - - -
(O
~ | pcBus
Transformer Interlinking
Converter = = =
Utility = S =
J
AC Load DC Load
Energy
Storage

Figure 10.33 The basic building blocks of a DCMG system. Source: foxbat / Shutterstock.
com and Tesla / flickr.
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the bus voltage and inrush current, thereby shortening the lifetime of the battery
[17]. Such fluctuations can affect the DC bus voltage as well. Thus, these battery
storage units are connected through DC-DC converters, as shown in Figure 10.33.

There are advantages and disadvantages of DC systems. Some of the advantages
are [17]:

o There is no skin effect in a DC system. Therefore, the current can flow through
the entire cable and not just the outer edges. This reduces losses and makes it
possible to use smaller cables for the same amount of current.

o The problem associated with the synchronization with renewable sources with
AC grids does not exist in DC systems.

o There is no requirement for reactive power control.

Some of the disadvantages of the DC systems are [17]:

o There is no inherent current zero crossing in DC systems. Therefore, the protec-
tion of a DC system is more difficult than that of an AC system.

o DC systems will require new standards for products and voltage levels.

o DC system grounding and corrosion issues need to be investigated and resolved.

One of the interesting and important applications of DCMG that is emerging
these days is in the maritime onboard power supply. The cruise ship Queen Eliz-
abeth 2 (QE-2) was retrofitted to have diesel-electric integrated with ship’s power
system so that both the propulsion and the ship’s power demand were met by sev-
eral generators. The QE-2 is the first all-electric ship in the world in the real sense
[18]. However, its AC power supply system suffers from the ailments associated
with such connections, such as synchronization, reactive power support, and har-
monics. Therefore, the onboard power supply through DC systems has now
actively been considered. Moreover, a DC bus architecture can easily contain BESS
units without the requirement of DC-AC converters. Some of the other advantages
are given in [18].

ABB has developed an onboard DC grid that merges various DC links through-
out the ship [19]. The DC system distributes power through a single 1kV DC cir-
cuit. It can be used for marine applications up to a power level of 20 MW. The ABB
design increases the energy efficiency of the ship by 20% while reducing the elec-
trical equipment weight by 30%. For the protection of the onboard DC power sup-
ply, fuses and isolating switches are used, and semiconductor switches are turned
off in a controlled fashion such that the fault currents can be interrupted much
faster than traditional circuit breakers.

There are several connections that are available for DCMGs, such as radial, ring,
mesh, or zonal type [17]. In this section, the radial configuration, which is the sim-
plest structure, is considered. First, the islanded operation of DCMG is discussed,
where two different droop control structures are presented.
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10.6.1 P-V Droop Control

As in the case of an AC microgrid, the DCMG, when operating in the standalone
(islanded) mode, must manage its own load. This implies that all the DGs in the
microgrid must supply the local load demand. Consider the schematic diagram of a
DCMG shown in Figure 10.34. It contains two DC-DC converters. Converter-1 and
2 are supplied by DGs, which are represented by voltage sources. These converters
supply a load R;. The output voltages of Conveters-1 and 2 are denoted by V; and
V, respectively, while the load voltage is denoted by V. The feeder resistances are
represented by Ry, and Ry,.

In the P-V droop control scheme, the desired output voltages of the DC-DC con-
verters are generated from the power flowing out of them. This is given by

V’{:V*—anl

. (10.48)
V2 =V"- nsz

where P, =V, X I, P, =V, X I,, V™ is the reference voltage for the microgrid, and
n; and n, are droop gains. The DC-DC converters, through their duty ratio control
actions, need to follow the references generated such that V; % V] and V, = V3.
Equation (10.48) can be written in terms of currents as

V; =V - anlll (10 49)
Vi =V —nVal, '

If the DC-DC converters can reproduce the desired reference voltage output
accurately, then Kirchhoff’s voltage law at the load bus in Figure 10.30 will
produce

VL = V1 —Rflll = Vz —szIz (1050)
Substitution of (10.49) in (10.50) yields
vV — VllVlIl —Rflll =V - I’lezIz —szIz

Ry I L R
11 2 T2
M— =W
v + DC-DC ‘J; - ¥ - DC-DC lv
" _| Converter-1 | V1 I Vi 2 2| Converter-2 i de
SR

Figure 10.34 Schematic diagram of a simple DCMG.

417



418 10 Microgrids

This implies that

I _ n2V2 +Rf2

= 10.51
I, mVi + Rf1 ( )
Under the assumptions
n1V1 >> Rfl, I’l2V2 >> sz (1052)
(10.51) becomes
I] l’l2V2
I 10.53
L mv ( )
Therefore, the ratio of the output powers is given by
P Vil n
1 _ " (10.54)

P2 - VzIZ - n,

Note that the above relation is the same as that obtained for an AC microgrid. Ifa
DCMG contains M DGs, with output powers of Py, P, ..., Pys and with droop gains
of ny, n,, ..., Ny, the droop sharing ratios will be given by

PiXn=P,Xn=---=PyXny=a (1055)

Here we outline a procedure for the selection of droop gain selection. This pro-
cedure will produce rating-based power sharing so long as the assumptions of
(10.52) are not violated.

The droop gain selection for DCMGs depends on the maximum available power
from a DG and the maximum allowable voltage drop at the output of the converter
that can be allowed. Let the maximum available power be denoted by P,,,, while the
maximum allowable voltage drops at the output of the converter be denoted by
AV,,. Then, noting from (10.48) that the maximum voltage drop occurs when
the converter is supplying the maximum power, the following expression can
be written for each converter

V-V*'= —AV,, = —nPy
Solving the above equation, the following relation for the droop gain is obtained

AV
n=—"V/W (10.56)
P

Example 10.11 Consider a DCMG that has four generators with the following
ratings

Py =50kW, P, =20kW, P,3 =40kW, P,, =100kW
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Note that the standard for voltage level for DCMGs is currently emerging to be
380V, and therefore we shall choose this as our reference voltage. Furthermore,
the voltage drop will be restricted to be within 10% of the nominal voltage, i.e.

V* =380V, AV, =38V
Therefore, using (10.56), the following droop gains for the DGs are obtained

38 38
n == =076V/kW, n,=>- =19V/kW,
50 20

38 38
ny = — =095V/kW, ns=-— =038V/kW
40 100

It can be easily verified that « in (10.55) is 38V, i.e. equal to AV,,.

10.6.2 The Effect of Line Resistances

Assuming that the voltage tracking by the DC-DC converters is perfect, (10.57) is
obtained from (10.49)

V= V1 + anlll = V2 + I’lezIz (1057)
Now, (10.53) can be rearranged as

Vs

IL =1
1 2an1

Therefore, the above two equations are combined to get

nV,

V1 + n1V1[1 = V1 + n1V1[2
n1V1

=V, 4+ mV,l, (10.58)

Comparing (10.57) with (10.58), it can be seen that V; = V,, only if the assump-
tions of (10.55) are true, and for Ry = Ry, and P,,,; = Pp,. Since these conditions are
not easily satisfied, we can at best have V; = V,. However, the power sharing can be
influenced by the line resistances and by AV,

To determine the actual power flow in the network, a set of nonlinear equations
needs to be solved. There are four unknown quantities in the network: V7, I, V5,
and L. Therefore, four equations are needed to solve the power flow equations. The
first two of these are obtained from (10.49) as

g = Vl(l + l’llll)—V* =0

10.59
g2:V2(1+n212)—V* =0 ( )
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Equation (10.50) is rewritten as

83 = Vl —Rflll — V2 + szIz =0 (1060)

Kirchhoff’s current law at the load bus of Figure 10.34 gives

Vi
Lo +1
RL 1 2
The load bus voltage V7, can be written from (10.50) as Vi, = V; — Ru ;. There-
fore, substituting this voltage in the above equation, the final equation is obtained
as
Vi—Rply

g=hL+L-—1=-0

10.61
o (1061)

To solve these four equations, the following two vectors are formed - one for the
four unknowns and the other for the four functions

x=[Vy Vo Ih Iz]Tand g=(8 & & gﬂT

Then, the Newton-Raphson method is used to solve (10.59) to (10.61). The first
step is to form a Jacobian matrix, which is given by

&Vl &Vz 811 alz 1+ nlll 0 ”1V1 0

Jdg, dg, dg, Jg,

98 98 98 98 0 1+ nl 0 1%
s |V ave an an b "
= = 1 -1 —R R

98 08 I8 98 e

aVl 0—]V2 911 0—)12 _ i 0 1 + & 1

9 08 s I ke K

L JV, 9V, oI, I, |

(10.62)

Then, choosing an initial vector of x(o), the first step in the iteration process is to
determine the small perturbation of the states from

ax® = (30) Tagh = () - 0-g¥], k=01,

where k is the iteration number. The states are then updated from

xk+1 = x® 4 Ax®),

k=o0,1,---

(10.63)

(10.64)

The process terminates when minimum [Ax®*)| is less than a small positive
number. This is illustrated by Example 10.12.
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Example 10.12 Consider a DCMG that has two generators with the following
ratings
Pml = 50kW and sz =20kW

Then, for V=380V, AV,, =38V, the droop gains are calculated from Exam-
ple 10.11 as n; = 0.76 V/KW and n, = 1.9 V/kW. The load resistance is assumed to
be Ry =4 Q. Then, assuming the maximum voltage drop across the line, the load
bus voltage is Vy=09x%x380=342 V. Therefore, the DGs will deliver
Vi /Ry, = 29.24 KW power to the load. The Newton-Raphson method mentioned
in Section 10.6.2 is now employed for three Ry, : Ry, ratios. The results are shown in
Figure 10.35. The power sharing accuracy increases as the line resistance decreases
in all the three cases. The DG output voltages increase with line resistances to cater
for an increased drop across the lines. Furthermore, the Ry, : Ry, ratio plays an
important role in the power sharing ratios.

10.6.3 -V Droop Control

An alternate droop formulation, where the output voltages depend on currents, is
discussed in this section. Consider the system of Figure 10.34 again. The droop
equations are given by

V1 =V - n111
. (10.65)
V2 =V - nzlz
DG Output Voltages (V) DG Output Powers (kW) Power Sharing Ratio (P4:P5)
25
20 o o2
2
15
10 1.5
0 0.5 1 0 0.5 1
20 2.4
15 it it |
2.2
10
0 0.5 1 0 0.5 1
2.9
20 2.8
15 —Py— Py 27
10 2.6
362 E I | Tr—— =] 55
0.5 1 0 0.5 1 0 0.5 1
R () Rr (@) R (©)

Figure 10.35 The effect of line resistance on the output voltage, power, and power
sharing ratio.
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where the droop gains are now defined in ohms (). Substituting the relations in
(10.50), we get
VL =V - l’llll —Rflll =V'— l’lzIz —szlz (1066)
This implies that

I_l o m (10 67)
I, n; + Rf1 '

Under the assumption
n; >> Rf], ny; >> sz (1068)
(10.67) can be modified as

I
1M (10.69)
12 ny

Furthermore, assuming V; = V,, the power relation is given as

Pr Vili _
P2 - V2[2 - n

(10.70)

It can be seen that (10.70) is exactly the same as (10.54), and hence (10.55) also
remains valid. However, the droop gains in this case are defined in terms of resist-
ance, while in (10.53) they are defined in V/kW. Therefore, a different methodol-
ogy must be adopted for the choice of the droop gains for the I-V droop control.

Again, the maximum voltage drop condition will be used to calculate the droop
gains. From (10.65), the maximum voltage drop is given by

P
AV =V =V =nl= nv’" (10.71)

Equation (10.71) is written as

VXAV,
n= ——

10.72
o (1072

Knowing AV,,, V can be calculated. Then knowing P,,, n can be calculated.

Example 10.13 Consider the system of Example 10.11 with the same para-
meters. When DG-1 supplies its maximum power of 50 kW, the output voltage will
become 342 V. Then from (10.72), we have

342 x 38

= Soxi0s D060

n

In a similar way, droop gains for the other DGs are calculated as

n, =0.65Q,n; =0.325Q,and n, = 0.13Q
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10.6.4 DCMG Operation with DC-DC Converters

The DCMG operation discussed in Section 10.6.3 assumes that the load is directly
connected across the DC line with a maximum voltage of 380 V. The voltage sup-
plied to the load can vary (drop) depending on the load resistance. In practice,
however, there might be loads connected to the microgrid that have a much lower
voltage rating. Consider, for example, the microgrid system shown in Figure 10.36.
In this, the DG voltages are raised to microgrid voltage level by the two boost con-
verters. This voltage might be higher than the voltage that can be tolerated by the
load. Therefore, a buck converter is connected at the load terminal that regulates
the voltage V; across the load. Note that the voltage V,, is applied as the input to
the buck converter. To eliminate the ripples in buck converter input voltage, a fil-
ter capacitor Cyis connected across this point. The working principle of this system
is demonstrated with both the droop controllers mentioned in Sections 10.6.1
and 10.6.3.

Example 10.14 In the DCMG of Figure 10.36, the power ratings of the DGs are
taken as
Pp; = 50kW and Py, = 20 kW

The line resistances are Ry = 0.01  and Ry, = 0.06 Q. The P-V droop gains for
these are computed in Example 10.11 and the I-V droop gains are given in Exam-
ple 10.13. All the three converters are assumed to have the following parameters

L =4mH, C =500 uF,and f = 10 kHz

In addition, Cy= 500 pF and V4, = V4, =250 V are also chosen and the refer-
ence voltage for the buck converter output voltage V] = 150 V.

Ry L Rp
= —w—c*w‘—
B + —_— + - + B
Vrlcl = 00st % P o~ C/ P VZ oost + Vd )
i | Converter-1 |1 1 "m 2 "2 | Converter-2 T
Buck
Converter
Vi —
P Ll‘;
(I

Figure 10.36 Schematic diagram of a DCMG containing buck and boost converters.
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Figure 10.37 Performance of DCMG with (a and b) P-V and (c and d) I-V droop control.

All the three converters are operated in LQR state feedback with integral control
using the state space averaging method.

First, the load resistance R; is chosen as 1 Q such that the load draws 22.5 KW of
power. Then, at 0.5 seconds, the load resistance is decreased to 0.5 Q such that the
load now becomes 45 kW. The results with both types of droop control are shown
in Figure 10.37. These are almost identical. The power sharing ratio P; : P,is 2.5: 1.
The buck converter holds the load voltage (V) constant at 150 V. The stability
(eigenvalue) analysis for the DCMG circuit of Figure 10.36 is reported in [20],
where it is assumed that all the converters are controlled through state feedback
with integral control. The feedback gains are computed using LQR design on the
state space average model of the converters. It is shown that the system behavior is
very robust due to the optimal controller design.

10.7 Integrated AC-DC System

The schematic diagram of a utility connected DCMG is shown in Figure 10.38. The
DCMG is connected to the utility system through an interlinking converter (IC)
and a dual active bridge (DAB). The IC is a VSC, which operates in the same man-
ner as a voltage controlled DSTATCOM. Therefore, it holds the DC voltage V.,
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Figure 10.38 Schematic diagram of a utility connected DCMG.

across the capacitor C,4.; constant by drawing the power required by the DCMG
from the utility. The DAB is a bidirectional DC-DC converter that also isolates
the AC and DC systems. This device modulates the voltage V., across the capac-
itor Cy., to facilitate the bidirectional power flow (Py ;) between the utility and the
DCMG. The operation and control of the DAB is briefly discussed in Section 10.7.1.

10.7.1 Dual Active Bridge (DAB)

A DAB s an isolated, bidirectional, buck and boost DC-DC converter topology that
can be used in high-power applications as solid state transformers. The advantages
of DAB converters include a lower number of passive components, high-power
density, and high-power efficiency resulting from zero voltage switching (ZVS)
[21-23]. The schematic diagram of a DAB is shown in Figure 10.39a. It contains
two H-bridge converters that are connected together by a high-frequency trans-
former. A DAB can be controlled by:

o Phase shifting the switching of the two bridges, while they work at fixed
duty ratio.

o Controlling the duty ratio of the bridges.

e Modulating the switching frequency.

We shall derive a controller using the first method.

The equivalent circuit of a DAB is shown in Figure 10.39b. In this, R represents
converter and transformer losses and L is the leakage reactance of the transformer.
All the quantities are referred to the secondary side of the transformer. The voltage
in the primary side of the transformer is denoted by vp, while that of the secondary
side is denoted by v;. Since the converter contains two H-bridge converters, there
are four possible switching states, given by

{ V4  when S; isonand S, is off
vy =

— V4 whenS,isonandS; is off
. , (10.73)
{ Vo when S;isonand S, is off

Vg =

— Vo when S;isonand S; is off
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Figure 10.39 Schematic diagram of (a) DAB and (b) its equivalent circuit.
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“

It is assumed that both the H-bridges are operated at a 50% duty ratio. However,
their switching is phase shifted by an instant ¢, as shown in Figure 10.40a.
There are four modes of operation of the DAB. These are defined as:

e Mode-1: When switches S; and S, are closed.
e Mode-2: When switches S; and S5 are closed.
e Mode-3: When switches S, and S5 are closed.
e Mode-4: When switches S, and S, are closed.

These modes of operations are shown in Figure 10.40b—e. Defining a state vector
asx=[Vy i }T, the state space equations for the different modes are given by

Mode-1 (fp <t < t;) 1 X = {—zzch :112//ﬂx+ L(/)L}Vdc (10.74)
Mode-2 (t; <t < ) 1 X = TURLC _1/C}x { 0

-1/L  -R/L 1/L}Vd"’ (10.75)
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Figure 10.40 (a) Switching configuration of a DAB and its equivalent circuit in (b) Mode-1,
(c) Mode-2, (d) Mode-3, and (e) Mode-4.

Mode-3 (t, <t < t3) 1 X = {—iﬁthC :112//ﬂx+ {—S/L}Vdc (10.76)
Mode-3 (t3 <t < ;) : X = {_172& :;//i}’” {_S/L}Vdc (10.77)

From Figure 10.40a, the following steady state conditions are defined

T
h—th=ti—bh=¢, h-h=hL—1l3= 5—45, ts—to=T
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Substituting these relations in (10.74)—(10.77), the solutions of these equations
are given by

x(t1) = F1x(to) + G1V4c
X(t) = Fx(t1) + G2V, (1078)
x(t3) = Fsx(t1) + G3Vac
xX(ty) = F4x(t3) + G4V,

These matrices are derived using the state transition equations and can be found
in [24].

Combining all the four components of (10.78), the following state transition
equation can be written between t, and 4

x(ts) = Fx(ty) + GV (10.79)

Now we define the instant ¢, as k + 1 and the instant ¢, as k. Then linearizing
(10.79) around the steady state conditions of x, and ¢, the following linear
discrete-time state space equation is obtained

Ax(k + 1) = AAX(ty) + BA¢ (10.80)
where
A= 8—F and B = a—F + &—B
Toox T dp  Ip

The output equation is
Vo(k) =[1 0] =CAx(k) (10.81)

Equation (10.80) defines the perturbed linear state equation around x, and ¢,.
The steady state quantities must be derived first before a control law can be com-
puted. Assuming the converter to be lossless, the power transfer relationship is
given by [22, 23]

Vdc V0¢(7[ - ¢)
2m2fL

where fis the switching frequency. From (10.82), it is evident that the power trans-
fer is zero either when ¢ = 0° or when ¢ = 7= and the maximum power is trans-
ferred when ¢ = z/2.

It can be seen from (10.82) that, for a constant V. and ¢, the output voltage V,
will be proportional to the output power P,. The first step in the linearization

P,=P,= (10.82)
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process is to decide a nominal value of the output power P,, at the nominal voltage
of V. Equation (10.82) can then be rewritten in terms of these quantities as
272%fL
2
- + =" Py=0 10.83
DTt e (1083

Solving the quadratic equation and choosing the lesser of the two values, the
nominal value of the phase shift ¢, is obtained.

From the nominal values of the output voltage V, and output power P, the
nominal value of load resistance is calculated as Ry = Vﬁo /Pag. With this value
of Ry and ¢, Egs. (10.74) to (10.79) are evaluated. The steady state vector is then
calculated from (10.79) as

X = (I-F) 7 GV (10.84)

This vector and ¢, are now used for the derivation of the linearized model of
(10.80-10.81).

10.7.2 AC Utility Connected DCMG

In Figure 10.38, the interlinking VSC holds the DC voltage V., across the capac-
itor Cy., while the DAB modulates the voltage V., across the capacitor Cy., to
facilitate the bidirectional power flow. The reference voltage V7, is obtained by
the link power flow through the following PI controller

Vi =V + Kp(Pj — Prink) + K J(P}jmk — Ppini)dt (10.85)
where V" is the DCMG reference voltage and P;,,, is the desired link power.

Example 10.15 The DCMG is the same as that discussed in Example 10.14. The
DAB transformer is chosen as 1 kV:1kV while its leakage inductance is 0.4 mH.
The DAB steady state model is derived for a nominal voltage of 380 V and power
of 50 kW. The DAB then is controlled using LQR state feedback with integral con-
trol. The DAB PI controller gains are Kp = 2.0 and K; = 100. The results are shown
in Figure 10.41. At the beginning, the DCMG operates in the steady state, supply-
ing a load of 45 kW, where the DGs share power the ratio of 2.5: 1. During this
time, the DAB holds its output voltage in such a way that no power exchange takes
place between the utility and the DCMG, i.e. P, =0. Then, at 0.25 seconds,
15 kW of power is drawn from the utility. From Figure 10.41a, it can be seen that
the load power remains constant all through this process. However, since 15 kW of
power is supplied by the utility after 0.25 seconds, the DGs supply P, = 22.1 kW
and P, = 8.85 kW maintaining a ratio of 2.5:1. The DAB output voltage and its
reference are shown in Figure 10.41b, while the DAB control output ¢ is shown
in Figure 10.41c.
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Figure 10.41 Performance of utility connected DCMG. (a) Power flow in DCMG (kW),
(b) DAB output voltage and its reference (V), (c) DAB control output (¢).

10.8 Control Hierarchies of Microgrids

The droop control of AC microgrids is essentially a local control of DERs that can
operate without communication networks. However, to operate a microgrid in the
mix of several other microgrids and distribution networks, this local controller is
not adequate. There are different levels of microgrid controllers summarized in
[25]. Figure 10.42 shows the control hierarchy of a microgrid, which consists of
three levels of control: primary, secondary, and tertiary. These are briefly discussed
in this section.

10.8.1 Primary Control

The droop control discussed in Sections 10.4.2-10.4.5 and 10.4.7 is the main type of
primary control. However, there are several drawbacks with this method, as is
pointed out in [25]. One of the obvious ones is the dependence of droop gains
on the X/R ratio. To overcome this problem, a virtual impedance can be used.
However, the stability issues for the selection of virtual impedance need to be
addressed through an eigenvalue analysis. For this, a simplified model of the sys-
tem needs to be derived.

The droop control is basically a steady state concept in which the load dynamics
are ignored. This can lead to instability during fast load changes. Furthermore, the
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Figure 10.42 Three-level control structure of microgrids.

nonlinear and/or unbalanced loads can cause power quality issues in the system.
One way to approach this issue is to stipulate that each DG must compensate for its
polluting local load, while they share common load as per their ratings [26]. This,
however, will require the placement of a compensating DG with each polluting
load, which is very restrictive. There are other approaches that can be found from

the references listed in [25].
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Several methods have been proposed for non-droop-based methods [25],
such as:

o Centralized control is one where a central controller regulates all the DERs in
the microgrid. If a microgrid spans a small geographical area, and assuming the
presence of ubiquitous broadband or 5G networks, measurements from load
terminals can be sent to a central controller, which will then send the set points
to all DERs depending on their power ratings. This, however, is not an efficient
method and can lead to instability, even for a single point of failure in the com-
munication network.

o A master-slave approach is presented in [27], in which one of the converters acts
as a master in the islanded mode. The master holds the voltage, while the other
DERSs supply the load. While this method is inspired by the load flow type sce-
nario, the presence of single or multiple masters complicates the scenario. This
method is a cross between a fully decentralized control and a communication-
based centralized control.

Most of the non-droop-based methods assume some form of communication. In
fact, with the increased use of data communication networks, it is conceivable that
most of these methods are viable and will be applied in future microgrid primary
control. However, a fallback strategy in case of a communication failure must be
embedded in these algorithms.

10.8.2 Secondary Control

The secondary control is basically the microgrid energy management system
(MGEMS). The secondary control level can be centralized or decentralized. As
the names signify, in a centralized control, a central controller sends control sig-
nals to the DERs, while the decentralized control depends on distributed intelli-
gence to coordinate DER operations.

The centralized control level includes a microgrid central controller (MGCC),
which sends commands to the primary controller of each DER to compensate
for the deviation in their output voltage and frequency from their respective set
points. Through this, the coordination amongst the local controllers of the micro-
grids can be realized at this level. A communication system is required to imple-
ment this level of control since the information and commands should be regularly
transferred between the local regulators and the secondary controller. Usually, the
operation timeframe of this control is slower than that of the primary level, and
therefore a lower bandwidth communication system is sufficient. Apart from
the data regarding the DERs and loads, the MGCC can consider the relevant
weather forecasting data to determine the changes in the set points required [25].
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The main problem of a centralized controller is that it can have a deleterious
effect even for a single point of failure in the communication system. In a decen-
tralized control scheme, each DER in a microgrid is provided with more autonomy
than that given in the centralized approach. In [28], a distributed control architec-
ture is discussed for power electronic based DERs such that each of them has its
secondary controller. Each of these secondary controllers can produce appropriate
control correction for their primary controllers by considering the measurements
from the other DER units. In [29], a multiagent-based secondary controller is pro-
posed. The objective of a multiagent system (MAS) is to segment a total system into
several entities, each called an agent. These agents can then interact amongst
themselves to solve a complex problem. A review of an MAS application in a smart
grid can be found in [30]. The schematic diagram of the MAS-based secondary con-
troller is shown in Figure 10.43, in which all the agents communicate amongst
themselves and with the MGCC [29].

10.8.3 Tertiary Control

This level can be considered as a part of the main grid operation [25]. At this level,
the interactions and power exchanges amongst the microgrids as well as between
the microgrids and the main grid are controlled. Generally, these actions are
organized to achieve various technical, economic, and environmental objectives
within the whole system, while satisfying some prespecified constraints. One of
the objectives could be the reactive power management through the coordination

Figure 10.43 MAS-based distributed secondary control structure of a microgrid.
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of different microgrids. In a coupled microgrid scenario, the tertiary controller
should determine the amount of power to be exchanged amongst the subsystems
along with the associated timings. This controller is placed at the highest level, and
therefore it is responsible for coordinating the operation of the microgrids by send-
ing appropriate commands to the secondary controllers. It is to be noted that this is
also the slowest control level that should operate in minutes rather than in sec-
onds. Some of the objectives of the tertiary level are:

o Microgrid overload relieving.

o Reliability improvement.

¢ Resilience enhancement.

e Loss minimization within the entire system.

10.9 Smart Distribution Networks: Networked
Microgrids

In the past, power distribution systems were radial in nature, i.e. power would flow
from a distribution substation down the feeder in a unidirectional manner. Cur-
rently, the situation is changing rapidly. Several rooftop PVs are getting connected
to power distribution systems, causing voltage rise, reverse power flow, and power
quality problems. Moreover, PVs are intermittent in nature: a sudden shading in
PVs can cause a power drop or power fluctuations that need to be smoothened out.
Moreover, the penetrations of a large number of power electronic converters have
been the cause of power quality issues that were not present in the past. In
Chapter 11, the effects of harmonics and their standards are discussed. In this sec-
tion, however, we present what the distribution grids of the future will be like.

The main objectives of a smart distribution system are improved reliability, abil-
ity to self-heal, fuel diversity, and increased generation efficiency through com-
bined heat and power (CHP) [31]. In a future power distribution system, there
will be several small to medium-scale DERs. To have a smart distribution system,
all these need to be controlled cohesively, which will require a real-time informa-
tion exchange between the DERs and the utility. One concept that is getting some
attention these days is what is called a virtual power plant (VPP), which is essen-
tially a cloud-based software that coordinates all the DERs such that they work
together as a single aggregated power plant. However, this concept is only at
the trial stage currently and its applicability is still unknown. A microgrid, on
the other hand, can operate along with the grid or as an island. Therefore, several
microgrids can work with the grid, with much lower control complexity than a
VPP. In the rest of this chapter, the concept and operation of coupled microgrids
and microgrid clusters are discussed.
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There are several advantages in forming distribution systems with a network of
microgrids. It is pointed out in [32] that networked microgrids can be used for
improving resilience in power systems. The main argument in favor of micro-
grid-based resilience enhancement is that a microgrid can island itself in case
of an extreme event. It can supply its local load demand with a much lesser impact
in the event of the grid failure. A microgrid, while interacting with a utility grid,
can provide ancillary support, voltage support, black start support, etc. [32]. Oak
Ridge National Laboratory in Tennessee, USA, has published a scoping study on
networked microgrids in 2016 [33]. In this report, the authors discuss the intercon-
nection layout, communication and control architectures, and the potential ben-
efits of networking microgrids. Several research needs are pointed out in this
article. Some of these are:

e Coordination of energy trading and ancillary service management through
microgrids, addressing DER control and feeder reconfiguration.

o Multi-objective optimization considering peak shaving, loss minimization, and
voltage regulation across several interconnected microgrids.

o Comprehensive energy management for each microgrid, considering the pres-
ence of networked microgrids and distribution systems.

o Distribution energy market and distribution ancillary service market, both man-
aged by the distribution service operators.

e Demand response incentive signal design to allow utility scale energy
management.

o Defining microgrid-to-microgrid communication framework.

A comprehensive review of networked microgrids is given in [34]. In
Section 10.10, the interconnection layout and operational strategies of networked
microgrids are discussed.

10.9.1 Interconnection of Networked Microgrids

It is possible to have different layout structures of networked microgrids. However,
all of these are the subsets of the three general layouts shown in Figures
10.44-10.46. Figure 10.44 shows the configuration of microgrids connected in
series to a single feeder, where the microgrid management system (MMS) controls
the operation of microgrids and the connecting switches SW-1 and SW-2. Depend-
ing on the operating principles, the MMS can control four possible operating sce-
narios. These are listed in Table 10.4, where the microgrids are abbreviated as
microgrids. The MMS will coordinate these actions and generate signals for the
switches to open or close.

Figure 10.45 shows the configuration of two microgrids that are connected in
parallel to a single feeder. The microgrids are connected by the switch SW-12,
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Microgrid-2

Figure 10.44 Serial microgrids on a single feeder.

"X w1 Sw-2

Microgrid-1 Microgrid-2

Figure 10.45 Parallel microgrids on a single feeder.

while switches SW-1 and SW-2 connect them with the utility feeder. Since there
are three switches, 2*> = 8 operating conditions are possible, which are listed in
Table 10.5.

Figure 10.46 shows the interconnections of microgrids on multiple feeders.
Again, since there are three switches, eight operating scenarios are possible. Notice
here that the microgrids can be connected to Feeder-1 when switches SW-1 and
SW-12 are closed, and SW-2 is open. Similarly, they can be connected to
Feeder-2 when switches SW-2 and SW-12 are closed, and SW-1 is open. Further-
more, they can be connected to both the feeders when all three switches are closed.
This is the most versatile configuration of a microgrid network since it can operate
in grid-connected mode even when one of the feeders is down. In this configura-
tion, the restoration of feeders following a fault is possible, where multiple feeders
can be black started.
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Figure 10.46 Interconnected microgrids on multiple feeders.

Table 10.4 Operating scenarios of series connected microgrids to a single feeder.

Scenario Microgrid-1 Microgrid-2 SW-1 SW-2
1 Grid connected Grid connected Closed Closed
2 Grid connected Islanded Closed Open
3 Islanded Islanded Open Open
4 Islanded Connected to Microgrid-1 Open Closed

Table 10.5 Operating scenarios of parallel connected microgrids to a single feeder.

Scenario Microgrid-1 Microgrid-2 SW-1 SW-2  SW-12

1 Grid connected Grid connected Closed Closed Open

2 Islanded Islanded Open Open Open

3 Islanded Grid connected Open Closed Open

4 Grid connected Islanded Closed Open Open

5 Grid connected Connected to Microgrid-1  Closed Open Closed

6 Connected to Grid connected Open Closed Closed
Microgrid-2

7 Islanded, but connected Islanded, but connected Open Open Closed
to Microgrid-2 to Microgrid-1

8 Connected to both Connected to both grid and Closed Closed Closed

grid and Microgrid-2 Microgrid-1
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The switches in Figures 10.44-10.46 can be fast acting solid state switches.
Before the interconnection of two islanded microgrids, their droop gains must
be normalized so that they can work as a single unit [16]. However, if microgrids
select the droop gains as per (10.21), then they can work as a single cohesive unit.
Example 10.16 illustrates this.

Example 10.16 In this example, two microgrids are connected together when
both of them are operating in the islanded mode. Each of the microgrids is repre-
sented by an aggregation of generators and loads. Microgrid-1 has a total rating of
1 MW, while Micogrid-2’s rating is 500 kW. It is assumed that the microgrids are
predominantly inductive and therefore P-f and Q-V droop control is selected. The
droop gains are selected based on a frequency deviation of +0.5 Hz from the nom-
inal frequency of 50 Hz. In the islanded mode, Microgrid-1 supplies 960 kW of
power at a frequency of 49.54 Hz, while Microgrid-2 supplies 200 kW of power
at a frequency of 50.1 Hz. Once they are interconnected, Microgrid-1 supplies
790 kW and microgrid-2 supplies 395 kW of power with a collective frequency
of 49.71 Hz. The results are shown in Figure 10.47, where the microgrids are syn-
chronized when the phase angles of the voltages are nearly equal [16]. Despite this,
large transients are visible, and therefore a soft synchronization scheme will have
to be devised. Note that there is a slight discrepancy in the total power generation
before and after the reconnection. Since the loads are passive RL, the rise in the
voltage level causes a little bit of extra power being supplied to the load.

Microgrid Powers (kW)

(a)

1000 |- — Microgird-1— Microgird-2]

0 0.5 1 1.5 2 25 3

Microgrid Frequencies (Hz)
T

—_ Microgira-1— Microgird-2

50 =

48| .

46 | 1 I
0 0.5 1 1.5 2 25 3
Time (s)

Figure 10.47 Power flow and frequency before and after the interconnection of two
microgrids.
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Example 10.16 assumes that both microgrids follow the same principle for droop
gain selection, which may not always be possible. Each microgrid is designed
based on the available resources and they may have different operating principles.
Therefore, it is desirable that each microgrid maintains its autonomy as far as pos-
sible, i.e. their operations should be relatively independent of each other. To
explain the principle, let us consider the microgrid-utility connection through a
back-to-back converter system shown in Figure 10.32. It is assumed that
the back-to-back converters connect the two systems through two feeders. The
main function of VSC-1 is to hold the DC voltage V. across the capacitor Cy.
by drawing power from the AC utility through angle control. On the other hand,
VSC-2 facilitates power flow between the utility and the microgrid.

Now VSC-2 must synchronize with the microgrid, which may operate at a dif-
ferent frequency and voltage level than the AC grid. Let us assume that the micro-
grid voltages at the output are given by

VMGa = VMG sin (a)Mgt + 5MG)
Ymep = Vme Sin (CUMgt + omG — 1200) (1086)

vmce = Vme sin (omct + e + 120°)

where wyc is the operating frequency of the microgrid. Noting that power flow
over an AC line is mainly dependent on the relative angle difference, VSC-2’s out-
put voltage v, will be synthesized such that the required phase shift is introduced
depending on the power flow between them. Let the VSC-2 output voltages be
defined by

Veoa = ch sin (CUMG[ + 5(;2)
Veop = Vea Sin (a)MGt + 6c2 — 1200) (10.87)
Veae = Viep sin (a)Mgt + 6c2 + 1200)

A balanced system operation is assumed. Then, from the measurement of the
instantaneous voltages Vaga, Vamop, and Vasee at any given instant, the instantane-
ous symmetrical component transformation given in (2.8) of Chapter 2 is used to
get the positive sequence vector as

1
2
VMG = 3 [VMGa + avmey + a VMGC]

Vme

. . V
= T [Sln ((UMgt + 6MG) —Jcos (CUMGt + 5MG)] = ﬂ(

a+ jp)
(10.88)
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where a =sin(wygt + dpe) and f = cos(wpgt + pc)- The following three terms
are defined from (10.88)

Ve o= Re (vumo1) _ Im(vmer)
20

lvmer | = (10.89)

[vmar | ’ B [vic |

Similarly, the positive sequence of the converter side voltage can be written as

\%
Veor = % [Sil’l (wMgt + 5c2) —j COoS (wMGt + 5(]2)} (1090)
Now, for the power flow over the link (Pr;, ), the two angles must differ.
Defining
6= (5(;2 - 6MG (1091)

and substituting (10.79) in (10.78), we get

Vv . ,
Voo = % [sm (a)MGt + omc + 5) —Jcos (a)MGt + omg + 5)]

= % (a + jp)cosé— (B —ja)sin 5]

(10.92)

From the instantaneous measurements of (10.86), the terms vy |, a, and S
given in (10.89) are computed. Assuming V¢, = Vg, the positive sequence com-
ponent vector ve,; can be computed if the value of  can be determined.

Let us assume that the microgrid needs to draw a fixed amount of power from
the utility grid. The power reference is denoted by Pj;,, . Then this is compared
with the measured link power and used in a PI controller to obtain ¢ through

8 = Kpp (P — Prink) + Kip J(P;mk — Prink)dt (10.93)

Once § is calculated, the vector v, is calculated from (10.92). Note that the neg-
ative sequence vector v, is the complex conjugate of v,;. Therefore, with these
vectors and assuming that the zero-sequence component is zero, the reference sig-
nals in the abc-frame can be computed from the inverse symmetrical component
transform. If VSC-2 can follow the signals accurately, it will guarantee that the out-
put voltages are synchronized with the microgrid. Example 10.17 shows the limits
on the performance of an islanded microgrid.

Example 10.17 Let us consider a microgrid that is supplied by two identical die-
sel generator sets. Each set consists of a 4-stroke internal combustion engine
coupled to a synchronous generator. The internal combustion engine’s speed is
controlled by a governor, which is a PID controller that maintains output speed
by changing the fuel rate. The synchronous generator contains an exciter and
an automatic voltage regulator (AVR). The AVR controls the field supply of the



10.10 Microgrids in Cluster

generator to maintain the required terminal voltage. The maximum rating of each
diesel generator is 480 kW. The droop gains are selected based on +0.5 Hz voltage
drop from the nominal frequency of 50 Hz. The DGs supply a constant P-type load.
At the beginning the load is 850 kW, which is shared equally between the DGs. The
steady state frequency is 49.57 Hz. With the system operating in the steady state,
the load is changed to 1.05 MW at 1 second. Obviously, this is beyond the capacity
of the DGs in the microgrid, and it needs to draw power from the utility grid to
supply this load; otherwise, load shedding may be required.

The question is how much power should be drawn from the grid. Here we stip-
ulate that the microgrid should draw as much power as is required to meet the
shortfall in its generation. Notice that when the DGs in the microgrid supply their
maximum rated power, their frequency will be 49.5 Hz. A drop in the frequency
below this value is indicative of a shortfall in power. Corrective actions will be
required when the frequency falls below 49.5Hz. However, to differentiate
between a large transient due to load change and power shortfall, a deadtime must
be provided between the time when the frequency falls below the threshold and
the time of taking corrective action. This deadtime will depend on the type of gen-
erators present in the microgrid. If all the generators are power electronic inter-
faced, the time will be less as they cannot provide inertia. This can lead to a
voltage collapse as soon as their currents saturate. On the other hand, a synchro-
nous generator, can hold the voltage by releasing the rotational kinetic energy.
However, this can only be temporary. Therefore, once the frequency crosses the
threshold and stays there for a stipulated amount of time, a one-shot Schmitt trig-
ger is used to generate a pulse “Trig.” This will start the process of the microgrid
drawing power from the utility. The amount of power should be such that the
microgrid frequency stabilizes at 49.5 Hz. To accomplish this, another PI controller
is employed based on the frequency, which is given by

Af =49.5—f 16

P} = Koy + Ky jAf dt (1054
where fyc is the measured microgrid frequency at the connection point. The VSC-
2 control scheme is shown in Figure 10.48. Note that the two PI controllers get
activated through the Trig signal, which is generated only when the frequency falls
below the threshold frequency of 49.5Hz. Once the power demand from the
microgrid is removed, the Trig signal is removed, and the PI controllers are reset
and given an input of 0 so that large starting transients do not occur when they are
called into action next time the power shortfall occurs.

The results are shown in Figure 10.49. Since the two DGs are identical, their
power overlap cannot be differentiated. However, it is obvious that the scheme
works perfectly as the frequency, when the initial transients after load change
are over, settles to 49.5Hz and the DGs supply their maximum rated power.
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Figure 10.49 Microgrid power shortfall being supplied by utility in Example 10.15.

The only drawback of this scheme is that the converter losses must be supplied
continuously even when no power flow occurs between the two systems in order
to hold the DC capacitor voltage V. constant. However, using this scheme, the
microgrid can operate independently of the AC system. This configuration forms
the basis of microgrid clusters, which is discussed in Section 10.11.1.

10.10.1 The Concept of Power Exchange Highway (PEH)

An interesting concept of coupling microgrids is proposed in [35]. This is shown in
Figure 10.50. In this scheme, the power exchange takes place through a dedicated
line (i) between the microgrids and (ii) between the microgrids and the utility
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Figure 10.50 Microgrid cluster formation through the PEH.

system. This line is called the power exchange highway (PEH). In parallel with the
PEH, there is an information exchange highway through which the microgrids
communicate with each other. The advantage of these two highways is that all
microgrids can exchange power and information with each other, irrespective
of their locations vis-a-vis the other microgrids. It is also possible to have the
microgrid cluster connected through the PEH with other networked microgrids,
as shown in Figure 10.51. In this scheme, Microgrid-5 and 6 are connected through
a PEH and can operate independently of the rest of the system. However, they can
participate in energy trading as and when it is suitable. The other four microgrids
are connected through switches. Obviously, when Microgrid-1 to 4 are connected
to the utility grid, they must operate at the same frequency as the grid, while
Microgrid-5 and 6 can operate under their respective droop control regimes.

In Figures 10.50 and 10.51, the isolators are converters. The operation of back-to-
back converter connection of a microgrid with an AC grid is discussed in Exam-
ple 10.17. This can also be applied to the clusters shown in the figures. However,
the PEH can be a three-phase AC line or a DC line. The following conditions can be
stipulated for the two configurations:

o AC-PEH: If a microgrid is AC, the isolator connecting it to the PEH is back-to-
back VSCs. There need not be any isolator between the PEH and the utility sub-
station. However, if one of the microgrids is DC, the isolator is a VSC plus DAB
combination.
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Figure 10.51 Future distribution grid with different types of networked microgrids.

DC-PEH: If the microgrid is AC, the isolator is an AC-DC converter, whereas for
a DCMG the isolator is a DC-DC converter. The isolator connecting the PEH
with the utility substation is an AC-DC converter. The advantage of having a
DC PEH is that the losses are less as only one converter is needed for each
isolator.

The operating principle of an AC PEH is discussed in [36], and that of a DC PEH
is presented in [37]. Some of their principles of operation are the same. Since the
interconnection of a microgrid with a utility system through a back-to-back con-
verter is discussed elsewhere, we discuss the power exchange through a DC PEH in
the remainder of this section.

10.10.2 Operation of DC Power Exchange Highway (DC-PEH)

Let us consider an islanded microgrid cluster, as shown in Figure 10.52a. It has a
total number of n AC microgrids that are connected together through a DC-PEH.
No load is assumed to be connected to the DC-PEH. Each microgrid is connected
to the DC-PEH through a VSC. The DC link of each VSC is connected with a stor-
age capacitor. The capacitors are connected in parallel through the DC-PEH,
which is represented by line resistances.

Nominally, each microgrid, while supplying its local load, holds the voltage
across the DC capacitor connected to the VSC constant at a predefined level as
well. However, when a power shortfall occurs in one (or more) microgrid, the
other microgrids supply a part of their excess available power to support it.
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Figure 10.52 (a) Structure of islanded microgrid cluster and (b) configuration of one of
the microgrids.

The excess power available in a microgrid can vary depending on the consumption
of its local load. Hence, it is not possible to determine a priori how much support,
in terms of real power, a microgrid can provide to others. Therefore, the surplus
available power in a microgrid must be continually updated. Based on this infor-
mation, the microgrid with excess available power will support the microgrids
with a power shortfall.

The equivalent circuit of each of the microgrids in the cluster is shown in
Figure 10.52b. It contains several DGs and loads. The VSC is connected to the
microgrid bus through a transformer. A power flow controller (PFC) controls
the bidirectional power flow between the microgrid and the DC-PEH, by deter-
mining either the available excess power that can be supplied to the DC-PEH
or the exact amount of power shortfall that is required to be replenished for the
safe operation of the microgrid. As shown in Figure 10.52b, the PFC needs infor-
mation about breaker status, microgrid frequency, and DC power to generate the
requisite control signals.

10.10.3 Overload Detection and Surplus Power Calculation

It is assumed that, when a microgrid is overloaded, it should draw the exact
amount of power that will maintain the stability in the system, as shown in Exam-
ple 10.17. The overload detection scheme is based on the frequency and is triggered
when the frequency falls below the set threshold value of the microgrid. Thereaf-
ter, the power required by the microgrid can be drawn from the DC-PEH using the
VSC control scheme of (10.94).

When a microgrid is overloaded, other microgrids with surplus power will be
able to supply the required power depending on their load consumptions at that
time. Thus, each microgrid must have a surplus power calculation scheme.

The power surplus capacity (Psc) of a microgrid is defined as the difference
between the total generation capacity the microgrid has at a given instant of time
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minus the total local load that it is supplying at that instant. Assume that, at a par-
ticular time, the frequency in microgrid-i is fis;, while its total power generation
capacity is Py If the droop gains of all the DGs are computed based on a frequency
limit of +0.5 Hz, the total power supplied by the DGs in the microgrid is

P; = (50.5—fyci) X P (10.95)

Note that P; includes the power that is supplied to the local load plus the power
supplied to other microgrids through the DC-PEH. Therefore, the power con-
sumed by the microgrid local load is the difference between P; and the DC power
flowing to the DC-PEH through the IC. However, the surplus capacity is calculated
based on only the microgrid local load. It is defined by the difference between the
total power generation capacity (P;i) and local load, i.e.

Psci = Py — (Pi = Vei X Laci) (10.96)

It is interesting to note that the PFC of Figure 10.52b does not need to know
about the status of each DG for overload prevention; it just draws power from
the DC-PEH to stabilize the frequency to 49.5 Hz irrespective of how many DGs
are connected to the system. On the other hand, the PFC needs to know the
DG status for surplus power calculation. This is because the maximum generation
capacity of a microgrid changes with the availability of the DGs. It might so hap-
pen that one of the DGs is out of commission due to the required maintenance
work. Also, the microgrid generation capacity can vary when plug-and-play type
DGs are included. Suppose microgrid-i has n number of DGs, with their maximum
power being denoted by P;. The total power consumed by the microgrid is P;. The
microgrid surplus power generation capacity is then given by modifying (10.96) as

n
Psci = {Z 8Py
k=1

where the s, = 1 if the DG is connected; otherwise, s, = 0. Therefore, a communi-
cation link between the DGs and the PFC will be required to update the DG status.
Note that, since this link is only used for the status update, a low bandwidth com-
munication channel will be sufficient for this purpose.

— (Pi— Vgei X Igei) (10.97)

Example 10.18 Suppose a mostly inductive microgrid has four DGs, rated at 200,
400, 300, and 100 kW. Thus, the total power generation capacity of the microgrid
(Py) is 1 MW. The droop gains, selected based on a frequency deviation of +0.5 Hz,
are 5, 2.5, 3.33, and 10 Hz/MW respectively. Therefore, from (10.21), « =1 Hz.

Now, suppose all the DGs in the microgrid are operational and the microgrid is
operating at a frequency of 49.9 Hz. Then, from (10.95), the total power supplied by
the microgrid is
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Py = (50.5—fyqi) X Py = (50.5-49.9) X 1 = 0.6 MW

Let us suppose that the microgrid is supplying V; X I = 150 kW of power to
the DC-PEH. Then, the total local load plus losses in the microgrid itself is 450 kW,
and the microgrid surplus capacity is given from (10.96) as

Pgei = P; - (Pl — Ve X Idci) =1- (06—015) =0.55 MW

This implies that, even though the microgrid supplies 600 kW of power at this
given instant, since its local load is 450 kW, it has a surplus capacity of 550 kW.

If the DG with the maximum capacity of 200 kW trips, then the microgrid sur-
plus power generation capacity is modified from (10.97) as

Psci = (0.4 + 0.3 + 0.1) — (0.6 —0.15) = 0.35 MW

However, since the microgrid is supplying 600 kW of power to its load and to the
DC-PEH, its frequency will drop to 49.75 Hz, as per (10.95), i.e.

0.6
P; =0.6 = (50.5—f15) X 0.8 = fy5 =50.5— 08 = 49.75Hz

10.10.4 Operation of DC-PEH

It is assumed that the DC-PEH operates in the I-V droop discussed in Sub-
section 10.6.3. To explain its operation, let us consider the three-microgrid cluster
shown in Figure 10.53. Nominally, all the microgrids only supply their local loads.
Therefore, the voltage references for the capacitor voltages are set as per (10.65) as

V:lcl =V - nlldcl
V:;cz =V*— nzldcz (1098)
V2c3 =V'— I’l3Id03

R Ry

/1 + DC-PEH f2

MN M

IdflT y Id('Zf 1&-31
del —

—— ——1 Vo Vaes ¢
- ~ - o - Y
Microgrid -1 Microgrid -2 Microgrid -3

Figure 10.53 Schematic diagram of a three-microgrid cluster.
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Figure 10.54 Overload prevention scheme through controlled DC voltage generation.

When there is no power flow from any of the microgrids to the DC-PEH, all the
currents are zero, i.e. Ige1 = Iger = Ige3 = 0 and therefore Vi, = V5, = V5, = V"
Consider the case where Microgrid-2 needs power from the DC-PEH. The power
requirement (P},) is obtained from the PI controller of (10.94). The DC capacitor
voltage reference for Microgrid-2 is set such that this amount of power is drawn
from the DC-PEH. This is accomplished through another PI controller, given by

"
ey = Py, — Pyea

N y (10.99)
Vdcz =V*—Kpieqp —Kig | eqp dt

where Py, = — Vg X1 The overload prevention scheme is shown in
Figure 10.54. From this figure, the desired voltage of the overloaded Microgrid-i
is obtained. This voltage is then regulated using the PI controller

8 = Kps (Vi — Vaci) + Kis J(lea. — Vei)dt (10.100)

The angle is then used to form the reference voltage for the IC, just like a
DSTATCOM in voltage control mode.

Note that the reference voltages of the other two microgrids are obtained using
the droop equations given in (10.98). However, their droop gains need to be com-
puted dynamically. This is discussed in Section 10.11.5.

10.10.5 Dynamic Droop Gain Selection

The surplus capacity that a microgrid has can be estimated from (10.97). It might
not, however, be necessary that a microgrid schedules the entire amount of power
surplus for dispatch through DC-PEH. Let us assume that the maximum power the
microgrid-i schedules for dispatch is P;. Notice that this quantity can change
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Figure 10.55 Dynamic droop gain selection scheme.

depending on the local load of each microgrid. Therefore, the droop gains need to
be adjusted dynamically. In the I-V droop control discussed in Section 10.6.3, it is
stipulated that (10.55),i.e. P; X ny = P} X n, = --- = Py; X nyy = o, remains valid.

The schematic diagram of the dynamic droop gain selection scheme is shown in
Figure 10.55. Based on the estimated frequency and the status of the DGs in a
microgrid, its surplus capacity (Psc;) is calculated from (10.97). A certain amount
of power (P,y,) is kept as reserve in the microgrid to cater for a sudden change in its
local load. Thereafter, the desired maximum power output of the microgrid P} is
selected based on the difference (Psc; — Pys,;). Note that Pgc; changes for every
change in the microgrid local load. This will cause a continuous fluctuation in
the droop gain if P} is simply chosen as Pgc; — Py, To prevent this, P; is changed
in discrete steps of Pgc; — Py, in a band that is given by

Ifﬁ < Psci —Prgi <7, then Pt* =p (10101)

where /3 is the lower limit and y is the upper limit of the band and the bandwidth is
selected as

n

y=B=4x Y [sP;| —Pi (10.102)
k=1

where 4 is a constant that defines a percentage of the total generation capacity of
the microgrid. Once P} is obtained, the droop gain of the microgrid is computed
from the preset value of a.

The block diagram of the dynamic droop gain selection in the power flow control
scheme is shown in Figure 10.56. The step-by-step PFC operation is listed in
Table 10.6.



450 10 Microgrids

.
P i

. load +
G —wr--=----1 Overl .
MG Prevention | 7y,

DC .
Capacitor Viei + Kys .
K, — 5.
Voltage J ps T oi
Reference

7y Vici
DG Dynamic. n;
Status—>TTTTC Droop Qaln
Selection

Power Flow Control (PFC) Scheme

Figure 10.56 Dynamic droop gain selection in power flow control scheme.

Table 10.6 PFC operation.

At each sampling instant k

Check Frequencies of all the Compute V7, from (10.98), where all the
frequency  microgrids are above 49.5 Hz droop gains are taken as zero
Perform capacitor voltage control of
(10.100)
If the frequency of a microgrid- Microgrid-k starts drawing power using
k, (k #1i) is below 49.5 Hz Figure 10.54, capacitor voltage control of
(10.100)
For Check breaker status

microgrid-i, Find the surplus power

(k#1) Pgc; from (10.97)
Find P}, n; from
Figure 10.55

Compute Vi
from (10.98)

Perform capacitor
voltage control of
(10.100)
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Example 10.19 (Overload in Microgrid-3)
Let us consider the microgrid cluster shown in Figure 10.53, for which the follow-
ing parameters are chosen

Ry =001Q, Ry =006Q, V" =25kV

It is stipulated that the maximum power that can flow through the DC-PEH is
Pax =250 kW and the maximum allowable voltage drop AVy,.x =100 V. Then,
from (10.72), we get

. 2.4 % 10% x 100

2sx108 0968

Hence
a=nXPnay =2.4x%10°
Assume that Microgrid-1 and Microgrid-2, at any given time, have surplus
power of 200 kW and 100 kW respectively. Then their droop gains will be

a a

=12Q, n, =24Q

n

B Prefl B Prefz

The total generation capacity of Microgrid-3 is assumed to be 1 MW. At the
beginning, all the three microgrids in the cluster supply their local loads and no
power exchange takes place through the DC-PEH. During this time, the local load
in Microgrid-3 is 833 kW. At 1 second, the Microgrid-3 load increases suddenly to
1.1 MW, which is beyond its total generation capacity. This causes the Microgrid-3
frequency to drop below 49.5 Hz and hence results in the activation of the overload
prevention scheme. The power reference (P},,) set by the PI controller and Micro-
grid-3 frequency are shown in Figure 10.57. The desired frequency of 49.5 Hz is
reached at around 3 seconds when Microgrid-3 draws power from the DC-PEH.

The power flow through Microgrid-3 is shown in Figure 10.58a. The total gen-
eration saturates at 1 MW, while the demand increases to 1.1 MW. This excess
amount of power flows from DC-PEH as shown in Figure 10.58b, where the share
of power between Microgrid-1 and Microgrid-2 remains in the ratio of 2 : 1. The DC
capacitor voltages of the ICs of the microgrids are shown in Figure 10.59, where it
is obvious that none of the capacitor voltages violates the minimum limit of 2.4 kV.

Example 10.20 (Dynamic Droop Gain Selection)

In this example, it is assumed that Microgrid-2 requires a total power of 200 kW.
Microgrid-1 has a surplus capacity of 200 kW and hence its droop gain is chosen as
1.2Q. To select the droop gain of Microgrid-3, 4 in (10.101) is chosen as 0.05
and P;,3 is chosen as 50 kW, while the total generation capacity of the microgrid
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Figure 10.58 Power flow through (a) Microgrid-3 and (b) DC-PEH in Example 10.19.
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Figure 10.59 DC capacitor voltage of the ICs of the three microgrids in Example 10.19.

Table 10.7 Dynamic droop gains of Microgrid-3 in Example 10.20.

Range (kW) Pregs (kW) ns (©)
0 < (Pscs — Prsps) <50 0 0

50 < (Psc3 — Prgys) < 100 50 438
100 < (Pscs — Prgys) < 150 100 24
150 < (Pscs — Proys) < 200 150 1.6
200 < (Pgc3 — Prgys) <250 200 1.2
250 < (Pses — Provs) 250 0.96

is1 MW. This implies that the dynamic droop remains constant for less than 50 kW
change in the local load. The droop gain selection is given in Table 10.7, for
a=24x%10.

In the beginning, Microgrid-3 is in the steady state supplying 760 kW of local
load plus system losses of around 8 kW. Then (Pscs — P,y3) is equal to 182 kKW.
The value of n; is chosen as 1.6 Q from Table 10.7. Microgrid-3 local load changes
to 780 kW at 1 second. This implies that (Psc3 — P,s3) is equal to 162 kW, including
losses. Therefore, the droop gain should not change, and the power supplied by
Microgrid-3 to DC-PEH should remain unchanged. Thereafter, at 6 seconds,
Microgrid-3 local load changes to 830 kW, which reduces P, to 100 kW and n;
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Figure 10.60 (a) Power flow in Microgrid-3 and (b) power supplied by Microgrid-1 to
DC-PEH in Example 10.20.

changes to 2.4 Q. The power flow through Microgrid-3 is shown in Figure 10.60a,
while the power supplied to DC-PEH by Microgrid-1 is shown in Figure 10.60b. It
is obvious that the power supplied by Microgrid-1 remains (almost) constant when
the Microgrid-3 local load changes to 780kW but increases when the load
increases to 830kW. The quantity (Pscs — Pr3) of Microgrid-3 is shown in
Figure 10.61a, while its droop gain is shown in Figure 10.61b. They follow the data
given in Table 10.7.

The power sharing strategy discussed here assumes that several microgrids in a
cluster can operate based purely on excess available power. However, economic
aspects can also play a significant role in the trading of energy between the micro-
grids. Consider, for example, that a microgrid has a power shortfall and it needs to
buy energy from the microgrids in a cluster. On the other hand, there may be sev-
eral microgrids that can supply the power. Dynamic droop gain selection is a
method that can provide an equitable distribution, provided the selling prices of
the various microgrids are the same and are fixed beforehand. This, however,
may not always be the case.

The basic aim of a microgrid is to cater to its local demand and make profit at the
same time. These objectives can be met by drawing power from the utility when
the price is low, storing power in energy storage systems when the renewable gen-
eration is high and the load demand is low, and selling power back to the grid
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Figure 10.61 (a) Power supply range in Microgrid-3 and (b) its dynamic droop gain in
Example 10.20.

during its peak. Microgrids can also exchange power between themselves without
involving the grid. Therefore, energy trading schemes must be established between
the microgrids, where they can work in either a cooperative or a noncooperative
manner while trying to maximize their profits.

Energy trading is a very complex problem since the overall energy price at a
given time must be considered. Different microgrids may have different generation
costs that will depend on the types of DGs used, their fuel, and associated main-
tenance costs. Moreover, the utility may have different tariffs depending on the
time of the day. It might so happen that the cost in the evening peak hours is sig-
nificantly higher. However, during this time, several microgrids may not have suf-
ficient reserve to sell power to the utility. Therefore, the first step in the process is
to consider the cost of energy production of each microgrid vis-a-vis its load. For
example, if, at a given time, a microgrid does not have sufficient excess power after
supplying its load, it cannot participate in energy trading. On the other hand, if a
microgrid has a power shortfall, it will have to buy from the other microgrids or
from the utility, irrespective of the price of energy at the time. Therefore, a more
desirable policy is to consider different operating scenarios to determine a price
structure that is suitable for energy trading. Once this price structure is deter-
mined, cooperative or noncooperative game theoretic models can be implemented
for the purpose of energy trading.
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10.11 Concluding Remarks

In this chapter different aspects of AC and DCMGs are presented. At the beginning
of the chapter, different converter control methods are discussed. Then, the
islanded operation of an AC microgrid is discussed. In this mode, the power shar-
ing depends on the line X/R ratio, which in turn determines which droop control is
employed: P-f, Q-V, Q-f, or P-V. However, it is shown that, by defining a virtual
impedance, the problem of a low X/R ratio can be overcome. In a highly resistive
line, through a negative feedback of converter output current, the real power shar-
ing ratio can be maintained accurately. It is to be noted that, even if the microgrid
is assumed to have all converter interfaced DGs, it is possible to have a diesel or
natural gas generator in the mix. The outputs of the droop equations, e.g. fre-
quency and voltage magnitude, are used in the internal combustion engine and
voltage regulator respectively to control the diesel generator. Even though the
diesel/natural gas generators produce greenhouse gases (unless biofuel is used),
they may be necessary in the short term to provide backup generation. One impor-
tant aspect that needs to be mentioned here is that the droop gains for an islanded
operation are chosen depending on the power rating of the DGs, and therefore an
instability problem due to disproportionately large droop gains is not possible
through this choice.

This chapter also discusses the grid-connected operation of a DCMG. A DCMG
can operate in standalone mode as well. As shown using the configuration of
Figure 10.36, the power exchange between the two systems can be controlled
through a DAB that can control a bidirectional power flow between the systems.
It is to be noted that the DCMG is still in its infancy and therefore most standards
have not yet been set. However, as shown in this chapter, they can be a viable alter-
native, especially where most loads are DC such as in data centers.

Microgrids have progressed beyond simple systems containing plug-and-play
type DERs. The concept of clustered microgrids or networked microgrids in a
smart grid framework is gaining much attention currently. We therefore include
discussions on coupled microgrids. These systems require different levels of con-
trol strategies. In this chapter, a method is discussed through which a microgrid
can mitigate its power shortfall by borrowing power from neighboring microgrids
or from utility systems. However, the inertia in a converter-dominated microgrid is
almost nonexistent. Therefore, a smart load shedding strategy or battery backup
may be desirable to prevent a system-wide collapse. The discussions in this chapter
are mainly focused on the converter control problem that can tackle any energy
shortfall problem in coupled microgrids. However, the financial aspects of energy
trading need to be embedded so that an overall satisfaction level can be achieved
for all participating microgrids.
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10.1 Consider a predominantly inductive autonomous microgrid with three
DERs. The power ratings of the DERs are:

DER-1:1MW,DER -2 : 500 kW, and DER —3 : 2 MW

The droop equations are given by
w; = o, + n; X (0.5P; —P;)rad/s, i=1,2,3

where w, = 1007 rad/s, w; is the frequency in rad/s, P; is the rated power in

MW, P; is its measured power in MW, and n; is the droop gain of

microgrid-i.

(a) Determine the values of the droop gains if the frequency is to be limited
within +0.5 Hz.

(b) Suppose the DERSs together are supplying 1.4 MW of power to the loads
and losses, determine the operating frequency in Hz and the power sup-
plied by each DER.

10.2 Consider again the autonomous microgrid of Problem 10.1. The droop
gains in this case are given by

fi=50+n; x (P; —P;) Hz

(a) Determine the droop gains if the frequency is allowed to vary between
50 Hz and 51 Hz.

(b) Assuming that the DERs are supplying 1.75 MW of loads and losses,
determine the operating frequency of the microgrid.

10.3 Consider the autonomous microgrid of Figure P10.3, where DER-1 and
DER-2 supply 600 kW and 300 kW respectively to a resistive load. The sys-
tem parameters are:

DER ratings: P =1 MW and P; = 0.5 MW
Voltage: 11 kV (L-L), frequency: 50 Hz
Feeder parameters: Ly =10 mH and Ly =20 mH
Assuming the DER voltages are held constant at 11 kV (L-L), the DERs
operate in a P-d droop given by

o1
02

np X (PT_PI)
ny; X (P;—Pz)

where the droop gain n, is given by 0.12 rad/MW.

(a) Determine the angles 6; and §,, assuming §; = 0°.
(b) Determine the magnitude of the load voltage V.
(c) Determine the load resistance R;.
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Figure P10.3 The autonomous microgrid operating under angle droop of
Problem 10.3.

Consider a predominantly resistive autonomous microgrid with three
DERs. The power ratings of the DERs are:

DER-1:1MW,DER -2 : 500 kW, and DER — 3 : 2 MW

The reactive power ratings of the DERs in MVAr are assumed to be 50% of
their respective active power ratings in MW, i.e. 500 kVAr for DER-1, etc.
The DERs are controlled by the droop equations given in (10.27) and
(10.28), where V* =22 kV (L-L) and f* = 60 Hz. Find the droop gains so
that the frequency variation is restricted to be within +0.5Hz and the
voltage variation is restricted to be within +0.06 pu.

Consider the utility connected AC microgrid, shown in Figure P10.5.
Together the utility and the DERs supply a constant PQ load, where it is
stipulated that DER-1 supplies twice the amount of active power supplied
by DER-2. The system parameters are:
Voltage: V; =V, =11 kV (L-L), 50 Hz
Feeder parameters: Ly; =20 mH and Ly, =10 mH
Load: P; =400 kW and Q; =90 kVAr

If the utility supplies (P;) 100 kW:
(a) Determine the angles 6, and &, to hold V (L-N) constant at 6.34 kV.
(b) Determine the reactive power Q; and Q, supplied by the DERs.
(c) Determine the reactive power supplied by the utility.
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Figure P10.5 Grid-connected microgrid of Problem 10.5.

Consider the DCMG shown in Figure 10.34, where the DC-DC converters
are boost converters. The system parameters are:
Voltage rating (V*): 1kV
Maximum voltage deviation (AV,,): 200 V
DC-DC Coverter-1 maximum power: 300 kW
DC-DC Coverter-2 maximum power: 100 kW
Viaer =500 V, Vgey = 400 V, Ry = 0.02 Q, and Ry, = 0.06 Q
The microgrid is controlled under a P-V droop control regime. Assuming
that the converters together supply total load plus losses of 240 kW:
(a) Determine the duty ratios of the two boost converters.
(b) Determine the load voltage (V1) and the load resistance (Ry).

Repeat Problem 10.6 if the microgrid operates under an I-V droop control
regime.

Consider the DAB circuit shown in Figure 10.39, where the transformer is
assumed to be lossless. The parameters of the DAB are:
Vae=48V, V=650V, Ry, =420 Q, and frequency = 20 kHz
Transformer: 100 V: 1kV, leakage inductance 0.79577 pH

From the power transfer relationship, determine the phase shift (¢).

Consider the three-microgrid cluster shown in Figure P10.9. Here, the type
of converter or the type of PEH is not important. The droop gains of all the
microgrids are chosen to restrict the frequency to be within +0.5 Hz.
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Figure P10.9 Microgrid cluster of Problem 10.9.

Microgrid-2 is having a shortfall of 200 kW. The remaining two microgrids
have the following operating status:

Microgrid-1: Total capacity 2 MW. Currently supplying load at a frequency
of 49.8 Hz.

Microgrid-3: Total capacity 1 MW. Currently supplying load at a frequency
of 49.7 Hz.

Assuming that Microgrid-1 an Microgrid-2 share power according to
their balance rating, determine how much power will be supplied by each
of these microgrids. Also, determine the frequencies of these two micro-
grids after they start supplying power to Microgrid-2. Assume the converter
and line losses are negligible.

Notes and References

Different converter control modes are very well presented in [3] and [4]. Since the
power flow in a mostly inductive line depends on the relative angle difference, P-5
based droop control is presented in [6, 7]. This method, however, is reliant on the
output inductance ratios and a global clock is necessary to synchronize the angles
in a common timeframe. However, the controller has a superior dynamic response
for converter interfaced DGs. The Virtual impedance concept has gained much
attention as a tool to overcome the impedance ratio problem [11-13]. However,
the stability of the system will depend on the choice of the virtual impedance.
Therefore, eigenvalue analysis may be required before these parameters can be
properly tuned.

The V-1 droop sharing for DCMG is discussed in [38] and [39]. In [38], the droop
gain selection based on voltage drop is also highlighted. In [40], the autonomous



Notes and References

operation of AC and DC subgrids is proposed, where these are linked through an
IC that normalizes the droop equations of these two subgrids. There are several
papers that discuss the integrated operation of AC-DC systems: see [41-43].
Finally, a DC system does not have the natural zero-crossing of current, unlike
an AC system. Therefore, the protection of a DC system is very challenging, as
is discussed in [17]. A comprehensive review of DCMG protection is presented
in [44].

Game theory [45, 46], which has gained significant importance in recent years,
has been used in power markets for several years. Different power energy market
related subjects are covered in several papers, e.g. profit allocation [47], the pla-
nning of a hybrid grid using central generation, and power converter interfaced
generators [48] and energy trading in microgrids [49-51].
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Harmonics in Electrical and Electronic Systems

In an ideal electrical and electronic system, pure sinusoidal voltage sources pro-
vide power and energy to the different parts of the system to support single-phase
or three-phase loads. The frequency of the voltage source is expected to be constant
at 50 or 60 Hz and the phase voltage amplitude is expected to be below 240 V rms in
low-voltage distribution networks, depending on a national grid code. There are
many nonlinear loads and grid equipment such as power electronics converters
and distribution transformers which can generate current and voltage signals with
different frequencies: integer and noninteger multiples of the grid fundamental
frequency. These signals are known as harmonics and interharmonics. These
are defined in this chapter, along with their effects on power systems. Also, a
review of different power quality regulations and standards is included at the
end of the chapter.

11.1 Harmonics and Interharmonics

Harmonics in power systems occur in the form of a current or voltage waveform and
itis an integer multiple of the power system’s fundamental frequency. Conventional
power electronic products, such as single-phase and three-phase diode rectifiers,
generate significant low-order harmonics because of the operating modes of the rec-
tifier (AC-DC converter) and a DC link filter to control the DC link voltage.

Interharmonics in power systems come in the form of a current or voltage wave-
form and are a noninteger multiple of the power system fundamental frequency.
Interharmonics are mainly considered for 0-2 kHz in power system applications
and can be generated by:

o Interaction between two systems operating at different frequencies.
o A rapid change of current in equipment.
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o Pulse width modulation (PWM) patterns utilized in power converters such as
random and hysteresis modulations.

o Controlled rectifiers with variable firing angles.

o Multicycle control of AC systems.

Consider, for example, the following load current
iroad(t) = 10sin (wpt) + 3sin (Swgt) — 0.5 sin (2.5wot) A (11.1)

where @y = 2xfy, fo being the fundamental frequency, which is taken as 50 Hz. In
(11.1), the load current has a fundamental component of amplitude 10 A, a har-
monic component at 250 Hz with 3 A amplitude, and an interharmonic compo-
nent at 125 Hz with the amplitude of 0.5 A. The instantaneous load current is
shown in Figure 11.1a, while its harmonic spectrum is shown in Figure 11.1b.

(a)

15 T T T T T T T T
Fundamental Current )

Load Current Interharmonic

5th Harmonic | | Current

Current

i it
f a0

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
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05A T
+
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Load Current Amplitude (A)

» Frequency

Figure 11.1 A load current waveform with harmonic and interharmonic components in
(a) time domain and (b) frequency domain.



11.1 Harmonics and Interharmonics

According to the International Electrotechnical Commission (IEC) 61 000 stan-
dards, the frequency range of harmonics is defined as up to 9 kHz. The method
of measurement and harmonic limits are classified based on several factors such
as the frequency range of 0-2 kHz or 2-9 kHz, load types and power levels, and dis-
tribution network configurations and types. Measurement methods and harmonic
limits in the range of 9 kHz and above are covered by International Special Commit-
tee on Radio Interference (CISPR) standards. These essential concepts are explained
in Section 11.4.

11.1.1 High-frequency Harmonics (2-150 kHz)

Two new frequency ranges, 2-9 kHz and 9-150 kHz, have been identified by inter-
national standardization committees as new disturbing frequency ranges which
affect communication and control signals in smart meters, power line carriers
(PLC), and ripple control signals in distribution networks. Conventional power
converters and modern power electronics systems based on active front end
(AFE) and PWM-based converters with fast switching operations have increased
harmonics emissions above 2 kHz in low- and medium-voltage networks.

The levels of the harmonics and their spectral contents depend on power elec-
tronics technology, design, and application, and their interaction with the grid and
grid-connected equipment. The switching operation of these power electronic
devices causes nonsinusoidal current and voltage waveforms to affect the power
quality of the grids. The utilization of power electronics systems has increased sig-
nificantly in many applications, such as rooftop solar inverters and compact fluo-
rescent lamps, with significant impacts on high-frequency and high-energy
harmonics within the frequency range of 2-150 kHz.

Harmonics have short- and long-term adverse effects on grids and grid-
connected electronics and power electronics equipment, such as malfunction, fail-
ure, and losses. These issues reduce the reliability, lifetime, and efficiency of the
electricity networks. There are no comprehensive standards for harmonic emis-
sion within the frequency range of 2-150 kHz, to protect the current and future
electricity networks and smart grids. IEC Technical Subcommittee SC 77A, Work-
ing Group 1 is the world-leading authority to prepare technical documents for
international standards. It has requested international experts to define standards
for harmonics within the frequency range of 2-150 kHz. Conducted emission and
immunity limits and measurement methods are being developed by several IEC
and CISPR standardization committees.

The new challenging issues for future grids concerning these new frequency
ranges are classified as:

o Generation of high-frequency harmonics.
o Creation of new resonant frequencies.
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Figure 11.2 Daily and hourly average values for 2-150 kHz voltage harmonics in a
distribution network.

o Harmonic interactions between different types of grid-connected systems.
o Propagation of high-frequency harmonics in medium-voltage networks.

These issues depend on many factors such as load types and profiles, the length
and types of feeders, distribution transformers, and system configurations. Hence
utility companies, as well as renewable energy and power electronics manufac-
tures, have been facing new challenges to solve the harmonic issues in these fre-
quency ranges. The current trend to manage the high-frequency harmonic
concerns is to define proper harmonics standards and compatibility levels for grid
connected electronic and power electronic equipment.

Figure 11.2 presents daily average values of voltage harmonics in 2-150 kHz in a
low-voltage distribution network. As shown in this figure, there are some peaks on
voltage harmonics at higher frequencies around 30 kHz, which indicate the high
penetration of grid-connected power electronics systems with high switching fre-
quency and the interaction with the grid and grid impedance.

11.1.2 EMI in the Frequency Range of 150 kHz-30 MHz

Electromagnetic interference (EMI) is a high-frequency noise and disturbance
generated by external sources or by another part of a system. EMI is also known
as radiofrequency interference (RFI). The main phenomena occur due to the con-
ducted or radiated emission noise caused by electromagnetic and electrostatic cou-
plings between the systems, components, enclosure, and interconnections. The
disturbance may be severe enough to damage sensitive devices or significant
enough to reduce the lifetime of components or degrade the regular operation
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Figure 11.3 Conducted and radiated EMI
4 ST d tion.
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of the system. The main EMI sources in distribution networks are lightnings, fast
high voltage and high current switching, ignition systems, pulsed width modu-
lated signals in power converters, and many other types of voltage and current
transitions in electrical and electronic devices.

As shown in Figure 11.3, high-frequency noise is classified as conducted (low-
impedance loop) and radiated (electromagnetic coupling), which can be propa-
gated and transferred from one part of the circuit to another part of the system.
CISPR standards are used for the high-frequency noise measurement and with
specific noise limits. The frequency range depends on the standard. For example,
for the conducted emission, it can be from 150 kHz to 30 MHz and for the radiated
emission it can be from 30 MHz to 1 GHz. The high-frequency conducted noise is
classified into common mode and differential mode noises, which are explained in
Section 11.1.1.2.

11.1.3 Common Mode and Differential Mode Harmonics and Noises

In a low-voltage power system, neutral and protective earth (PE) wires provide two
different current paths for electrical equipment. A PE wire is connected to a frame
or an enclosure of equipment for protection and safety purposes, while a neutral
wire is a main current path for single-phase systems or a zero-sequence path in
three-phase systems. As shown in Figure 11.4, in an electrical system, the currents
through the line and neutral are defined based on the common mode and differ-
ential mode components as

iLine(t) = iCOM(t) + iDM(t) (11.2)

iNeutral(t) = iCOM(t) - iDM(t) (113)

If the sum of the line and neutral currents is zero at any time, it means that there
is no leakage or common mode current through the PE wire.

Due to stray capacitive couplings in AC motors, cables, heatsink, enclosures, and
transformers and voltage stress (dv/dt) in PWM voltage, the leakage current
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Figure 11.5 Common mode and differential mode currents in a motor drive system.

(common mode current) is a major concern for most power electronics converters.
The amplitude, frequency, and waveform of the common mode current depend on
the power converter topology, interconnections and PCB layout, control and mod-
ulation method, load, and filter configurations.

Figure 11.5 shows a motor drive application with a front side EMI and a DC link
filter including all interconnections and parasitic couplings with respect to the PE.
There are several common mode and differential mode loops that generate low-
and high-frequency (common mode and differential mode) currents at the load
side and the grid side.

11.1.4 Sstiff and Weak Grids

A weak power system can be susceptible to a sudden change in load or operating
conditions, which can cause deviation in the grid voltage and frequency. Strong
grids are robust and have a high capability to handle sudden changes in power
demand, load variations and fault conditions - keeping the grid voltage and fre-
quency within the limits in which the system can be stable.

For power quality and harmonic analysis, we consider a weak AC grid as a sys-
tem with a high impedance and a low power transfer capability, whereas a stiff grid
has a lower impedance and higher power transfer capability. When the grid
impedance is low compared to a load impedance, the load variation has less impact
on the fundamental and harmonic voltages. As shown in Figure 11.6, the
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Figure 11.6 Grid impedance
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nonlinear devices in the low-voltage grid generate current harmonics which can
affect the power quality of the voltage at the point of common coupling due to the
voltage drop across the grid impedance vy(t) (as discussed in Chapter 9).

The grid impedance for power quality analysis should be measured and charac-
terized for the frequency range of 0-9 kHz as the impedance at any point of com-
mon coupling varies due to the load impedances, feeders, and transformers.
According to IEC standards [1, 2], the short circuit ratio (SCR) is defined as the
ratio of the short circuit power of a grid to an apparent rated power of an intercon-
necting device. In general, a weak grid has a low SCR compared to a stiff grid. For
power quality and harmonic analysis, the grid impedance varies with respect to
frequency due to capacitive couplings in cables and transformers (nonlinear per-
mittivity), as well as the nonlinear property of the magnetic core in transformers.
The impact of the grid impedance is more significant at higher-frequency ranges as
the voltage drop across the grid impedance depends on the order of the harmonics.

11.2 Power Quality Factors and Definitions

We briefly present harmonic distortion in Chapter 2. In this section, we present
elaborate definitions of different power quality factors that impact a power grid.

11.2.1 Harmonic Distortion

As mentioned in Chapter 2, the total harmonic distortion (THD) is the ratio of the
sum of the harmonic components (rms value of the orders of 2-40) to the rms value
of the fundamental signal that can be defined for current and voltage signals as
follows [1, 2]

Yy
1
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40 Vi

THD, = ’“V;; (11.5)

1

where I and V respectively are kth harmonic component of current and voltage,

with the fundamental being k = 1.

Total harmonic current (THC) is the sum of the harmonic current components

(rms value of the orders of 2-40), which is defined as
40

THC = otk (11.6)

Therefore, we have

THC

THD,; = i
1

Partial odd harmonic current (PHOC) is the sum of the harmonic current com-
ponents (rms value of the orders of 21-39), which is defined as

0 e (11.7)

POHC = k=21.23.."k

Partial harmonic current (PHC) is the sum of the harmonic current components
(rms value of the orders of 14-40), which is defined as
40

PHC = s (11.8)

Example 11.1 Consider the instantaneous current

i(t) = 10\/5{ zOﬂW} A

where @ = 100z rad/s. This means that the rms value of the current at the funda-
mental frequency of 50 Hz is 10 A, while the rms values decrease significantly to
the harmonic numbers, e.g. it is 5 A for the second harmonic and 3.33 A for the
third harmonic, and so on. Then from (11.4) and (11.6)-(11.8), we have

THD; = 0.7876, THC = 7.876 A,PHOC = 1.117 A,and PHC = 2.222 A

This implies that the current THD is 78.76%.

Figure 11.7 depicts the current, when the fundamental and different harmonic
components are present. For comparison, the fundamental component is also plot-
ted in these figures. When all even and odd harmonic components ride the fun-
damental, the waveform almost becomes a sawtooth with a frequency that is
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Figure 11.7 Distortion in current due to different harmonic components.

half of the fundamental frequency, as shown in Figure 11.7a. When the waveform
contains the odd harmonic, it almost becomes a square wave having the same fre-
quency as the fundamental waveform (Figure 11.7b). However, when only the
even harmonics are present with the fundamental, the waveform is irregular
but periodic, as shown in Figure 11.7c.

11.2.2 Power and Displacement Factors

The power factor (PF) of an electrical system is defined as the ratio of the active
power (absolute value) to apparent power as

(11.9)

where P is the active power and S is the apparent power. Assuming that the voltage
harmonics are negligible but load current harmonics are present, the apparent
power can be written as

S=/V22 = \/ iR+ 0 1) = \/ VIB+VIY Y R (1110)

The fundamental apparent power is given by

S= \/V§I§ = \/Pf +Q; (11.11)
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where P, and Q, respectively are the fundamental components of real and reactive
power. The power that does not perform any task is called the nonactive power
(Qn) and is defined as

40
Qu=1\Vi>_,_, It (11.12)

The PF in (11.9) can also be written as
Vili|cos¢y| _ |cosg|
Viliy/1+THD? /1 + THD?

PF = (11.13)

where ¢, is the phase angle difference between the fundamental voltage and cur-
rent signals. The displacement factor A4, and distortion factor g, are defined
based on the PF definition as

Adisp = | cOS ¢py] (11.14)
1

Adist = ———=
\/1+ THD;

Therefore, the PF of the electrical system consists of two factors, A4, and Agier,
which have two different effects on grids. The reactive power is due to the displace-
ment factor Ay, which can affect the grid voltage level, the line current, and addi-
tional losses through cables and transformers. The current harmonic distortion is
represented in the distortion factor 44, and it has an impact on the power quality
and energy efficiency of the grid, including additional core and copper losses in the
power systems.

(11.15)

Example 11.2 Consider the instantaneous current of Example 11.1. Let us
assume that the fundamental component of this current lags the supply voltage
by 20°, i.e. ¢; = — 20°. Then we have
1
Adisp = |COS ¢1| = 0.9397, Agiy = ———— =0.8863,and
1+ (0.7876)°

PF = Adgisp X Adgisr = 0.8329

11.3 Harmonics Generated by Power Electronics
in Power Systems

In the past, one of the main harmonic contaminations in power system was the
low-order harmonic currents caused by saturated iron in transformers and AC
motor drive systems. Today, there are several nonlinear loads: conventional and
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modern power electronics converters based on semiconductor switching devices
such as diodes, insulated-gate bipolar transistors (IGBTS), metal oxide silicon field
effect transistors (MOSFETS) or thyristors which generate harmonics or interhar-
monics at different amplitudes and frequency ranges.

Power electronics technology in distribution networks allows the transfer of
electrical power from renewable energy sources to grids, while regulating fre-
quency and/or voltage for different loads such as variable speed drives and battery
chargers. New demands for (i) cost and size reduction, (ii) performance and quality
improvement, and (iii) flexibility on power management have promoted power
electronics applications extensively in industrial, commercial, and residential
sectors.

With the recent development and advancement in power electronics applica-
tions, the cost of these devices has been competitively reduced due to an increase
in the demand and the presence of many competitors in the market. The more
recent evolution in modern power electronics devices with large power handling
capability provides a significant contribution in energy saving and the efficient use
of electricity.

The penetration of grid-connected renewable energy sources based on power
electronics technology has been increasing in low- and medium-voltage distribu-
tion networks. Harmonics are the main drawback of modern power electronics
converters. Harmonic distortion causes unnecessary heat in power system and
grid-connected equipment due to overloading of neutrals, overheating of transfor-
mers, nuisance tripping of circuit breakers, and overstressing of PF correction
capacitors. Harmonic currents together with grid and system impedance lead to
harmonic voltage distortion, which results in poor power quality and instability
of the grids. Therefore, harmonic mitigation techniques have become an impor-
tant topic in distribution networks. There are various harmonics mitigation tech-
niques to improve line current waveform.

A classification of the different harmonic mitigation techniques is shown in
Figure 11.8 and presented here:

o Passive methods based on inductor and LC filters.
o Multipulse rectifier techniques.
o Active harmonic cancelation techniques.

The pros and cons of each harmonic mitigation technique have already been
reported in various literature.

Passive filters are cost-effective solutions and can provide acceptable current
harmonic cancelation. However, they have the following drawbacks:

o Bulky and heavy.
o Performance depends on the load profile.
o Creation of resonances in power systems.
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Figure 11.8 Several harmonic mitigation techniques: (a) passive inductive filter, (b) tuned
LC filter, (c) 12-pulse rectifier, and (d) active power filter.

Harmonic cancelation methods using multipulse rectifiers are based on phase-
shifting line current and are the preferred solutions to eliminate harmonics in
high-power converters, such as large motor drive applications. However, they
require bulky and expensive phase-shifting transformers, which are mostly used
in step-down systems (medium- to-low voltage grids) with passive filters to elim-
inate the remaining harmonics.
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Figure 11.9 Circuit diagram of a typical power electronic system.

Active harmonic cancelation methods are based on AFE, which can reduce low-
order harmonic emission significantly. These systems are not a cost-effective solu-
tion due to the utilization of semiconductor switches, sensors, advanced control
systems, and gate drives.

The main focus of the discussion in this section is to identify harmonic sources at
the load and grid sides. As shown in Figure 11.9, harmonics are generated
in different parts of a system based on system topology, application, and load.
In Sections 11.3.1-11.3.4, different power electronics converters generating
harmonics are explained.

11.3.1 Harmonic Analysis at a Load Side (a Three-phase Inverter)

Figure 11.10 shows a three-phase motor drive application where a three-phase
inverter is connected to a three-phase load. Let us focus on an analytical study
to find the spectral contents of the load current harmonics at the DC side (i;,,)
based on the Fourier series and switching patterns of the load side inverter.

The inverter operates based on a PWM method such as a generic sine-triangular
PWM strategy and the switching functions of each leg. Let us assume that the DC
link voltage is equally shared across the DC link capacitors (Cy.). The switching
functions of the legs S,, S,, and S, have the value of 0 or 1 depending on the

AC/DC - "ig DC/AC
1k A A Luc . ] ‘jé JE} 3-Phase RL Load
4 =iy, i
AC Grid 2 Vae 0t R > "
‘ T “Ii & & i
Ax12 Le -
J_ -
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Figure 11.10 A general circuit diagram of a three-phase motor drive application with a
three-phase R-L load.
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switches being off or on respectively. The load-side leg voltages v, Vpo, and v
with respect to the midpoint of the DC link capacitors can be written as

V VaO

1

= VacSq — =S=—+ = 11.16
Vao dePa 2 a Vdc + ) ( )

Vho 1
Sp=—+ = 11.17
b= g+ 3 (11.17)

Veo 1
Se=—+ = 11.18
¢ Vdc 2 ( )

The double Fourier series of the leg voltage is given by [3]
Vv
Vao = M% cos (wot)

2Vdc i i {Jk (mgM) sin ({m +k} g) + cos (maw.t + kwot)}

m=1lk=— o

(11.19)

where

o w. = 2xf, is the carrier frequency.

o wy = 2xfy is the fundamental frequency.
e M is the modulation index.

e J; is the Bessel function of order k.

The switching function equation of S, can be extracted from the above leg as
Sq = — cos (wot)
[se]

N 2 f: Z [Jk<m2M) sin ({m+ k} ) + cos(ma)ct+ka)ot)}

m=1k=—

(11.20)

A similar switching function can also be extracted for S, and S... The above meth-
odology can be applied to any PWM strategy to extract the leg voltage and switch-
ing function equations.

The phase voltage equation in terms of the leg voltages is discussed in this sec-
tion. The phase voltage can be used to extract the load current. In a three-phase
inverter, the leg voltage consists of the phase voltage and a common mode voltage,
as given in (7.15). In a symmetrical (balanced) system, the common mode voltage
is shown in (7.16) to be

Vao + Vbo + Veo

Vno =
3
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Now since Vg, = Va0 — Vno, the above equation can be rewritten as

2Vq0 — Vpo — V),
Van = w (11.21)

The load current harmonics can be defined based on the load model and its
applications. If the load is a series combination of an inductor and a resistor,
the output current can be extracted as

ia(t) = Tocos (ot = 0p) + > Ipsin (ont + Oy) (11.22)

where I, is the maximum amplitude of the fundamental frequency load current
and 0, is its phase angle. The second term on the right-hand side of (11.22) defines
the spectral contents of the load current based on the load model, PWM method,
and switching frequency. As there are several trigonometric terms in the phase
voltage and current equations, the harmonic currents are defined in terms of a
sinewave where w;, and 6, are the angular frequency and the phase angle of
the hth harmonics, where h can have noninteger values as well.

As shown in Figure 11.10, the inverter current at the DC link side, i;,,, can be
expressed in terms of the load currents and the inverter switching functions as

liny = Salq + Spip + Scic (11‘23)

Due to the symmetry in a three-phase system, the switching functions S, and S,
are phase shifted from S, by 120° and therefore can be written by substituting w,t
by w,t —120° and w,t + 120° respectively. In a similar way, the load currents of
phases b and c can also be obtained by phase shifting i, by 120°. However, if
the load impedance is unbalanced, the phase current will be unbalanced as well.
The load side current harmonics are modelled in terms of the load side inverter
switching function and load parameters. Thus, the harmonic emission to the grid
side depends on the parameters of the entire system such as the low- and high-
frequency models of the power converter, including the passive DC link filter,
the EMI filter, and the grid impedance.

11.3.2 Harmonic Analysis at a Grid Side (a Three-phase Rectifier)

Three-phase AC-DC converters are utilized in many low- and high-power applica-
tions, such as motor drive systems and battery chargers. The low-order harmonics
generated by the three-phase diode rectifier are mitigated using a passive filter,
such as an AC or a DC inductor or a combination of these two inductors. In a
three-phase balance system, there is no third and triplen harmonics due to the
symmetrical operation of the diode rectifier in each leg, i.e. 120° phase shift of
the conduction time instants.

Figure 11.11a shows a three-phase diode rectifier with DC link inductors con-
nected to an inverter at the load side. Under a full load condition, it is expected
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Figure 11.11 (a) A three-phase diode rectifier with (a) DC link filter and its inductor current
(b) continuous conduction mode, and (c) discontinuous conduction mode.
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that the DC link current is continuous (Figure 11.11b), and each diode conducts
for 120° based on the grid voltage, while at a partial power condition the inductor
current can be discontinuous (Figure 11.11c), and the conduction times of the
diodes depend on the system and load parameters.

Mathematical equations can be extracted to find the DC and harmonic values of
the rectified voltage and the DC link current for a three-phase diode rectifier. Let
us assume a set of three-phase balance voltages as

Vg = Vi sin (wot)
Vp = Vi sin (w,f — 120°) (11.24)
Ve = Vi sin (oot + 120°)

where V,, is the peak amplitude of the grid voltage.

The upper and lower diodes in a three-phase diode rectifier are turned on and off
in which the rectified voltage can be expressed in terms of the line-to-line voltage,
depending on which phases are connected to the DC link. In an ideal case, if the
DC link current ig4. is ripple free and constant, the rectified voltage V,..(f) consists
of six pulses, representing the line-to-line voltage for each period of /3, as shown
in Figure 11.12a. Using Fourier series, the DC and harmonic values of the rectified
voltage can be extracted as

33V o 2
Viee(t) = Y {1 - Zn 1 Gen2=1) cos (nr) cos (6nwot) (11.25)
As shown in Figure 11.12b, and assuming the current through the inductor is
continuous and the system operates in continuous conduction mode, the imped-
ance seen from the rectifier Z,,. is given by
2Z inv

Zyee = J20Lge + ———————— 11.26
rec = JaWLde 2+jwcdczinv ( )

where Z;,,, represents the impedance of the load side inverter and its load. As the
rectified voltage has a DC part and harmonics at the frequencies of 6nwy, the
impedance in (11.26) can be simplified in terms of the grid frequency as

Zinv

Zyee = j12nwgLge + —————————— e
rec = J14nwoLde 1 + j3nwoCqcZiny ( |

The DC link consists of two capacitors in series and two inductors.

The inverter impedance can be divided into two parts: the DC impedance Z;,,, 4.
representing the active power consumed by the inverter and the load and the har-
monic impedance Z;,,(6nw,). Thus, the DC link current has two parts: the DC and
harmonic parts as
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Figure 11.12 (a) The voltage output of a three-phase diode rectifier and (b) the simplified
model of the inverter as a current source and an internal impedance.
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(11.28)

Based on the DC link current model in terms of the converter parameters, the
grid current can be developed in terms of the switching function of the diode rec-
tifier. Let us assume that the diodes in the three-phase AC-DC rectifier system
operate without any commutations and the switching function of each phase is
symmetrical with 120° conduction, as shown in Figure 11.13. The mathematical
equation of the grid current can be calculated for phase-a of the grid current
and similar approaches can be utilized for the other two phases. As shown in
Figure 11.13, the grid current igq 4(£) is defined as the DC link current iz(f) times
of the diode rectifier switching function Sgipge o(f), i.e.

igrid_a(t) = Sdiode_a(t) X idc(t) (11.29)
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Figure 11.13 The extraction of the grid current based on the DC link current and the
switching function of the diode rectifier.

The grid current can be extracted when the Fourier series of these two time
domain functions Sgiog. o(f) and iz(f) are multiplied together. From the expression
of the DC link current given in (11.28), the Fourier series of the switching function
Sdiode_a(t) iS given by

4 ) cos (kz .
Saiode a(t) = ;Zk 15, % sin (kwot) (11.30)

Thus, the grid current is expressed based on (11.28-11.30) as

)= 250 [ g ] 22 L

Z inv_dc

Zm ! X 2 cos (nz) cos (6nwot)
- T CO
n=1Zip(6nwo) ~ (36n*—1) ’

(11.31)

The grid current harmonics given in (11.31) represent the current harmonics
generated by the rectified voltage. The total grid current harmonics are the effects
of both harmonics generated by the diode rectifier (11.31) and the switching pat-
tern of the inverter (11.23) through the entire circuit, including the DC and AC
filters.

Voltage harmonics at the PCC can affect the DC link voltage at the rectifier side
Vie(t) and consequently the DC link and grid currents. The main influence of the
grid voltage harmonics is on the conductivity of the diode rectifier and the phase
shifts in their current conduction times. Thus, the grid voltage background harmo-
nics can affect the current harmonics generated by the three-phase diode rectifiers
under continuous conduction mode [4].
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Figure 11.14 (a) The grid and (b) the rectifier voltage waveforms with different voltage
harmonics.

Figure 11.14 shows the grid and the rectified voltage waveforms with different
voltage harmonics at the PCC. It is obvious that the DC link voltage ripple (the
rectified voltage) is significantly varied in terms of the grid voltage harmonic
amplitude and phase angle. These phenomena have big impacts on the DC link
current harmonic levels and the grid current as well. Similar mathematical equa-
tions can be derived for the rectified voltage and the DC link current considering
the impacts of the grid voltage harmonics on the conduction times of each diode in
the AC-DC rectifier.

11.3.3 Harmonic Analysis at Grid Side (Single-phase Rectifier
with and without PF Correction System)

In low-power applications, such as lighting systems and electronic equipment, a
single-phase diode rectifier with DC-DC converters is the most common system
topology. The AC-DC diode rectifier can be cascaded with a boost converter to
improve line current harmonics and PF. The combination of the single-phase
diode rectifier with a boost converter is known as a power factor correction
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(PFC) system. The schematic diagrams of a single-phase rectifier without and with
a boost converter are shown in Figure 11.15.

The single-phase diode rectifier generates 100 Hz rectified signal at the DC side
of the converter and the instantaneous rectified voltage varies from zero to the
maximum peak value of the grid voltage. Thus, a large storage element, a DC link
capacitor, is required to control the DC link voltage at a high voltage level in such a
way that the DC voltage can be utilized as a voltage source for other parts of the
system. Without the boost converter, the single-phase diode rectifier operates
mainly in a discontinuous conduction mode as the large DC link capacitor keeps
the voltage higher than the grid voltage for some periods and the diodes will be
switched off. Under this operating mode, the line current is discontinuous, as
shown in Figure 11.16a. The harmonic spectrum of the current is shown in
Figure 11.16b.

Therefore, the single-phase topology without a boost converter generates a dis-
torted line current with significant low-order harmonics, mainly below 2 kHz.
A main harmonic problem of the single-phase rectifier is the generation of a very
high third-order harmonic content. The third harmonic and triplen harmonic cur-
rent components circulate in the neutral line of a three-phase system, causing con-
cerns of overloading the neutral conductor and the transformer overheating. One
of the methods to mitigate current harmonics is to use a passive filter, such asa DC
or an AC inductor. However, the performance of the converter depends on the load
power (damping factor) and grid parameters.
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Figure 11.16 (a) Current waveform of a single-phase diode rectifier without a boost

converter and (b) its harmonic spectrum.

In recent years, the use of the PFC systems has increased in many single-phase
appliances where low-harmonic emissions and a high PF are required. The main
advantages of the PFC system are that its line current is synchronized with the grid
voltage, and it is shaped to a sinewave using a current controller. As shown in
Figure 11.15b, a boost converter is cascaded with a diode rectifier at the DC link
side to control the inductor current to a rectified sinewave based on a modulated
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high-frequency switching pattern. The control system requires current and voltage
measurement to monitor and control the power flow and DC link voltage. A phase
lock loop (PLL) or a direct grid voltage measurement is utilized to synchronize the
PFC line current with the grid voltage to generate a unity PF.

As shown in Figure 11.17, a single-phase rectifier with a PFC system has a very
low THD and low-order harmonic emission. The levels of the DC current and
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Figure 11.17 (a) Current waveform of a single-phase diode rectifier with a boost converter
and (b) its harmonic spectrum.
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specific low-order harmonics, i.e. the third and fifth orders, are limited according
to international standards, such as IEC 61000-3-2.

The main drawbacks of the PFC system are the higher system cost for more
active and passive components, high-frequency leakage, and ripple currents due
to the PWM signal and voltage stress (dv/dt) across the inductor. The current rip-
ple amplitude can be reduced if the switching frequency is increased. However, the
higher switching frequency can affect the switching losses and reduce the effi-
ciency of the system. One of the methods to control the switching loss is to increase
the switching transient time - fast dv/dt and di/dt. On the other hand, a fast
switching transient time can generate more leakage current due to capacitive cou-
plings in the converter or voltage spikes due to stay inductances. A PFC system
needs an EMI filter to mitigate and suppress high-frequency noise and harmonics
to comply with IEC and CISPR standards.

11.3.4 Harmonic Analysis at Grid Side (AFE)

The AFE is a bidirectional power flow converter with a PWM-based inverter topol-
ogy that can generate a high-quality sinusoidal line current waveform using an
appropriate high-frequency filter at the grid side. AFE converters are utilized in
single- and three-phase systems, such as solar inverters and motor drives. As
shown in Figure 11.18, the system has active power switches, such as IGBTs or
MOSFETs, and a comprehensive control system, such as a PWM, current and volt-
age measurement units, PLL, and a controller to stabilize and manage active and
reactive power control. To mitigate the switching frequency ripple in the grid, a
front side filter is required, where LC and LCL filters with a damping resistor
are common topologies for a voltage and a current control application, to circulate
high-frequency noise and harmonics from the inverter through the capacitive leg
and clean the line current at the grid side. On the other side of the converter, the
PV source or the load side is decoupled by the DC link capacitor and has its control
and converter units. In most applications, the DC link voltage is measured and
compared with a reference voltage to manage the power flow, as shown in
Figure 11.18 [5].

The quality and stability of the line current depend on many design factors, such
as switching frequency, control and active or passive damping solution, LCL filter
configuration, PWM method, and grid impedance and background noise. Most
AFE systems utilized in low-voltage distribution networks operate at a high
switching frequency (above 9 kHz), which results in better harmonic performance
at low frequency (0-2 kHz) but can generate high-order harmonics and noise in
the frequency range of 2-150 kHz. The resonant frequency of the AFE filter also
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Figure 11.18 An AFE topology with current control and measuring units.

has a big impact on harmonic generation in distribution networks. The resonant
frequency of the filter is around one-third of the switching frequency of the AFE
converter.

The increased use of AFE topology in solar inverters and motor drive systems
has been causing a major concern in the frequency range of 2-150 kHz. This
has attracted the attention of international standardization organizations, such
as IEC committees, to develop new standards for this frequency range.

Let us model a single-phase AFE system for stability and harmonic analysis. The
block diagram of the control system is shown in Figure 11.19, where the inductors
L, and L, with parasitic resistors r; and r, (ohmic losses) are a part of the AFE filter.
The DC link voltage V. is modelled as an ideal voltage source with no ripple, while
in practical cases, such as solar inverters or motor drive systems, the DC link volt-
age can be defined as v(f) = Ve + Vioise(t), Where v,,5.(t) represents the DC link
voltage variation or ripple.

The capacitor branch has a resistor R, that can improve the stability of the sys-
tem. In some applications, a virtual damping resistor can be created by adding the
grid side voltage or current measurement in the control loop, which is known as an
active damping method. In some applications, a combination of active and passive

Vecc(s)

v,

Gprr(s)
sin (0) ©)
AS)y—
+ ! N | + N 1 7 N | 3
I, ) G y(5) =G (5)=M,V g, + Gg(n—m%-g?-@(s)—&ﬁﬁ " G“(“‘m% 1,(5)

Figure 11.19 Block diagram of the closed-loop AFE control system.
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damping methods can be utilized in the control system to improve the stability of
the system and to reduce the ohmic losses caused by Ry.

The closed-loop control system is shown in Figure 11.19, where the reference
signal is compared with the grid current and the error is minimized through
the controller G(s). The controller in a single-phase converter is based on a pro-
portional resonant controller, while in a three-phase inverter the controller can be
a proportional-integral-derivative (PID) type. The inverter system, including the
PWM modulator, is modelled as G;,,(s). As the control system is implemented
using a digital system with a sample and hold unit, the sum total of measurement
and implementation delay is modelled as G4(s). The reference signal amplitude I,
can be generated by an additional controller at the DC link side to manage the
active and reactive power or it can be a fixed value depending on the application
parameters. The reference signal I,.¢(s) is generated by a PLL unit to synchronize
the grid current with the grid voltage. The transfer function of the PLL unit is
defined as Gprz(s).

A simplified model of the AFE system with a closed-loop control system is
shown in Figure 11.20 and can be modelled as

Ig(s) = Tinv(s) — Yo(s)Vrce(s) (11.32)

where Y(s) is the system admittance, I;,,,(s) is the internal current of the AFE, and
I,(s) is the output current of the grid-connected AFE system. As shown in
Figure 11.20, the AFE output current is influenced by two main factors:

e The inverter current I;,,(s) and admittance Yy(s) which depend on the control
parameters and filter design parameters.
o The grid voltage background noise and harmonics.

In an ideal case, if the admittance (impedance) value is zero (infinity) over the
entire frequency range, the impact of the grid background noise on the converter
performance is minimized and the AFE can be modelled as a current source.

I,(s) Figure 11.20 A simplified model of
— '®) an AFE system with a closed-loop
+ control system.
I,.(s) Yo(s) Vpecls)

O
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There are several standards for power quality. These are briefly discussed here.

11.4.1 IEEE Standards

IEEE societies and technical committees have a board of the IEEE Standards Asso-
ciation IEEE-SA) that have developed different standards approved by the Amer-
ican National Standards Institute. The technical committees consist of volunteers
who need not be members of the IEEE. The IEEE standards are not mandatory,
while some countries, utilities, and manufacturers can refer to these standards for
specific regulations or quality controls of products or services. There are several
IEEE standards for power quality and harmonics, such as:

o IEEE 519 for harmonic control in electric power systems [6].

o IEEE 1159 for the monitoring and characterization of electric power quality
power quality [7].

o IEEE 14009 is a guide for the application of power electronics for power quality
improvement on distribution systems rated 1 through 38 kV [8].

o IEEE 1547 for interconnecting distributed resources with electric power sys-
tems [9].

e IEEE 1560 discusses methods of measurement of radiofrequency power line
interference filters (100 Hz to 10 GHz) [10].

o IEEE 1662-2008 is a guide for the design and application of power electronics in
electrical power systems on ships [11].

o IEEE 1826-2012 for power electronics open systems interfaces in zonal electrical
distribution systems rated above 100 kW [12].

o IEEE 1709-2010 is the recommended practice for 1-35 kV medium-voltage DC
power systems on ships [13].

In this section, some important IEEE standards for microgrids and low-order
harmonic emissions generated by nonlinear loads and distributed energy
resources are explained in detail.

11.4.2 IEEE 519

Power electronics converters, such as AC-DC rectifiers or AFE converters con-
nected to DC-DC or DC-AC converters, are the main harmonic sources in
low-voltage distribution networks. These converters are utilized in several appli-
cations, such as power supplies, motor drives, solar inverters, and electrical and
electronic appliances. In medium- and high-voltage applications, other types of
power electronics systems such as flexible AC transmission systems (FACTS),
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renewable energy systems, and other power system compensators are the har-
monic sources. These power converters are defined as nonlinear loads as they gen-
erate fundamental and harmonic currents at the grid side while they are connected
to an AC voltage source with a fundamental frequency of 50 or 60 Hz.

IEEE 519 evaluates harmonic emission at the system level. Therefore, a demand
load current is defined for harmonic calculation as a percentage. The harmonic
measurement method is based on IEC 61000-4-7 and IEC 61000-4-10 standards,
where discrete Fourier transform (DFT) techniques are used. For the fundamental
frequency of 50 Hz, the time domain measurement window is 200 ms to capture
10 cycles with 5 Hz resolution. When the grid frequency is 60 Hz, the measure-
ment window is almost 200 ms (199.999 ms). Harmonics and interharmonics at
50, 55, 60, 65 Hz, etc., can be identified and the rms value of the signal at each har-
monic is calculated based on these harmonic values.

The maximum and average values of the harmonics can be defined based on the
measurement time, where 3-second and 10-minute time intervals are used in
many power quality meters. For example, in the 3-second (3000 ms) time interval
method, the rms value of each current harmonic component is calculated based on
15 samples which are measured with a 200 ms window method. The aggregated
harmonic value is given by

1 15
I, = ng:Jik (11.33)

Table 11.1 shows current harmonic limits for a distribution network up to 69 kV.
The limits are defined based on the percentage of the maximum demand current.
According to IEEE 519, the maximum demand current is calculated by the average
value of the maximum current in the 12 previous months.

Table 11.1 Odd harmonics limits in percentage of demand load current (/;) and short
circuit current (/sc) based limits on IEEE 519; even harmonics are limited to 25% of the odd
harmonic Llimits.

Current Ratio 3<h<1l 11<h<17 17<h<23 23<h<35 35<h<50 TDD

I/I; < 20 4.0 2.0 15 0.6 0.3 5.0
20 < I/I; 7.0 3.5 2.5 1.0 0.5 8.0
<50

50 < I./I 10.0 45 4.0 1.5 0.7 12.0
<100

100 <I/I; 120 5.5 5.0 2.0 1.0 15.0
<1000

1000 < Ii/I;,  15.0 7.0 6.0 2.5 14 20.0
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In IEEE 519, the total demand distortion (TDD) is defined as

40 12
TDD; = || Sk=2k (11.34)
demand
The main difference between THD and TDD is how the percentage of the dis-
tortion is calculated. In the THD calculation, the measured value of the fundamen-
tal current of a product is used, while in TDD the maximum demand current based
on average over a period of time (for example 12 months) is utilized in the calcu-
lation. Therefore, IEEE 519 standard evaluates a system based on the demand cur-
rent rather than a product based on the measured reference or fundamental
current.

Example 11.3 Let us consider a network where two sets of loads (linear loads
and power converters) are connected to the point of common coupling as shown
in Figure 11.21. The system data considered are

I, =200Aat50Hz
200A at50Hz
70A  at250 Hz
50A at350Hz
20A at550Hz

Liemana = 1000 A

Iy =

The THD and TDD values of the system are calculated as

[0
THDia: WZO

70% + 502 + 20? 7800
THD;, = \/ > = =441%
200 40000

Figure 11.21 A simplified model

of a network with two ’/\/\ Vecc \/\ Linear

different loads. _— —> Load
Zgrid I

a

@ ’/\/‘ Nonlinear
—> Load
I,
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70% 4 502 4 207 \/ 7800
THD; a1 = = =221
i-total \/ 4002 160000 %

40 2
vl [70% + 507 + 20°
: =

=8.8
10002 %

TDD; =

demand

Thus, when the demand current or the total fundamental current is increased,
the THD or the TDD value is decreased. IEEE 519 can be used to evaluate a system
rather than a product.

11.4.3 IEEE 1547

One of the standards for technical specifications of distributed energy resource
interconnection is IEEE 1547, which provides information regarding the opera-
tion, measurement, and safety of the system. This standard covers all technologies
utilized in distributed energy resources with a total capacity of 10 MVA or less at
the point of common coupling.

The TDD is calculated based on the maximum demand load current over a
period of 15 or 30 minutes that is different from the maximum demand current
defined in IEEE 519.

At any point of connection where a distributed energy resource is connected, the
injected DC current should not be greater than 0.5% of the full rated output cur-
rent. Current harmonics generated by distributed energy resources should not
exceed the maximum harmonic current limits given in Table 11.2. The limits
are defined based on a maximum load current demand without energy resources
or the maximum current capacity of the distributed energy resource unit. The TDD
value should be less than 5%.

11.4.4 |IEEE 1662-2008

This standard is developed to address methods and how to analyze power electron-
ics parameters for marine grids, more specifically technical design factors to
improve and optimize the size, lifecycle cost, weight, energy efficiency, and risk

Table 11.2 Harmonic limits based on IEEE 1547.

h<11 11<h<17 17 <h<23 23<h<35 35<h

0Odd harmonic order 4% 2% 1.5% 0.6% 0.3%
Even harmonic order 1% 0.5% 0.375% 0.15% 0.075
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of the system. This document covers all power electronics topologies and related
power system applications such as inverter, converter, and rectifiers (DC-DC, DC-
AC, AC-DC), protecting devices such as electronic fuses, current limiters and cir-
cuit breakers, power quality compensators (active harmonic and reactive power
filter), and energy storage systems.

This standard also provides technical information, which covers a wide range of
power electronics equipment to design and integrate equipment, system, and ship-
yard with power ratings above 100 kW. Examples of these designs are:

« Single propulsor system fed from two main buses.

o Single propulsor system with a dual winding propulsion motor fed from two
main buses.

o Dual propulsor system with propulsion motors fed from separate main buses.

o Dual propulsor system with dual winding propulsion motors.

e Zonal distribution with conventional propulsors.

o Integrated power system.

The AC and DC system parameters such as voltage and frequency (AC systems)
fluctuations depend on the subsystem design. For example, a high voltage above
1KkV is suggested for systems with a power rating of 5 MW and above. The fre-
quency variation for AC systems can be up to +5%, while the voltage amplitude
variation can be from +6 to —10%. For DC systems, the voltage ripple or variation
is recommended to be within 10%. The electrical power system grounding in ship
networks is classified into three cases: (i) safety, (ii) power system, and (iii) signal,
which might be tied together in different applications.

To address the power quality and interconnection of electrical systems and dis-
tributed energy resources in marine applications, two IEEE standards (IEEE Std
519TM-1992 and IEEE Std 1547TM-2003) are recommended. These standards pro-
vide technical information and references to mitigate the harmonic voltage and
current generated by grid-connected electrical and electronics equipment.

11.4.5 |IEEE 1826-2012

In this standard, a zonal electrical distribution system is defined as a system with a
set of loads, and it can be as a part of a larger grid. If a zonal electrical distribution
system has distributed energy resources or electrical storages, it can operate for
periods of time. This document can be used for different applications, including
maritime vessels and platforms.

The system has a limited number of electrical and control interfaces to prevent
any fault to be propagated into another system. The interfaces can have three
operating control states, such as (i) a central system to control the entire system,
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(ii) a distributed control with an independent communication unit, and
(iii) autonomous control without communication with other devices.

Any electrical and electronic device connected to a zonal electrical distribution
system and a larger system should have the quality of power and operation by a
customer-supplier agreement. IEEE 519 and IEEE 1547 standards can be used
for interconnection and power quality analysis and design evaluation.

11.4.6 IEEE 1709-2010

This standard can be used to analyze electrical equipment connected to a DC grid
on ships at the voltage level of 1-35 kV; more specifically, the standard provides
design parameters to optimize the size, lifecycle cost, weight, energy efficiency,
and risk issues in medium-voltage DC (MVDC) systems. The International Asso-
ciation of Classification Societies UR E11 provides technical reports and standards
for mostly AC systems and very limited standards on DC systems. MVDC grids
with voltage levels above 3 kV have no specific standards.

Similar to AC systems, in a shipboard MVDC bus system, different equipment,
such as distributed energy sources, linear loads, and power electronics converter
and storage devices, are connected to the DC bus. The power electronics converters
play an interface between the DC bus and loads to protect the DC bus against any
severe load faults. Tables 11.3 and 11.4 list the recommended rated and withstand
voltages in MVDC grids.

Grounding systems, short circuit faults, and DC arc-fault mitigation techniques
are some of the design concerns in MVDC grids. IEEE Std 1628-2009, IEEE Std

Table 11.3 Recommended MVDC voltage classes.

MVDC Nominal MVDC class rated = Maximum MVDC class
Class kV voltage (kV) rated voltage (kV)
Already 1.5 1.5 or +0.75 2or+1
established 3 3or+1.5 Sor+2.5
classes
6 6or+3 10 or+5
i 12 12or+6 16 or +8
Future design
classes 18 18 or+9 22 or+11
24 24 or +12 28 or + 14

30 30 or+15 34 or+17
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Table 11.4 Proposed rated withstand voltages for MVDC voltage classes.

MVDC  Rated short duration withstand voltage  Rated lightning impulse withstand

Case to ground in kV for 1 minute voltage to ground in kV (peak value)
1 10 45
3 20 60
6 27 75

12 35 95

18 50 110

24 70 150

30 95 200

142-2007, and IEEE Std 1100-2005 are the main standards to address grounding
systems and faults.

As a DC grid has no fundamental frequency, harmonic emission is not the main
concern in DC grids. However, the DC bus voltage fluctuation and noise, including
current ripples, are considered in the DC networks. The main issue is related to the
switching frequency of power electronics converters which generate low- and
high-frequency ripples on the load current. The non-DC component of the load
current can affect the quality of the DC bus voltage. Thus, short- and long-term
power quality factors to measure DC link voltage spikes, sags, high-frequency
noises, and surges are significantly important to evaluate the reliability and safety
of the DC network. As an example, the rms value of ripple and noise voltage should
not exceed 5% per unit. Some of the power quality factors which are defined in the
DC grids are:

e maximum nonrepetitive peak
e maximum repetitive peak
e maximum repetitive peak-to-peak.

11.4.7 IEC Standards

The IEC, founded in 1906, is the world’s leading organization with several tech-
nical committees and subcommittees to develop international standards for all
electrical, electronic, and related technologies. The subcommittee 77A (SC 77A)
is responsible to develop and prepare standards in the field of electromagnetic
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compatibility for the frequency ranges of 0-2 and 2-9 kHz. SC 77A consists of sev-
eral projects, joint working groups. and the following five working groups:

e WG1: Harmonics and other low-frequency disturbances.

e WG2: Voltage fluctuations and other low-frequency disturbances.

o WG6: Low-frequency immunity tests.

o WGS8: Description of the electromagnetic environment associated with the dis-
turbances present on electricity supply networks.

o WG9: Power quality measurement methods.

IEC 61000-3-2 and IEC 61000-3-12 are general standards that define harmonic
current emission limits for equipment with input current less than 16 A per phase
and between 16 and 75 A per phase respectively [1, 2]. These standards control grid
voltage distortion by limiting the maximum value for harmonic currents from 2nd
to 40th order. The limits are defined based on several types of equipment (single-
phase, three-phase, and low and high power) and grid impedance or SCR.

IEC 61000-3-16 is a similar standard to IEEE 1547, which is being developed by
the IEC SC 77A, WG1, and the first version of the standard is finalized in June 2021
[14]. IEC 61000-3-16 is about the limits for currents produced by inverter-type elec-
trical energy supplying equipment with a reference current less than or equal to
75 A per phase connected to public low-voltage systems [15].

IEC committees and working groups have published many standards for DC sys-
tems, such as IEC 62040-5-3 and IEC 61643-3 for existing DC applications. Recently,
several activities in the area of low-voltage DC applications in information and com-
munication technologies (ICT), residential and commercial buildings, etc., have led
the IEC to establish a new strategic group (SG) to study the standardization of DC
distribution, in which SG4 has been approved for low-voltage DC (LVDC) distribu-
tion systems up to 1500 V DC in relation to energy efficiency [16].

Some standards or guidelines for the onboard DC system, such as the voltage
level, new safety regulations, and suitable protection solution, are addressed in
the following standards:

o IEC 63108: Electrical installations in ships-primary DC distribution-system
design architecture: first edition published in 2017.

o IEC 61660: Short-circuit currents in DC auxiliary installations in power plants
and substations, Part 1: Calculation of short-circuit currents.

o IEC 60092-507: Electrical installations in ships, Part 507: Small vessels (includ-
ing some information about DC distribution system): third edition published
in 2014.

o IEC 61892-1: Mobile and fixed offshore units — Electrical installations — Part 1:
General requirements and conditions (including DC installations up to and
including 1500 V): third edition published in 2015.



Notes and References
11.5 Concluding Remarks

This chapter addresses harmonic emissions generated by different power electron-
ics converters within the frequency range of 0-150 kHz. The conventional power
quality and harmonic analysis is limited to harmonics up to 2 kHz, while the cur-
rent standardization committees (IEC SC77A, WG1, WGS, and WG9) and utility
companies around the world have reported some severe high-frequency interfer-
ences within the 2-150 kHz range in low-voltage distribution networks. Different
IEEE and IEC standards for DC and microgrids systems are explained in this chap-
ter. The generic harmonic standards to define harmonic limits for grid-connected
electrical and electronic equipment are IEEE 519, IEEE 1547, IEC 61000-3-2,
IEC 61000-12, and IEC 61000-3-16.

Notes and References

There are several power qualities, DC grids, and microgrid standards developed by
IEEE and IEC committees which are listed in the reference section [1, 2, 5-13].
Two review papers [17, 18] presents different aspects of microgrids and marine
networks, such as the classification of power system architectures, power electron-
ics converters topologies, control and protection architecture, and energy effi-
ciency indicators.

1 International Electrotechnical Commission IEC 61000-3-2. 2014. Electromagnetic
compatibility (EMC): Part 3-2: Limits: Limits for harmonic current emissions
(equipment input current < 16 A per phase), Geneva, Switzerland.

2 International Electrotechnical Commission IEC 61000-3-12, Electromagnetic
compatibility (EMC): Part 3-12: Limits: Limits for harmonic currents produced
by equipment connected to public low voltage systems with input current > 16 A and
< 75 A per phase. Geneva, Switzerland. 2011

3 Yaghoobi, J., Zare, F., and Rathnayake, H. (2021). Current harmonics generated by
motor-side converter: new standardizations. IEEE Trans. Emerg. Sel. Top. Power
Electron. 9 (3): 2868-2880.

4 Alduraibi, A., Yaghoobi, J., and Zare, F. (2021). Impacts of grid voltage harmonics
amplitude and phase angle values on power converters in distribution networks.
IEEE Acc. 9: 92017-92029.

5 Khajeh, K.G., Solatialkaran, D., Zare, F., and Nadarajah, M. (2021). An enhanced
full-feedforward strategy to mitigate output current harmonics in grid-tied inverters.
IET Gener. Transm. Distrib. 15: 827-835.

6 IEEE Standard 519. IEEE Recommended Practice and Requirements for Harmonic
Control in Electric Power Systems. 2014.
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