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Preface

This book focuses on the permanent magnet synchronous motor (PMSM) drives for
gearless traction elevators. Both basic principles and experimental evaluation have
been addressed. This is achieved by providing in-depth study on a number of major
topics such as speed detection at low-speed operation, starting torque strategy based
on dichotomy and staircase methods, fuzzy self-tuning method, MPC and ADRC.
The comprehensive and systematic treatment of control strategies for cost-effective
gearless PMSM traction elevators and practical issues are the major features of the
book, which is particularly suited for readers who are interested to learn the control
strategies for cost-effective gearless PMSMtraction elevators. The book could benefit
researchers, engineers and graduate students in fields of ACmotor drives and control
strategies for cost-effective gearless PMSM traction elevators, etc.

This book begins with an overview of PMSM traction system. The difference
between geared and gearless traction elevators and the brief introduction of cost-
effective gearless PMSM traction elevators are discussed in Chap. 1.

Chapter 2 presents the mathematical model of gearless PMSM traction elevators,
including the vector control and the dynamic model of PMSM drives for gearless
traction elevators.

Chapter 3 discusses the initial position detection for PMSM traction drives with
low-cost incremental encoder. The high-frequency signal injection-based initial
position detection is comprehensively illustrated.

Chapter 4 presents the speed detection method at low-speed operation. The speed
detection based on NTD theory and the signal processing for the sin/cos encoder are
discussed.

Weight-transducerless control is popular and necessary for cost-effective gearless
PMSM traction elevators. From Chaps. 5–9, different weight-transducerless starting
torque compensations of gearless PMSM drive are comprehensively discussed.
Chapter 5 introduces the starting torque control based on dichotomy and staircase
methods. The fuzzy self-tuning torque control strategy is illustrated in Chap. 6.

v



vi Preface

Chapter 7 presents the starting torque control strategy based on the offset-free model
predictive control theory. The enhanced MPC for rollback mitigation is discussed in
Chap. 8. And finally, Chap. 9 presents the ADRC strategy.

Harbin, China Guoqiang Zhang
Gaolin Wang
Nannan Zhao
Dianguo Xu
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Chapter 1
Permanent Magnet Synchronous Motor
Traction System—An Overview

1.1 Background

As a vertical lifting vehicle, the elevator has become an important building equip-
ment in high-rise buildings and public places [1]. With the development of computer
technology and power electronics technology, the modern elevator has become a
typical mechatronics product. The traction elevator is the most widely used modern
elevator, and its core component is the traction machine and the corresponding
control system. The traction machine used in elevators is mainly the permanent
magnet synchronous traction machine and the traditional asynchronous traction
machine. With the people’s growing demand for the reliability and comfort of the
elevator system, the permanent magnet synchronous elevator traction machine is
more and more widely used in the elevator system, gradually replacing the asyn-
chronous traction machine as the mainstream. At present, there are more than 400
registered elevator enterprises in China, but large foreign enterprises such as Otis,
Schindler, KONE, Thyssen, Mitsubishi, Hitachi, Fujida and Toshiba account for
nearly 80%ofChina’s elevatormarket. Foreign investors gathered inChina’s elevator
industry, almost all the world’s large elevator companies entered China, and the
most advanced elevator products competed to be produced in China. The introduc-
tion of advanced technology and advanced management has played a strong role in
promoting domestic elevator enterprises.

The proposal and development of gearless traction, i.e., direct-drive traction tech-
nology, have brought the advantages of high efficiency and energy saving, space
saving (no machine room or small machine room), good dynamic performance and
convenient maintenance to the elevator system. Direct-drive traction technology has
become themainstreamof the new traction technology.Modern elevatorswith direct-
drive traction mode put forward higher requirements for traction machine control
system, which are mainly reflected in starting comfort, low-speed stability, anti-
disturbance robustness and high-efficiency operation. Traction machine is the heart
of the elevator. However, the practical application of the gearless permanent magnet
traction machine system in recent years also reflects the weakness of some key

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
G. Zhang et al., Permanent Magnet Synchronous Motor Drives for Gearless Traction
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2 1 Permanent Magnet Synchronous Motor Traction …

technologies. Aiming at enriching the theoretical system of control methods for the
modern gearless elevator permanentmagnet traction system, this book provides some
solutions to the corresponding key scientific problems and lays a theoretical basis
for the application of the related key technologies.

1.2 Geared Versus Gearless Traction Elevators

In recent years, with the elevator industry steadily developing, the proportion of gear-
less traction machines in the elevator traction machine industry increases continu-
ously. Compared with the traditional geared traction machine, the gearless traction
machine has unique advantages. This chapter mainly compares two kinds of traction
machines as shown in Fig. 1.1 from the perspective of application.

1.2.1 Energy Consumption

The permanent magnet synchronous gearless traction machine uses permanent
magnets rather than an excitation current to generate a magnetic field. The mechan-
ical transmission efficiency can reach 98% because the gear box is eliminated and
the traction wheel is directly driven by the electric motor. And, the power factor of
gearless traction machine can be close to 1 due to the synchronous motor. It can also
be used as a generator to regenerate power when the elevator goes up with no load
or when it goes down with rated load.

(a) geared traction machine                 (b) gearless traction machine

Fig. 1.1 Two kinds of elevator traction machines
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The asynchronous geared traction machine uses an ordinary three-phase asyn-
chronous motor. In order to generate a rotating magnetic field and electromagnetic
force, the coil of stator and rotor needs to pass current. Due to the mechanical
transmission structure in the transmission process, the transmission efficiency of
asynchronous geared traction machine is only about 70%. The power factor of asyn-
chronous traction machine is also low, which can only reach about 0.8 under rated
load. This value will further reduce when the elevator switches between the state of
starting and braking frequently.

1.2.2 Volume

The structure of permanentmagnet synchronous gearless tractionmachine is compact
and small in volume. Therefore, it can be used in a small space. However, the asyn-
chronous geared traction machine is mainly suitable for elevators with cabin, which
increases the building area and wastes public resources.

Due to the existence of a series of transmission mechanisms such as the worm and
thewormgear, the traditional asynchronous geared tractionmachine usually occupies
huge room. Therefore, in the construction process, buildings with asynchronous gear
host are usually covered with elevator machine room above the hoistway to place
asynchronous traction machine, gearbox and other transmission mechanisms. This
not only wastes the available area for houses with tight construction area, but also
amplifies the noise during operation due to the echo in the machine room, which has
become a main factor affecting the quality of life for users. Without a transmission
mechanism, PMSM gearless traction machine can effectively reduce the installation
area compared with the geared traction machine. At the same time, it can also reduce
the mechanical noise during operation.

1.2.3 Use and Maintenance

The mechanical structure of the gearless traction machine is simple because the trac-
tionmachine is the directly drivenmotor and does not need amechanical transmission
mechanism. Simultaneously, there is no need for a complicated lubrication system
because of the absence of mechanical mechanism, which reduces the environmental
pollution.

The traditional geared traction machine needs a complex lubrication system to
reduce the heat and mechanical wear caused by slippage. Therefore, the geared trac-
tion machine needs to replace the lubricating oil regularly, which not only increases
the cost of maintenance, but also pollutes the environment unavoidably. What is
more, since the hardness of the turbine material is lower than the worm, the surface
of the gear may corrode progressively due to high friction and the root of the gear
may fracture due to large bending stress.
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1.3 Basic of PMSM Traction Machines

The introduction of permanent magnet synchronous motors into the elevator trac-
tion transmission field has enabled the rapid development of the gearless traction
technology. In order to meet the low-speed operating conditions of the elevator, the
number of pole pairs of the gearless induction motor must be large, which would
increase the component of excitation current and reduce the efficiency. Since rotor
magnetic field of the permanent magnet synchronous motor is established by perma-
nent magnets, the stator current does not need to excite the magnetic field. Therefore,
the operating efficiency of permanent magnet synchronous motor is high. Due to the
complex structure, large space occupation, high manufacturing and maintenance
costs, the DC gearless motor has been replaced by the AC motor. The permanent
magnet synchronous motor also has the advantages of strong output torque capacity,
great following and anti-disturbance performance due to the use of high magnetic
energy material. Especially when running at low speed, the motor has accurate posi-
tioning, high-speed regulation accuracy and strong rapid response capability. By
optimization design, the permanent magnet synchronous motor can run at low speed
under large load torque, which gives full play to the advantages of gearless traction
technology.

After more than a century of development, the structure of the traction machine
has undergone an evolution from geared to gearless and the traction drive mode has
been developed from traditional reel drive to friction traction, which not only greatly
reduces the volume of the entire transmission system, but also increases the applica-
bility of the system. However, the development of science and technology has made
people have higher performance requirements for elevator products. The emergence
of small machine room and machine room-less elevator products has promoted the
development of elevator technology toward high efficiency, high transmission ratio,
compact structure and low noise.

The elevator is mainly composed of a motor, a brake and a traction wheel. The
brake is an essential component to ensure the safework of elevator.When the elevator
is running abnormally, the brakewill apply a large braking friction force to the traction
sheave through the guide springs on both sides, which will lock the traction sheave
tightly. By holding the manual brake release handle and pressing it down, the brake
can be manually opened. When the elevator is running normally, a large alternating
current or direct current is needed to release the brake. When the elevator is running
stably, only a small current is needed to maintain the released state of the brake. It is
necessary to check whether the brake is already in the open state before the traction
machine runs. If the traction machine runs without opening the brake, the system
will carry a large load and generate a large current, which may cause the damage of
the system. Furtherly, it may even damage the brakes and other safety components
if no over-current protection measure is taken.

The traction wheel is also an important part of the gearless traction machine as
shown in Fig. 1.2, whose quality is directly related to the operation of the elevator
traction machine. The wire rope suspends the elevator car and the counterweight
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Fig. 1.2 Diagram of
permanent magnet traction
elevator

through the traction wheel, and drives the car to move up and down. The groove
pitch difference and diameter are the main parameters of the traction wheel, which
have a relationship with the suspension ratio and speed of the traction machine. The
appropriate wire rope must be selected according to the specific requirements, and
the groove pitch diameter difference is an important factor to judge the quality of the
traction sheave. If the groove pitch diameter difference is too large, the steel wire
rope embedded in the traction sheave rope groove will be unevenly stressed and then
the speed between the steel ropes will be slipping. These will further aggravate the
groove pitch diameter difference and seriously affect the safety and longevity.

1.4 Applications of Low-Resolution Encoder in Elevators

In a high-performance vector control system for permanent magnet traction eleva-
tors, the closed-loop feedback of the motor speed and position is required. The
control performance greatly depends on the accuracy of the rotor position. A high-
precision encoder will be installed on the shaft section of traditional permanent
magnet synchronous motor to accurately detect the position information. However,
high-resolution sensors are expensive, which will increase the cost of the system.
And, the cable and interface of high-precision encoder will increase the complexity
of hardware and reduce the reliability. What is more, the installation of sensors
increases the size and volume of the system. When working in harsh conditions,
the high-precision encoder cannot work reliably due to the effect of environmental
humidity and temperature. Therefore, low-resolution photoelectric encoders are still
used to detect position and calculate rotation speed in some occasions.

The photoelectric encoder is a sensor that converts mechanical quantities into
pulses or digital quantities through photoelectric conversion. The photoelectric
encoder is composed of a circular code disk and a photoelectric detection device.
The code disk is engraved with circular light-transmissive and opaque slits at equal
intervals, which are called code channels. The rotating shaft rotates coaxiallywith the
code disk at the same speed. The detection device is composed of electronic compo-
nents such as light-emitting diodes. The pulse signal passing through the slit is output
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by the detection device. The angle information of the current rotating shaft can be
reflected by calculating the number of output pulses of the photoelectric encoder per
second.

There are two types of photoelectric encoders; one is incremental photoelectric
encoder, and the other is absolute photoelectric encoder. Incremental photoelectric
encoder processes a series of pulses through an additional circuit to obtain a digital
quantity. The code disk of the photoelectric encoder is generally made of glass
material, whose surface is coated with a layer of opaque metal film. And, the code
track is engraved on the film, the number of which ranges from several hundred to
several thousand. In this way, the entire circumference of the code wheel is equally
divided into n light-transmitting grooves. Incremental photoelectric encoders output
three groups of square wave pulses of A-phase, B-phase and Z-phase, which follow
the principle of photoelectric conversion. The A-phase and B-phase are used to
determine the rotation direction of the code disk, of which the number is the same
and the phase difference is 90°. And, the Z-phase is used for the reference point
positioning. Every pulse of Z-phase represents one revolution of the code disk.

Absolute photoelectric encoders directly output digital quantities. There are
several concentric code tracks which consist of light-transmissive and opaque sectors
along the radial direction of the code disk. The number of code channels is equal to
the number of binary digits on the code disk. The number of sectors between two
adjacent code channels is doubled. The light source and the photosensitive element
are on both sides of the code disk. The photosensitive elements convert corresponding
level signals according to whether they receive light to form a binary number. The
characteristic of absolute encoder is that the digital code can be read out at any posi-
tion of the shaft. The number of code channels is proportional to the resolution. For
example, an n-bit encoder must have n code channels. The accuracy of the absolute
encoder depends on the number of bits of the code channel.

The absolute encoder can be directly connected to the computer without other
digital conversion equipment since the output is binary digital code. The light-
transmissive and opaque line patterns are the difference between an absolute encoder
and an incremental encoder. Under the same accuracy, the code disk size of the incre-
mental encoder is smaller than the absolute encoder. Since the incremental encoder
cannot display the absolute position of the angle coordinate, it must be reset to zero
every time after starting. The absolute encoder can directly read the value of the
angle coordinate, and the information will not be lost after the power is cut off.

At present, a lot of researches have been carried out to investigate this issue. The
literatures are mainly divided into model-based and non-model-based methods. The
model-based method needs to detect the rotor position through the motor model and
the parameters, such as Luenberger observer and slidingmode observer. Themechan-
ical equation of PMSM is always used to ensure the estimated position converges to
the actual one. Careful selection of the observer bandwidth is needed to ensure accu-
rate estimation of the position and speed. A sliding mode control method combined
with extended state observer (ESO) was presented to estimate the position and speed
[2]. In this method, ESO was used to observe the lumped disturbance, which could
obtain less observation error of position. A cascaded observerwas proposed to reduce
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the speed detection error in [3]. This observer used a second-order sliding mode
controller to get the rotor position accurately. It needed to consider the system
convergence carefully when using combination of two kinds of observers, which
would increase the order of the system.

In order to improve the bandwidth of the position and speed observers, the adap-
tive law can be applied in the model-based method. The observers can adjust the
response by adaptive law, which will help to improve the dynamic performance of
the system. A sliding mode observer using the adaptive law based on the least square
method was proposed to suppress the harmonics generated by the nonlinear charac-
teristics of the inverter. Meanwhile, the adaptive law based on the frequency tracking
controller was used to track the back-EMF of the motor according to the variation of
operating frequency [4]. If the motor parameters are inaccurate, the high-precision
rotor position would be difficult to obtain.

The non-model-based method is mainly divided into the interpolation method and
the filtering method. For the interpolation method, the detection of position signal
mainly depends on the selection of appropriate interpolation basis functions to predict
the position of the next sampling period. The precision of the position signal after
fitting is determined by the carrier frequency of the control system. In general, the
precision is higher than that of the position signal obtained by the encoder. Therefore,
the speed acquired by differential fitting position signal has fewer fluctuations. The
fitting precision of the position is related to the selection of the interpolation basis
function. The interpolation method tends to produce noise in rotor position, and it
will cause the phase delay of the estimated position.

Another non-model-based method is the filtering method, which can obtain
continuous position by dealing with the original discrete position signals. With the
development of digital control system, filtering schemes are convenient to be used in
the rotor position estimation. It can effectively extract the harmonics in the back-EMF
signal. A least square adaptive filter was used to obtain the harmonics of the back-
EMF, which can realize the frequency adaption [5]. The existing filtering method
can estimate the rotor position and the speed using the lower-bits encoder such as
Hall sensors. Once the resolution of the encoder increases, the harmonic frequencies
in the rotor position would become higher. These methods have the common way of
constructing harmonics, which could get distorted if the frequency of the harmonics
is close to the PWM frequency of the system. Hence, it still needs further study in the
filtering methods to improve the precision of position using the ordinary-resolution
encoder in low-speed operation.

1.5 Applications of Weight-Transducerless Elevators

Theweight transducer converts the quality signal into ameasurable electrical signal as
shown in Fig. 1.3. Classified by conversionmethod, it can be divided into eight types:
photoelectric, hydraulic, electromagnetic force, capacitive, magnetic pole change
form, vibrating gyroscope and resistance strain types. Among them, the resistance
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Fig. 1.3 Weight transducer

strain-typeweight transducer is most widely used. It is mainly composed of an elastic
element, a resistance strain gauge, ameasuring circuit and a transmission cable.When
the elastic material occurs elastic deformation under the action of external force, the
resistance strain gage pasted on the material surface is also deformed. Then, the
resistance value of strain gage will change. Through measuring circuit, the change
will be converted into voltage or current signal. This is the complete process of
transforming external force into electrical signals by resistance strain-type weight
transducer.

There is a trend toward using low-speed and large-torque permanent magnet trac-
tion machines to achieve gearless transmission in elevators. This kind of direct-drive
elevator traction system hasmany advantages, such as great riding comfort, high effi-
ciency, low mechanical noise and small space occupation. When the elevator starts,
the mode of control will switch from leveling parking to running. If the electromag-
netic brake is suddenly released during the conversion, the unknown load torque will
be applied to the traction machine.

When the elevator starts, it switches from the leveling parking mode to the
running mode. Considering that the electromagnetic brake is suddenly released
during the conversion, the unknown load torque will be applied to the traction
machine. During switching, considering that the electromagnetic brake is suddenly
released, an unknown load torque will be applied. At this time, balancing the torque
is particularly important to achieve the comfort experience of passengers. In order
to achieve a balance between the electromagnetic torque and the load torque rapidly,
the traditional control scheme is to install a weight transducer at the bottom of the
elevator car. According to the feedback of torque from the weight transducer, the
traction machine is controlled to generate electromagnetic torque.

However, the feedforward compensation has some disadvantages. The colinearity
of the car load and the distortion of anti-vibration rubber will degrade when the
usage time of weight transducer becomes longer. In addition, weight transducers
will not only reduce the system robustness, but also increase the cost. Therefore,
the weight-transducerless control is an emerging technique for the gearless elevator
traction machine drives. During the brake releasing, when the elevator operates from
the standby mode to the running mode, both the sliding distance and mechanical
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vibration should be considered in order to ensure the riding comfort of the elevator.
The generated torque of the traction machine must track the unknown load torque
accurately and quickly. In this book, different kinds of weight-transducerless control
strategies for PMSM traction drives are presented in the following.

1.6 Summary

This chapter provides a background on the development of the permanent magnet
synchronous motor traction system. First, a detailed comparison is made between
conventional geared traction machines and gearless traction machines in terms of
energy consumption, volume together with use and maintenance. Through compar-
ison, the superiority of the gearless traction machines is shown. Next, the basic
of PMSM traction machines is presented, as well as the main technical problems
encountered in the current application of PMSM tractionmachines. These include the
application of low-resolution encoders in PMSM tractionmachines and the problems
in the application of weight-transducerless elevators.
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Chapter 2
Mathematical Model of Gearless PMSM
Traction Elevators

2.1 Introduction

2.1.1 PMSM Applications

Generally, the electricalmotor is divided into three types, theDCmotor, the induction
motor (IM) and the synchronous motor. Among these types of motors, the PMSM
has been widely developed in the industry and household applications for its high
power density, high efficiency, high power factor and excellent control performance.
The PMSM has been applied in these areas:

1. The aeronautic and astronautic applications. The requirements of the power
density and the control performance are very strict in the aeronautic and astro-
nautic applications. Hence, PMSM is a suitable choice for the aeronautic appli-
cations to reduce the launching cost of the whole system. Meanwhile, the high
power density of PMSM drive system could improve the performance of the
astronautic applications.

2. The electric vehicle (EV) applications. The EV is the future traffic solution,
which is supported by worldwide governments and companies. Due to the rapid
development of the EV, PMSM is widely applied as the power supply element
for the high power density and high efficiency.

3. The industry applications. For high-performance equipment, such as the
computer numerical control (CNC), the robot drives and the servo systems,
the excellent control performance of PMSM could satisfy the requirements.

4. The domestic appliance. The high power density of PMSM could reduce the
power cost of the drive system effectively, which is an important concern in
the household applications, such as the vacuum cleaner, the washing machine,
the air-conditioner and the refrigerator. Meanwhile, the direct-drive traction
system could reduce the volume and enhance the reliability, compared with the
conventional traction drive system using the IM drive system and the gear box.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
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5. The fan and pump applications. The power consumption of the fan and
pump applications could be effectively reduced by applying the high-efficiency
PMSM, which could reduce the whole power consumption and benefit the
environment.

6. Traction elevator system. In high-rise buildings, the direct-drive traction
machine system using PMSM can reduce volume, reduce cost and improve
operation efficiency.

Hence, the PMSM has a promising future in the energy conversion applications,
which deserves to be studied further. However, there are also some disadvantages of
the PMSM influencing its application:

1. The cost of the drive system. The cost of PMSM drive system is relatively
higher than the IMdrive system,which is suitable for the applications concerning
the high performance and the high efficiency, such as the aeronautics, astronau-
tics, EV, CNC and servo drive system applications. As for the general industry
applications, the drive system cost is an important issue; hence, it is necessary
to optimize the design of PMSM to reduce the cost.

2. Irreversible demagnetization. Irreversible demagnetization could occur when
the PMSM operates in excessively high temperature and low temperature. If the
PMSM suffers inrush current or severe mechanical vibration, the irreversible
demagnetization could also happen, which could reduce the performance of the
motor or even disable the normal operation.

2.1.2 PMSM Classification

Despite these disadvantages, PMSM is so far the optimal solution of the future
power energy conversion between the electric power and the mechanical power. The
development of PMSM focuses on the high performance, high power density, high
speed and high-level integration. There are many classification methods for PMSM.
According to the position of the armature winding, it can be divided into the inner
rotor type and the outer rotor type.According to the direction of theworkingmagnetic
field, it can be divided into the radial magnetic field type and the axial magnetic field
type.According to the currentwaveformflowing through the armaturewinding, it can
be divided into the permanent magnet brushless DC motor (PMBLDCM) powered
by square wave or trapezoidal wave and PMSM powered by sine wave. According
to the presence or absence of the starting winding on the rotor, it can be divided into
PMSMwithout the startingwinding and PMSMwith the startingwinding. Themotor
without the starting winding is powered by the inverter which starts and adjusts the
speed along with the increase of the frequency. The motor with starting winding can
not only operate at variable speeds, but also start at a certain frequency and voltage
using the asynchronous torque generated by the starting winding [1, 2].
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The most important difference between PMSM and other motors is the rotor
magnetic circuit structure, which will be analyzed and discussed in detail. When the
magnetic circuit is different, the performance, the control system, the manufacturing
process and the applicable occasions of the motor are also different. According to
the installation position of the permanent magnet on the rotor, PMSM can be divided
into two types: surface permanent magnet synchronous motor (SPMSM) and interior
permanentmagnet synchronousmotor (IPMSM). The permanentmagnet of SPMSM
is located on the surface of the rotor core, whereas the permanent magnet of IPMSM
is located inside the rotor. For each rotor structure, a sinusoidal distribution of air
gap magnetic field should be produced as much as possible.

The rotor magnetic circuit structure of SPMSM can also be divided into the
raised type and the plug-in type. For the application of the rare earth in PMSM,
the relative permeability of permanent magnet materials is close to 1. Therefore,
the surface raised rotor belongs to non-salient pole rotor structure in terms of the
electromagnetic performance, which leads to the symmetric orthogonal magnetic
path, and the impedances of the d- and q-axes are the same (Xd =Xq). However, there
is the ferromagnetic material between the two adjacent permanent magnetic poles of
the surface plug-in rotor, so it belongs to the salient pole rotor structure in terms of
electromagnetic performance. Hence, the orthogonal magnetic path magnetic circuit
is asymmetrical, and Xd > Xq.

Figure 2.1a shows the surface raised rotor magnetic circuit structure. As for the
simple structure, the lower manufacturing cost and the smaller moment of inertia,
this kind of structure is widely used in PMBDCM and PMSM, which operate in a
narrow constant power range. In addition, the permanent magnet poles in the surface
raised rotor structure are easy to achieve the optimal design, which could make the
air gap magnetic field close to the sinusoidal distribution. Hence, the surface-raised
rotor magnetic circuit structure can significantly improve the performance of the
motor and the entire drive system.

(a) Raised type (b) Plug-in type.
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Fig. 2.1 Surface rotor magnetic circuit structure
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Figure 2.1b shows the surface plug-in rotor magnetic circuit structure. This kind
of structure canmake full use of the reluctance torque generated by the asymmetry of
the rotormagnetic circuit. Therefore, the power density and the dynamic performance
of the motor can be improved compared with the motor with surface plug-in rotor
structure. In addition, itsmanufacturing process is relatively simple. Hence, it is often
used in some variable speed PMSMs. However, there are lager magnetic flux leakage
and higher manufacturing costs of the motors with this kind of structure compared
with the surface raised rotor structure.

As for the simpler manufacturing process and the lower cost of the rotor magnetic
circuit structure, it is especially suitable to be applied in PMBDCM. However, as the
starting winding cannot be installed on the rotor surface, there is no asynchronous
starting capability and it is only suitable for occasionswhere the starting requirements
are not strict.

Figure 2.2 shows the interior rotor magnetic circuit structure. Permanent magnets
in the interior rotor are protected by pole pieces. The reluctance torque generated
by the asymmetry of the rotor magnetic circuit structure can improve the overload
capacity and the power density of the motor. Meanwhile, the d-axis inductance of
IPMSM is usually larger than that of SPMSM, so it is easy to weaken the magnetic
field and expand the operation speed. It should be noted that the Xd , Xq and Xd /Xq

(saliency ratio) of IPMSM are different when the rotor magnetic circuit structure is
different. Larger saliency ratio could improve the pull-in synchronization ability, the
reluctance torque and the overload capability of the motor.

Fig. 2.2 Interior rotor
magnetic circuit structure
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2.2 Mathematical Model of PMSM

2.2.1 Coordinate Transformation

A. Coordinate Representation of the Vector Space
Let α1, α2, …, αn be the linear independent vectors of the vector space F

[3, 4], where

α1 =

⎡
⎢⎢⎢⎣

α11

α12
...

α1n

⎤
⎥⎥⎥⎦, α2 =

⎡
⎢⎢⎢⎣

α21

α22
...

α2n

⎤
⎥⎥⎥⎦, . . . , αn =

⎡
⎢⎢⎢⎣

αn1

αn2
...

αnn

⎤
⎥⎥⎥⎦.0 (2.1)

Then, any vector x can be represented as

x = x1α1 + x2α2 + · · · + xnαn. (2.2)

The vectors α1, α2, …, αn are a basis of F, and (x1, x2, xn)
T is the coordinate of

x, where F is called as the n-dimensional vector space. It can be seen that there are
many different bases of F, whereas the coordinate representation of x is unique in a
particular basis. Equation (2.2) could be presented as

x = (α1,α2, · · · ,αn)

⎡
⎢⎢⎢⎣

x1
x2
...

xn

⎤
⎥⎥⎥⎦. (2.3)

Equation (2.3) is the general expression in the three-phase PMSM drive system,
which could be generalized as

⎡
⎣
ua
ub
uc

⎤
⎦ = R

⎡
⎣
ia
ib
ic

⎤
⎦+ L

d

dt

⎡
⎣
ia
ib
ic

⎤
⎦+ ψ f f (θe) (2.4)

where ua, ub, uc, ia, ib, ic, R, L, ψ f and θ e are the three-phase voltage vectors, the
three-phase current vectors, the resistor matrix, the inductance matrix, the permanent
magnet flux and the rotor position, respectively. As for the three-phase SPMSM, the
inductance matrix mainly contains the self-inductance and the mutual inductance
of the three-phase windings. Since the air gap of the SPMSM is uniform, the self-
inductance and themutual inductance of the three-phasewindings are constant values
and independent of the rotor position. As for the IPMSM, the air gap of the IPMSM
is asymmetric; hence, the self-inductance and the mutual inductance of the three
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-phase windings are closely related to the rotor position. The inductance matrices of
both the SPMSM and the IPMSM are coupling and dependent of the rotor position.

B. Basis Transformation and Coordinate Transformation
Let vectors α1, α2, …, αn and β1, β2, …, βn be two bases of the vector

space. Any vector x could be represented as

x = (α1,α2, . . . ,αn)

⎡
⎢⎢⎢⎣

xα1

xα2
...

xαn

⎤
⎥⎥⎥⎦ = (

β1,β2, . . . βn

)
⎡
⎢⎢⎢⎣

xβ1

xβ2
...

xβn

⎤
⎥⎥⎥⎦ (2.5)

where xα = (xα1, xα2, . . . , xα3)
T and xβ = (

xβ1, xβ2, . . . , xβ3
)T

are the coordinate
representation at the two different bases. The relationship between the two bases
could be presented as

(
β1,β2, . . . βn

) = (α1,α2, . . . αn)

⎡
⎢⎢⎢⎣

p11 p12 · · · p1n
p21 p22 · · · p2n
...

...
...

pn1 pn2 · · · pnn

⎤
⎥⎥⎥⎦. (2.6)

Hence, the n × n nonsingular matrix transition matrix P could be presented as

P =

⎡
⎢⎢⎢⎣

p11 p12 · · · p1n
p21 p22 · · · p2n
...

...
...

pn1 pn2 · · · pnn

⎤
⎥⎥⎥⎦. (2.7)

P could be applied to realize the transition between two bases α1, α2, … αn and
β1, β2, … βn.

⎡
⎢⎢⎢⎣

xα1

xα2
...

xαn

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

a11 a12 · · · a1n
a21 a2 · · · a2n
...

...
...

an1 an2 · · · ann

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

xβ1

xβ2
...

xβn

⎤
⎥⎥⎥⎦ = P

⎡
⎢⎢⎢⎣

xβ1

xβ2
...

xβn

⎤
⎥⎥⎥⎦. (2.8)

C. Jordan Canonical Form Theorem and Diagonalization
The coupling effect in themotor drive systemmainly exists in the inductance

matrix, which needs to be specially considered in the motor control strategy.
Hence, the decoupling control method is applied to eliminate the effect of the
mutual inductance on the control performance. As for the existence of the
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mutual inductance, the inductance matrix is similar to the circulant matrix,
which could be presented as

A =

⎡
⎢⎢⎢⎢⎢⎣

a1 a2 a3 · · · an
an a1 a2 · · · an−1

an−1 an a1 · · · an−2
...

...
...

. . .
...

a2 a3 an · · · a1

⎤
⎥⎥⎥⎥⎥⎦

. (2.9)

The matrix A is defined as the circulant matrix, and the previous row forward one
step is the next row. Hence, the decoupling method for A is essential to be concerned
for the motor control strategy.

The diagonalization is an important tool to realize the decoupling control, which
is closely related to the Jordan canonical form. The Jordan canonical form is formed
of the Jordan block, and it is an upper triangular matrix that could be presented as

Jk(λ) =

⎡
⎢⎢⎢⎢⎢⎢⎣

λ 1
λ 1

λ
. . .

. . . 1
λ

⎤
⎥⎥⎥⎥⎥⎥⎦

. (2.10)

where λ is the unique Jordan block of a complex matrix. It could be transformed
by the special matrix, which consists of the corresponding eigenvectors. There are k
times of λ in the main diagonal, and all other elements are zero. The Jordan matrix
consisting of the Jordan blocks could be presented as

J (λ) =

⎡
⎢⎢⎢⎣

Jn1(λ)

Jn2(λ)

. . .

Jnq(λ)

⎤
⎥⎥⎥⎦. (2.11)

The Jordan matrix J(λ) plays an important role in the decoupling control strategy.
The dynamic system could be totally decoupled by the transformation when the
dimensional k of all the Jordan blocks of the coupled matrix is one. For the motor
drive system, it is essential to study the diagonalization of the inductance matrix to
realize the decoupling control.

The diagonalization transformation of a matrix is closely related to its eigenvalues
and eigenvectors. The eigenvalue λ of the matrix A could be presented as

Ax =λx, x ∈ Cn, x �= 0, λ ∈ C (2.12)



18 2 Mathematical Model of Gearless PMSM …

where x is the eigenvector corresponding to eigenvalue λ. If the matrix A is regarded
as a linear transformation, the effect of this transformation on the eigenvector x is to
expand (or shorten) λ times compared with the original vector.

The transformation matrix P consists of all the eigenvectors, which could be
presented as

P = [
P1 P2 · · · P s

]
. (2.13)

Hence, the relationship between the matrix A and the transformation matrix P
could be presented as

AP = P J(λ) = P

⎡
⎢⎢⎢⎣

J1

J2

. . .

J s

⎤
⎥⎥⎥⎦ (2.14)

where J(λ) is the Jordan matrix of matrix A. According to the division of the Jordan
blocks, the transformation between the matrix A and the Jordan matrix J(λ) could
be presented as

A
[
P1 P2 . . . P s

] = [
P1 P2 . . . P s

]
J(λ)

= [
P1 P2 . . . P s

]
⎡
⎢⎢⎢⎣

J1

J2

. . .

J s

⎤
⎥⎥⎥⎦

(2.15)

where

[
AP1 AP2 . . . AP s

] = [
P1 J1 P2 J2 . . . P s J s

]
(2.16)

The relationship between every Jordan block and the matrix A could be presented
as

AP i = P i J i (i = 1, 2, . . . s). (2.17)

Pi could be presented as

P i = (
X i1, X i2, . . . X ini

)
(2.18)
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whereXi1,Xi2,…, X ini are the independent eigenvectors of thematrixA. Substituting
(2.18) into (2.17),

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

AX i1 = λiX i1

AX i2 = X i1 + λiX i2
...

AX ini = X ini−1 + λiX i1

. (2.19)

It can be seen that Xi1 is the eigenvector of the matrix A corresponding to eigen-
value λi. All other eigenvectorsXi1,Xi1,…, X ini could be obtained by (2.12). Hence,
all the column vectors of P could be calculated. Every Jordan block Ji is corre-
sponding to the eigenvalue λi. As for the eigenvalue λi, the number of the Jordan
block Ji is equal to its geometric multiplicity. The order of all the corresponding
Jordan block Ji for the eigenvalue λi is equal to its algebraic multiplicity.

D. Coordinate Frame in Motor Drives
The three-phase currents ia, ib and ic of the three-phase PMSM could be

presented as

⎧⎨
⎩

ia = Im cosω0t
ia = Im cos

(
ω0t − 2

3π
)

ia = Im cos
(
ω0t + 2

3π
) (2.20)

where Im and ω0 are the magnitude and the angular speed of the motor current,
respectively. The symmetric three-phase currents could be presented in the space
three-dimensional coordinate frame:

I = iaiA + ibiB + iciC

= Im cosω0t iA + Im cos

(
ω0t − 2

3
π

)
iB + Im cos

(
ω0t + 2

3
π

)
iC

(2.21)

where iA, iB and iC are the unit vectors of the three-dimensional orthogonal frame,
respectively. The magnitude of the vector I could be presented as

|I| =
√
i2a + i2b + i2c = Im

√
cos2 ω0t + cos2 ω0t + cos2 ω0t =

√
3

2
Im . (2.22)

It can be seen that the vector I rotates around the original point of the three-

dimensional orthogonal frame. The magnitude and the angular speed of I are
√

3
2 Im

and ω0, respectively. The trajectory of the rotation is a circle, and the projection of
the trajectory in the frame is the three-phase current, which is shown in Fig. 2.3.
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Fig. 2.3 Current vector I in
the three-dimensional
coordinate frame

The trajectory is located at a plane in the three-dimensional coordinate frame,
which is defined as the d-q plane. All the transformations of the coordinate frame
are carried out in this plane.

As analyzed in the previous section, the stationary a-b-c frame in the d-q plane is
the projection of the three three-dimensional orthogonal coordinate frame, which is
shown in Fig. 2.4.

Fig. 2.4 Current vector I in
the d-q frame
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It can be seen that the α-β orthogonal coordinate frame is defined in Fig. 2.4. The
coordinate transformation is to transform the vector in the a-b-c frame to the d-q
orthogonal coordinate frame. According to the previous analysis, the vector I rotates
around the original point with the angular speed ω0.

The coordinate transformation could be derived from the geometric view. The
relationship between the α-β orthogonal coordinate frame and the a-b-c coordinate
frame could be presented as

N2iα = N1ia + N1ib cos
(
2
3π
)+ N1ic cos

(
4
3π
)

N2iβ = N1ib cos
(
2
3π
)+ N1ic cos

(
4
3π
) , (2.23)

where iα , iβ , N1 and N2 are the currents in the α- and β-axes, the number of turns
in the windings, respectively. Hence, the transformation matrix between the a-b-c
coordinate frame and the α-β orthogonal coordinate frame could be presented as

⎡
⎣
iα
iβ
i0

⎤
⎦ = N1

N2

⎡
⎢⎣

1 − 1
2 − 1

2

0
√
3
2 −

√
3
2

1√
2

1√
2

1√
2

⎤
⎥⎦
⎡
⎣
ia
ib
ic

⎤
⎦ (2.24)

where i0 is the zero-sequence component of the three-phase currents. As for the
three-phase star connection PMSM, the sum of the three-phase currents is zero and
the corresponding zero-sequence component i0 is also zero. Hence, i0 will be ignored
in this section to make the derivation process clearer. Hence, the simplified Clarke
transformation could be presented as

[
iα
iβ

]
= N1

N2

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]⎡
⎣
ia
ib
ic

⎤
⎦. (2.25)

TheClarke transformation could also be evaluated from thematrix transformation.
The inductance matrix in the SPMSM could be presented as

LSPM =
⎡
⎣
Lsσ + Lm − 1

2 Lm − 1
2 Lm

− 1
2 Lm Lsσ + Lm − 1

2 Lm

− 1
2 Lm − 1

2 Lm Lsσ + Lm

⎤
⎦ (2.26)

where Lsσ and Lm are the leakage inductance and the excitation inductance of the
three-phase windings, respectively. The coordinate transformation aims to realize the
decoupling control of the coupled inductance matrix. According to the basis of the
diagonalization transformation, the transformation matrix of the eigenvectors could
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be applied to realize the Jordan canonical form transformation. The eigenvalues of
the inductance matrix are the single root λ1 and the double root λ2,3, which could be
presented as

λ1 = Lsσ

λ2,3 = Lsσ + 3

2
Lm . (2.27)

Hence, the eigenvectors can be presented as

X1 =
⎡
⎣
x11
x11
x11

⎤
⎦, X2 =

⎡
⎣

x12
x22

−x12 − x22

⎤
⎦, X3 =

⎡
⎣

x13
x23

x13 − x23

⎤
⎦. (2.28)

The transformation matrix can be presented as

P =
⎡
⎣

x12 x13 x11
x22 x23 x11

−x12 − x22 −x13 − x3 x11

⎤
⎦. (2.29)

The coordinate transformation between the a-b-c coordinate frame and the α-β
orthogonal coordinate frame could be presented as

⎡
⎣
ia
ib
ic

⎤
⎦ =

⎡
⎣

x12 x13 x11
x22 x23 x11

−x12 − x22 −x13 − x3 x11

⎤
⎦
⎡
⎣
iα
iβ
i0

⎤
⎦. (2.30)

The Jordan matrix for the inductance matrix of the three-phase SPMSM could be
presented as

J (λ) =
⎡
⎣
Lsσ + 3

2 Lm

Lsσ + 3
2 Lm

Lsσ + 3
2 Lm

⎤
⎦. (2.31)

Let the transformation matrix P be a unit orthogonal matrix, the transformation
matrix P could be presented as

P =

⎡
⎢⎢⎣

√
6
3 0 1√

3

−
√
6
6

√
2
2

1√
3

−
√
6
6 −

√
2
2

1√
3

⎤
⎥⎥⎦. (2.32)

The equivalent transformation could be presented as
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⎡
⎣
iα
iβ
i0

⎤
⎦ = 2

3

⎡
⎢⎣

1 − 1
2 − 1

2

0
√
3
2 −

√
3
2

1√
2

1√
2

1√
2

⎤
⎥⎦
⎡
⎣
ia
ib
ic

⎤
⎦. (2.33)

Actually, the coordinate transformation with the orthogonal matrix is the power
invariance method, which means that the drive system power in the a-b-c coordi-
nate frame and the α-β coordinate frame remains constant. As for another phase
magnitude invariance method, the magnitude of the voltage and current in the a-b-c
coordinate frame and the α-β coordinate frame remains constant, whereas the torque
and the power should be multiplied by 3/2 in the α-β frame to obtain the same values
as those in the a-b-c coordinate frame. The transformation matrix P in the α-β frame
could be presented as

⎡
⎣
iα
iβ
i0

⎤
⎦ = 2

3

⎡
⎢⎣

1 − 1
2 − 1

2

0
√
3
2 −

√
3
2

1√
2

1√
2

1√
2

⎤
⎥⎦
⎡
⎣
ia
ib
ic

⎤
⎦. (2.34)

The α-β coordinate frame is the stationary frame, and the elements of the induc-
tance matrix are closely related to the rotor angle; hence, it is essential to eliminate
the change caused by the different values of the rotor angle. The Park transformation
is applied to transform the variables in the stationary α-β coordinate frame to the
rotating d-q coordinate frame. The transformation could be presented as

[
id
iq

]
=
[
cos θe − sin θe

sin θe cos θe

][
iα
iβ

]

[
iα
iβ

]
=
[

cos θe sin θe

− sin θe cos θe

][
id
iq

] . (2.35)

2.2.2 Mathematical Model of SPMSM

The mathematical modeling of PMSM is the key to realizing the vector control. To
simplify the analysis, it is necessary tomake the following assumptions: (1)The three-
phase stator winding is distributed symmetrically in space and the discrete properties
of its structure are ignored. Therefore, the armature reactive magneto motive force
generated by stator windings in the air gap is sinusoidal, and the induced back-
electromotive force (EMF) is also the sinusoidal wave. (2) The internal permeability
of a permanent magnet is consistent with that of air, and the excitation EMF produced
in the air gap is also sinusoidal. (3) The iron loss, the terminal effect and the magnetic
saturation effect are ignored. And the constant rotor permeability is infinite. (4) The
influence of temperature and load effect on the motor parameters is neglected, and
there is no damper winding on the rotor.
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Fig. 2.5 Physical model of
SPMSM

Figure 2.5 shows the surface PMSM physical model. The voltage equation of its
three-phase winding can be presented as

⎡
⎣
ua
ub
uc

⎤
⎦ =

⎡
⎣
Rs 0 0
0 Rs 0
0 0 Rs

⎤
⎦
⎡
⎣
ia
ib
ic

⎤
⎦+ p

⎡
⎣

ψa

ψb

ψc

⎤
⎦ (2.36)

where ψa, ψb and ψc are flux leakages of three-phase a-b-c, Rs is the stator winding
resistance, p is differential operator d/dt, respectively.

The three-phase flux linkage of the SPMSM could be presented as

⎡
⎣

ψa

ψb

ψc

⎤
⎦ = Labc

⎡
⎣
ia
ib
ic

⎤
⎦+ ψ f

⎡
⎣

cos θe

cos
(
θe − 2

3π
)

cos
(
θe + 2

3π
)

⎤
⎦ =

⎡
⎣

La Mab Mac

Mba Lb Mbc

Mca Mcb Lc

⎤
⎦
⎡
⎣
ia
ib
ic

⎤
⎦+

⎡
⎣

ψ f a

ψ f b

ψ f c

⎤
⎦

(2.37)

where ψ fa, ψ fb and ψ fc are the permanent magnet flux linkage passing through
a-b-c winding, ψ f is the permanent magnet flux linkage, respectively.

The SPMSM is a three-phase non-salient pole synchronous motor, and the air gap
is uniform . The self-inductances and the mutual inductances of the a-b-c winding
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are constant, which are independent of the rotor position. So, the self-inductances
and mutual inductances of the three-phase windings in SPMSM could be presented
as

La = Lb = Lc = Lsσ + Lm, (2.38)

Mab = Mba = Mac = Mbc = Mcb = Lm cos 120◦ = −1

2
Lm . (2.39)

Considering ia + ib + ic = 0, (2.37) could be presented as

ψa =
(
Lsσ + 3

2
Lm1

)
ia + ψ f a = (Lsσ + Lm)ia + ψ f a = Lsia + ψ f a (2.40)

where Lm is the equivalent excitation inductance, Ls is the synchronous inductance
[5]. ψb and ψc can be similarly expressed in the form of (2.40). Therefore, (2.37)
could be presented as

⎡
⎣

ψa

ψb

ψc

⎤
⎦ = (Lsσ + Lm)

⎡
⎣
ia
ib
ic

⎤
⎦+

⎡
⎣

ψ f a

ψ f b

ψ f c

⎤
⎦. (2.41)

The stator current vector is is composed of the current ia, ib and ic in the three-
phase winding. The stator flux vector ψ s can be presented by the full flux of the
three-phase winding, and the rotor flux vector ψ f can be presented by ψ fa, ψ fb and
ψ fc. According to (2.40), the stator flux vector ψ s can be presented as

ψ s = Lsσ is + Lm is + ψ f = Ls is + ψ f (2.42)

where Lsσisis the flux leakage produced by iscorresponding to leakage magnetic field
of the stator winding, Lmisis produced by is corresponding to armature field, ψ f is
produced by the permanent magnet.

Hence, (2.36) could be transformed into the vector form,which could be presented
as

us = Rs is + dψs

dt
. (2.43)

Substituting (2.42) into (2.43) yields,

us = Rs is + Ls
dis
dt

+ dψ f

dt
. (2.44)

Considering ψ f = ψ f e jθe , (2.44) could be presented as
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Fig. 2.6 Phasor diagram of SPMSM

us = Rs is + Ls
dis
dt

+ jωeψ f (2.45)

where jωeψ f is the induced EMF caused by the rotation of the rotor magnetic field. In
the steady state, the amplitude of is is constant. Therefore, (2.45) could be presented
as

U̇s = Rs İs + jωeLs İs + jωeψ f = Rs İs + jωs Ls Is + Ė0. (2.46)

The phasor diagram of SPMSM is shown in Fig. 2.6, which can be derived from
(2.46).

The electromagnetic torque of the SPMSM could be presented as

Te = Pnψ f is sin β = Pnψ f × is (2.47)

where Pn is the number of pole pairs. Equation (2.47) indicates that in the vector
control of torque, the amplitude of the stator current vector is and the space phase
angle β relative to ψ f are used for control. In the sinusoidal steady state, it is
equivalent to control the amplitude of the stator current phasor and the phase angle
β.

2.2.3 Mathematical Model of IPMSM

Figure 2.7 shows the IPMSM physical model. The air gap of IPMSM is not uniform.
Hence, the armature reactionmagnetic field will not be the same due to the difference
of space phase angle β [6, 7].

As shown in (2.46) and (2.47), the voltage equation and full flux linkage equa-
tion of the a-b-c three-phase winding of IPMSM have the same form as SPMSM.
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Fig. 2.7 Physical model of
three-phase IPMSM

However, since the air gap of IPMSM is not uniform, the self-inductances andmutual
inductances of a-b-c three-phase winding are periodic functions of the rotor position.

⎧⎨
⎩

La = Ls0 + Ls2 cos(2θe)
Lb = Ls0 + Ls2 cos

(
2θe − 2

3π
)

Lc = Ls0 + Ls2 cos
(
2θe + 2

3π
)

⎧⎨
⎩

Ma = Ms0 + Ms2 cos(2θe)
Mb = Ms0 + Ms2 cos

(
2θe − 2

3π
)

Mc = Ms0 + Ms2 cos
(
2θe + 2

3π
)

(2.48)

whereLs0,Ls2,Ms0 andMs2 are the averagemagnitude value and the second harmonic
of the self-inductance, the average magnitude value and the second harmonic of the
mutual inductance, respectively.

As can be seen from the above equation, since the inductances of the a-b-c three-
phase winding are the periodic functions of the rotor position, the voltage equations
are of the time-varying differential forms. It is essential to apply the decoupling
control method to transform the voltage equations.

By applying the Clarke transformation, (2.36) and (2.37) are transformed into the
stationary coordinate system of α-β. The voltage equation, the flux linkage and the
α-β axis inductance matrix could be presented as

[
uα

uβ

]
= Rs

[
iα
iβ

]
+ p

[
ψα

ψβ

]
, (2.49)



28 2 Mathematical Model of Gearless PMSM …

[
ψα

ψβ

]
= Lαβ

[
iα
iβ

]
+ ψ f

[
cos θe

sin θe

]
, (2.50)

Lαβ =
[
Lα Mαβ

Mβα Lβ

]
=
[∑

L + 
L cos(2θe) 
L sin(2θe)

L sin(2θe)

∑
L − 
L cos(2θe)

]
(2.51)

where uα and uβ are the α-β axis stator voltage components, iα and iβ are the α-β
axis stator current components, ψα and ψβ are the α-β axis stator flux components,
Lαβ is the α-β axis stator inductance matrices, �L = (Ld + Lq)/2 and 
L = (Ld –
Lq) /2 are the average inductance and the differential inductance, Ld and Lq are the
equivalent d-qaxis inductances.

As can be seen from (2.51), the inductances at α-β axes are still periodic functions
of the rotor position.Byapplying thePark transformation,Equations (2.49) and (2.50)
are transformed into the d-q coordinate frame. The voltage equation, the flux linkage
and the inductance matrix in the d-q coordinate frame could be presented as

[
ud
uq

]
= Rs

[
id
iq

]
+ p

[
ψd

ψq

]
+ ωe

[−ψq

ψd

]
, (2.52)

[
ψd

ψq

]
= Ldq

[
id
iq

]
+
[

ψ f

0

]
, (2.53)

Ldq =
[
Ld 0
0 Lq

]
(2.54)

where ud and uq are the d-q axis stator voltage components, id and iq are the d-q axis
stator current components, ψd and ψq are the d-q axis stator flux components, Ldq

is the d-q axis stator inductance matrix. As can be seen from (2.54), the inductance
matrix in the d-q-axes becomes the constant matrix and is no longer the periodic
function of the rotor position; thus, the decoupling of the d-q-axes could be achieved.
The phasor diagram of three-phase IPMSM is shown in Fig. 2.8, and the voltage
equation could be presented as

U̇s = Rs İs + jωs Ld İd + jωs Lq İq + Ė0. (2.55)

The electromagnetic torque expression of IPMSM in d-q-axes can be expressed
as

Te = 3

2
Pn
[
ψ f iq + (

Ld − Lq
)
id iq

]
(2.56)

and the electromechanical dynamic characteristics could be presented as
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Fig. 2.8 Phasor diagram of
three-phase IPMSM
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Te − TL = J
dωr

dt
+ Bωr (2.57)

where TL is the torque load, J is the inertia moment of the rotor, B is the coefficient
of viscous friction, and ωr = ωe/Pn is rotor mechanical angular velocity.

2.3 Vector Control of PMSM

Vector control is based on the rotor flux orientation. Torque control of PMSM can be
achievedby controlling the stator current vector.Usingvector controlmethod, PMSM
can be controlled as the DC motor and the same satisfactory control performance
can be obtained. Nowadays, vector control method has been widely used in the
high-performance motor drives.

In order to control the electromagnetic torque precisely, the allocation of the exci-
tation current component id and the torque current component iq should be considered
according to the electromagnetic torque as shown in (2.56). At present, id = 0 control
andmaximum torque per ampere (MTPA) control are themost popular vector control
modes.

2.3.1 id = 0 Vector Control Mode

id = 0 vector control mode means controlling the excitation current id to zero.
Consequently, the electromagnetic torque is related to the torque current iq. As shown
in Fig. 2.9, the permanent flux linkage ψ f is on the d-axis and rotates with the rotor
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Fig. 2.9 Space vector
diagram of id = 0 control

electrical position θ e to achieve the rotor flux orientation. The excitation current is
zero, and the torque current equals to the amplitude of the stator current vector. The
stator voltage vector is u, and the stator current vector is i.

In this control mode, the torque generation is realized by controlling iq. Therefore,
the control system is easy to implement, and high-performance torque control can be
achieved. This control mode is especially suitable for the SPMSM drives, since the
stator current can beminimizedwith the same output torque.However, for the interior
PMSM, the sacrifice of the reluctance torque component will reduce the efficiency
of the motor. With the increase of the load, the stator current increases gradually,
and the cross-axis flux increases accordingly, which increases the angle between the
stator voltage vector and the stator current vector, resulting in the decrease of the
power factor.

2.3.2 Maximum Torque Per Ampere Control

MTPA is a vector control method to minimize the stator current under the same
output torque for interior PMSM [8]. The MTPA point is the point closest to the
origin among the points on the constant torque curve in the current plane. And, the
MTPA point is also the point with the minimum magnitude in the constant torque
curve as shown in Fig. 2.10.

In Fig. 2.11, the constant torque locus is shown in the current plane at the
synchronous reference frame. As can be seen, no matter whether ∂Te/∂θe > 0
or ∂Te/∂θe < 0, the magnitude of the vector is larger than the middle vector. In
order to achieve MTPA vector control, the stator current should satisfy the following
constraint,

∂Te
∂θe

= 3Pn
4

Is
{
ψ f cos θe + (

Ld − Lq
)
Is cos 2θe

} = 0 (2.58)
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Fig. 2.10 MTPA operating
points and the constant
torque loci in the current
plane

Fig. 2.11 Locus of the
constant torque in the current
vector plane

where IS is the magnitude of the stator current vector.
Substituting (2.56) into (2.57), the current angle of the MTPA point θMTPA can be

derived as follows

θMTPA = cos−1

⎛
⎝−ψ f +

√
ψ2

f + 8
(
Ld − Lq

)2
I 2s

4
(
Ld − Lq

)
Is

⎞
⎠. (2.59)

By using (2.57), the exciting current and the torque current components in MTPA
control mode can be obtained as

{
i∗d|MTPA = Is cos θMTPA

i∗q|MTPA = Is sin θMTPA
(2.60)
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where id* |MTPA is the d-axis current reference in MTPA control mode, iq* |MTPA is the
q-axis current reference in MTPA control mode.

Thus, the optimal exciting current and torque current components can be obtained
for a desired torque by using the MTPA control strategy.

2.3.3 Flux-Weakening Control

A. Principle of the Flux-Weakening Control
In PMSM drives, the amplitudes of the stator current and the voltage vector

are limited by the rated current of the insulated gate bipolar transistor (IGBT)
and the DC-link voltage [9]. The maximum voltage and current can be denoted
as the voltage limitUsmax and the current limit Ismax, respectively. Generally, the
amplitude of the stator current and the voltage vector should meet the following
constraints:

|i | ≤ Ismax, (2.61)

|u| ≤ Usmax (2.62)

where |i| and |u| are the amplitude of the stator current vector and stator voltage vector,
respectively.

As can be seen from (2.52), (2.53) and (2.54), if PMSM operates in steady state,
the differential terms in the voltage equation are equal to zero. Meanwhile, when the
motor operates beyond the base speed, the voltage drop on the stator resistance can
be neglected. Ultimately, the motor voltage equations can be represented as

ud = −ωeLqiq , (2.63)

uq = ωeLdid + ωeψ f . (2.64)

Substituting (2.63) and (2.64) into (2.65), the voltage boundary can be obtained
as

(
Ldid + ψ f

)2 + (
Lqiq

)2 ≤
(
Usmax

ωe

)2

. (2.65)

It can be seen from (2.65) that the voltage boundary of the interior PMSM is
an elliptical cluster with the point (–ψ f /Ld , 0) as the center and the length and
the radius are reduced proportionally with the increase of the operation speed. The
current boundary is shown as (2.66), which is a circle centered on the origin. The
radius of the current limit circle is Ismax, as shown in Fig. 2.12.
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Fig. 2.12 Schematic diagram of voltage and current boundary

i2d + i2q ≤ I 2smax. (2.66)

As the speed increases, the voltage limit ellipse shrinks toward the center point.
When the current trajectory runs along the arrow line to the intersection of the voltage
boundary and the current boundary, the d-axis current can onlymove to the left, which
is the current trajectory in the flux-weakening operation.

B. Flux-Weakening Control Scheme
The voltage closed-loop flux-weakening method is the most commonly used

flux-weakening scheme, as shown in Fig. 2.13. The amplitude of the stator
voltage vector |u*| is compared with the limit voltageUsmax. When |u*| <Usmax,
the PI regulator is positively saturated, and therefore,
id = 0. Otherwise, when
|u*| > Usmax, the PI regulator will work to produce a negative 
id to reduce the
reference of the d-axis current.

The voltage closed-loop flux-weakeningmethod integratedwith the vector control
strategy is shown in Fig. 2.14. The vector control scheme consists of the current loop
and the speed loop. The d-q-axis current references are allocated by MTPA control
strategy to maximize the electromagnetic torque when the motor operates below the
base speed. The voltage references ud* and uq* are used to calculate the amplitude of

Fig. 2.13 Block diagram of the voltage closed-loop flux-weakening scheme
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Fig. 2.14 Block diagram of the voltage closed-loop flux-weakening control

the stator voltage vector. When |u*| > Usmax, the negative 
id is added to the d-axis
current reference directly.

Actually, many flux-weakening control strategies have been designed during past
decades, such as the single current regulation flux-weakeningmethod and the voltage
angle adjustingmethod. Although eachmethod has their special features, they should
obey the same design principles as described above.

2.4 Dynamic Model of Gearless PMSM Traction Elevators

The drive system, the car and the counterweight are the main parts of the gearless
elevator. An electromagnetic brake mounted on the brake pulley is used to hold the
rotor at standstill when the elevator converts to standby mode. The dynamic model
of direct-drive elevator is established ignoring the effects of the compensation wheel,
the weight compensation ropes and the friction damper. As a result, the equivalent
model is shown in Fig. 2.15.

Taking the rigidity coefficient and the damping coefficient of the traction rope into
consideration, the dynamic model of traction system can be described as follows:
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Fig. 2.15 Equivalent model
of the direct-drive elevator
traction system

⎧⎪⎪⎨
⎪⎪⎩

M1 ẍ1 − k1(−θm Rm − x1) + M1g − b1(−θ̇m Rm − ẋ1) = 0
M2 ẍ2 − k2(θm Rm − x2) + M2g − b2(θ̇m Rm − ẋ2) = 0
J θ̈m + Rmk2(θm Rm − x2) − Rmk1(−θm Rm − x1) + Rmb2(θ̇m Rm − ẋ2)
−Rmb1(−θ̇m Rm − ẋ1) = Te

(2.67)

where k1 and b1 are the stiffness coefficient and the damping coefficient of the rope
on counterweight side, M1 is the mass of the counterweight, x1 is the counterweight
displacement, g is the coefficient of gravity acceleration, k2 and b2 are the stiffness
coefficient and the damping coefficient of the rope on car side,M2 is the mass of the
car, x2 is the car displacement, θm is themechanical position of the tractionmotor, J is
the total inertia of the traction system, Rm is the radius and Te is the electromagnetic
torque generated by traction machine. The relationship between the friction force f
and the mechanical velocity vm can be expressed as follows, which can make it easier
to analyze the friction torque characteristics

f =
⎧⎨
⎩

Fl ;
Fssign(Fl) ;
Fcsign(vm) + σvm ;

if vm = 0 and |Fl | < Fs

if vm = 0 and |Fl | ≥ Fs

if vm �= 0
(2.68)

where Fl is the force generated from external parts, Fc is the coulomb friction, σ is
the coefficient of viscosity and Fs is the maximum static friction force.

When the brake releases completely, according to the friction model in (2.68), the
torque judgment that drives the traction machine from standstill to the rotating state
is
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Fig. 2.16 Friction model of
traction sheave

|Fe − (M2 − M1)g| > Fs (2.69)

where Fe is the force generated by the traction machine. And, the judgment that
makes the traction machine convert from the rotating state to standstill is

|Fe − (M2 − M1)g| < Fc. (2.70)

It can be concluded that the force generated by the traction machine to maintain
the car at standstill is not a fixed but variable value. To be specific, the model of
friction is shown in Fig. 2.16.

According to the friction model, the electromagnetic torque to maintain the trac-
tion sheave at standstill is a range. It is difficult to accurately calculate the electro-
magnetic torque to balance the equivalent load torque from the mathematical model
when taking the nonlinear characteristic of mechanical brake releasing into consid-
eration. Therefore, those methods calculating the compensation torque depending on
accurate mechanical models cannot achieve good robustness in the startup control
of direct-drive elevators.

2.5 Summary

The basic knowledge of PMSM drives has been introduced in this section. The
voltage equations of PMSM in the a-b-c coordinate frame are severely coupled,
which is mainly caused by the mutual inductances. In order to realize the decoupling
control, the α-β and the d-q coordinate frames are introduced, which aim to eliminate
the effect of the mutual inductances. PMSM models in the α-β and d-q coordinate
frames are obtained by the coordinate transformation, which are an important tool
for the analysis of PMSM drives. The control methods of PMSM based on vector
control are then introduced, including the corresponding maximum voltage vector
evaluation and field orientation control. At the same time, the dynamic model of the
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elevator traction system is also described to illuminate the technical difficulties of
the rollback mitigation without using a weight transducer.
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Chapter 3
Initial Position Detection for PMSM
Traction Drives

3.1 Introduction

Permanent magnet synchronous motors (PMSMs) have gained wide attention in
traction-drive applications thanks to the high torque-weight ratio. Due to the rapid
development of the traction drives with PMSMs, PMSM traction-drive system is
widely researched both at home and at abroad. Traction drives with PMSMs have
to meet with specific requirements. For the sensorless PMSM traction drive, accu-
rate initial position information is an important guarantee for achieving high torque
starting ability. With the increase of traction-drive application requirements, how to
simplify the algorithm and improve the signal-to-noise ratio (SNR) should be further
investigated for enhancing the initial position detection performance. Additionally,
the annoying noise problem caused by the additional signal injection during the
detection process has attracted attention. Especially in some special traction-drive
applications, such as the traction elevators, the harsh noise could be unbearable.

Traditionally, to simplify the algorithm, the rotor is pulled to a preset position
before starting up, or the open-loop control strategy is adopted to operate the motor.
Nevertheless, in the traction applications, any rotor fluctuation is prohibited before
starting up and enough starting ability with a heavy load is also required. Therefore,
it is necessary to detect the initial position at standstill and guarantee the starting
performance. The commonly used initial position detection schemes at standstill can
be classified into two main categories: pulse signals injection-based methods and
high-frequency (HF) signals injection-based methods.

For the pulse signals injection-based methods, the pulse voltages or currents are
injected into different directions into the motor winding to excite stator core satu-
ration. In [1], two kinds of suitable sequence DC voltage pulses were applied to
detect the magnetic pole position and the magnetic polarity, where one voltage pulse
had a short time duration and the other had a long time duration. To overcome the
inaccuracy issues of the voltage measurement, a current pulses based initial position
detection method was introduced [2]. For these methods, the detection accuracy is
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influenced by the amplitude of the injected pulse signals. Larger amplitudes cause
vibration and noise, and yet, smaller amplitudes reduce the SNR [3].

The HF signals injection-based methods usually consist of two stages: the
magnetic pole position detection and the magnetic polarity identification. At the
first stage, HF rotating signals, HF pulsating signals and HF square-wave signals are
widely used to serve as the additional injection signals to estimate the rotor posi-
tion. At the second stage, the magnetic polarity detection schemes can be commonly
classified into two kinds: double reverse pulse voltages injection-based method and
harmonics extraction-based method.

In double reverse pulse voltages injection-based method, the magnetic polarity
can be identified according to the amplitude of the two induced pulse currents. Two
transient short voltage pulses with large amplitude were injected into the estimated
d-axis to identify the magnetic polarity. A magnetic polarity identification strategy
based on the difference of stator current amplitudes was applied. These methods
have advantages of high SNR and strong robustness. However, the amplitude and the
duration of voltage pulses should be selected carefully; otherwise, it may cause the
fault of overcurrent. Moreover, these methods make polarity detection an indepen-
dent process that interrupts the position estimation. To make the detection process
continuous, a magnetic polarity detection strategy based on the amplitude variation
of d-axis currents was investigated [4]. This scheme is reliable and stable, but the
injected d-axis currents may cause slight vibration of the rotor. For these methods,
the annoying noise caused by the induced large-amplitude pulse currents is also
unavoidable.

Harmonics extraction-based method can obtain the magnetic polarity information
from the induced voltages or currents. Based on the HF rotating injectionmethod, the
secondary component of positive sequence currents contains the polarity information.
Furthermore, the amplitude of the secondary carrier component can also be utilized
to detect the magnetic polarity. Without extra pulse voltage signals injection, these
methods could make the detection process continuous. However, higher SNR is
necessary to improve the identification accuracy further. A scheme was applied to
improve the SNR by increasing the injected magnitude or decreasing the carrier
frequency. In [5], secondary harmonics of the zero-sequence carrier voltage were
applied to identify the magnetic polarity, which has higher SNR compared with
the conventional secondary carrier current harmonics, while the extraction of zero-
sequence voltage requires an external resistor network. Alternatively, a hysteresis
controller was employed in the polarity detection for noise attenuation. Nevertheless,
the extraction and processing of harmonic components increase the complexity of
algorithms. In addition, the annoying noise caused by the injected HF signals is also
unavoidable.

Some effective methods for HF noise reduction have been proposed in previous
studies, such as the low-frequency signals injection method, the low-amplitude
signals injection method [6] and the zero-voltage vector injection method. These
methods can reduce the HF noise effectively in the low-speed operation region.
Nonetheless, considering the SNR and practicality, they are difficult to be used for
the initial rotor position detection.
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This chapter proposes a pseudorandom HF square-wave voltage injection
(PRHFSVI)-based low-noise initial rotor position detection method for sensorless
PMSM traction drives [7]. Different from the traditional magnetic polarity detec-
tion strategies, the proposed method can identify the magnetic polarity based on the
accumulation of the induced random HF current peak pairs. This method focuses on
suppressing the harsh noise caused by the additional signal injection during the detec-
tion process. Additionally, this scheme does not need to inject the large-amplitude
pulse voltage signals and change the amplitude of d-axis currents; hence, it is easy
to implement and the detection process is continuous. A saturated peak current
delay compensation strategy is proposed to reduce the effects of digital delay on
the magnetic polarity detection. Furthermore, power spectral density (PSD) analysis
is adopted to provide the theoretical support for noise reduction and the experimental
results match well with the theoretical analysis. The proposed low-noise initial rotor
position detection method could make elevator ride even more comfortable.

3.2 Basic Principle of Saliency-Tracking-Based Methods

According to the operation speed range of PMSM, the sensorless control methods
can be classified into two categories: saliency-tracking-basedmethods and back elec-
tromotive force (EMF) model-based methods. For medium- to high-speed operation,
EMFmodel-based methods have been well-founded and presented satisfying perfor-
mance. However, the capability to obtain the rotor position deteriorates dramatically
in low-speed operation, since the amplitude of the EMF signal becomes too weak to
be detected precisely.

Saliency-tracking-based methods, by contrast, perform well at zero and low
speeds. The HF signal injection-based method and fundamental PWM excitation-
based method both have been proved to be effective.

Since the winding inductance can be expressed related to rotor position when
the HF signal is injected, the rotor position information can be extracted effectively.
In general, the HF voltage signal is preferred. The impedance increases with the
injection frequency, and it results in the increasedvoltage. If theHFcurrent is injected,
the bandwidth of current regulator must be high enough, which is more difficult to
be achieved. Besides, the stationary reference frame (SRF) or the estimated rotary
reference frame (RRF) can be selected as the signal injection axes generally. The
injection mode can be superimposed injection or separate injection; that is, the HF
signal is superimposed onto the fundamental frequency signal, or injected directly
into the stator windings when the field-oriented control (FOC) is interrupted.

It is worth noting that the injection amplitude and frequency are crucial for sensor-
less control performance. The determination of injection amplitude is a compromise
between position estimation accuracy and control performance. The larger the injec-
tion amplitude is, the better position estimation accuracywill be.However, the current
and torque ripples will increase, resulting in increased copper loss and the deterio-
rated control performance. In addition, the determination of the injection frequency
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is alsoworth considering. The higher injection frequency helps to increase the system
bandwidth and dynamic performance, but the additional motor loss will increase.

As for HF injection-based sensorless control, there are threemethods usedwidely:
HF sinusoidal signal injection-basedmethod, HF square-wave signal injection-based
method and HF pulse signal injection-based method.

3.2.1 HF Mathematical Model of PMSM

To facilitate subsequent theoretical analysis of HF signal injection-based method,
the HF mathematical model of PMSM should be established.

When PMSMoperates at low speed and the injection frequency is set high enough,
the voltage drops on stator resistance and the terms associated with the rotor speed
can be neglected. Hence, PMSM can be regarded as a purely inductive load, and the
HF mathematical model in the RRF can be expressed as follows:

[
udh
uqh

]
=

[
Ld 0
0 Lq

]
d

dt

[
idh
iqh

]
(3.1)

where subscript h represents HF components.
By utilizing the coordinate transformation, the above equation can be transformed

as follows:

R(θe)

[
udh
uqh

]
= R(θe)

[
Ld 0
0 Lq

]
d

dt
R−1(θe)

[
iαh
iβh

]
. (3.2)

Then, theHFmathematicalmodel of PMSMin the SRF can be deduced as follows:

[
uαh

uβh

]
=

[
�L + �L cos(2θe) �L sin(2θe)

�L sin(2θe) �L − �L cos(2θe)

]
d

dt

[
iαh
iβh

]
, (3.3)

d

dt

[
iαh
iβh

]
= 1

�L2 − �L2

[
�L − �L cos(2θe) −�L sin(2θe)

−�L sin(2θe) �L + �L cos(2θe)

] [
uαh

uβh

]

(3.4)

where uαh, uβh, iαh, iβh are HF voltages and currents in the SRF, respectively.
∑

L
and�L represent the average inductance and the difference inductance, respectively.
Specifically, they are defined as

∑
L = (Ld + Lq)/2, �L = (Ld – Lq)/2.
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3.3 HF Sinusoidal Signal Injection-Based Method

HF sinusoidal signal injection-based method was proposed relatively early, which
laid the solid foundation for HF signal injection-based methods. According to the
injection frame, two methods of the HF sinusoidal signal injection are widely used:
the HF rotating sinusoidal signal injection-based method and the HF pulsating sinu-
soidal signal injection-based method. HF rotating sinusoidal signal injection-based
method is the earliest proposed one, where a rotating HF voltage vector was injected
into the SRF, and the position information can be implied in the phase of the induced
HF currents, while HF pulsating sinusoidal signal injection-based method usually
injects the pulsating voltage signal into the estimated RRF, and the amplitude of the
induced HF currents contains the position information. The above two methods are
further explained in the following.

3.3.1 HF Rotating Sinusoidal Signal Injection-Based Method

HF rotating sinusoidal signal injection-basedmethodwas first proposed byRobert D.
Lorenz. The block diagram of HF rotating sinusoidal signal injection-based sensor-
less PMSMdrive is shown in Fig. 3.1. Two orthogonal HF voltage signals are injected
into the SRF as follows:

[
uαh

uβh

]
= Uh

[
cosωht
sinωht

]
(3.5)

Fig. 3.1 Block diagram of HF rotating sinusoidal signal injection-based sensorless PMSM drive
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where Uh and ωh denote the amplitude and frequency of the injected HF rotating
voltage, respectively. When PMSM operates at zero or low speed, the injection
frequency ismuch higher than the fundamental frequency; thus, theHFmathematical
model of PMSM in the SRF can be obtained. Then, the induced HF currents can be
deduced as follows:

[
iαh
iβh

]
= Uh

ωh
(
�L2 − �L2

)
[

�L sinωht + �L sin(2θe − ωht)
−�L cosωht − �L cos(2θe − ωht)

]
. (3.6)

As can be seen, the position information θ e is contained in the phase of the
negative sequence current component. To extract the rotor position from the induced
HF currents, the heterodyning process and the saliency-tracking observer can be
utilized, as shown in Fig. 3.2. Firstly, the high-pass filter (HPF) is used to separate

the inducedHF currents. Then, HF currents aremultiplied in SRF by cos
(
2θ̂e − ωht

)

and sin
(
2θ̂e − ωht

)
,

ε = iαh cos
(
2θ̂e − ωht

)
+ iβh sin

(
2θ̂e − ωht

)

= Uh

ωh
(
�L2 − �L2

)(
�L sin

(
2θ̃e

)
+ �L sin

(
2ωht − 2θ̂e

))
(3.7)

where θ̂e is the estimated position via the saliency-tracking observer, and θ̃e represents
the position estimation error, i.e.,θ̃e = θe − θ̂e. The coordinate distribution of each
axis is shown in Fig. 3.3. Furthermore, the low-pass filter (LPF) is used to suppress
the HF component and obtain the term related to position estimation error. In the
assumption that θ̃e is small enough, εf is proportional to θ̃e, i.e.,

ε f = LPF
(
iα cos

(
2θ̂e − ωht

)
+ iβ sin

(
2θ̂e − ωht

))

≈ 2Uh�L

ωh
(
�L2 − �L2

) θ̃e. (3.8)

Fig. 3.2 Scheme of position and speed estimation
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Fig. 3.3 Coordinate
distribution of each axis
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Then, εf acts as the input of the saliency-tracking observer to estimate the motor
speed and position. By driving εf to approach to zero, saliency-tracking observer
forces the convergence of the estimated position to the actual one, i.e.,θ̂e → θe.

HF rotating sinusoidal signal injection-based method has potential stability since
it injects symmetrical HF voltages into the SRF. However, this method inevitably
brings about current fluctuations and torque ripples, which have an adverse effect
on control performance. In addition, the injection frequency is limited to ensure the
sinusoid of the injected signal. HPFs and LPFs are needed to extract the signals with
different frequencies, while the existence of LPFs would restrict the bandwidth of
controllers.

3.3.2 HF Pulsating Sinusoidal Signal Injection-Based
Method

To alleviate current fluctuations and torque ripples, theHF pulsating sinusoidal signal
injection-basedmethod has been proposed by injecting a pulsating voltage expressed
as (3.9) along the estimatedRRF.The block diagramofHFpulsating sinusoidal signal
injection-based sensorless PMSM drive is shown in Fig. 3.4.

[
ud̂h
uq̂h

]
=

[
Uh sin(ωht)

0

]
. (3.9)

According to the HF mathematical model in the RRF, the rotor position can be
obtained via coordinate transformation. Accordingly, the HF mathematical model in
the estimated RRF is expressed as, where ud̂h , uq̂h , id̂h and iq̂h are the HF voltages
and currents, respectively.

R
(
θ̃e

)[
udh
uqh

]
= R

(
θ̃e

)[
Ld 0
0 Lq

]
d

dt
R−1

(
θ̃e

)[
id̂h
iq̂h

]
, (3.10)
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Fig. 3.4 Block diagram of HF pulsating sinusoidal injection-based sensorless PMSM drive

d

dt

[
id̂h
iq̂h

]
= 1

�L2 − �L2

[
�L − �L cos(2θ̃e) −�L sin(2θ̃e)

−�L sin(2θ̃e) �L + �L cos(2θ̃e)

][
ud̂h
uq̂h

]
.

(3.11)

Further, substitute (3.9) into (3.11), the induced HF currents in the estimated RRF
can be deduced as follows:

[
id̂h
iq̂h

]
= Uh

ωh
(
�L2 − �L2

)
[−�L + �L cos(2θ̃e)

�L sin(2θ̃e)

]
cos(ωht). (3.12)

As can be seen, iq̂h is approximately zero on the assumption that the position
estimation error is small enough. In view of this, only iq̂h is processed by multiplying
it by cos(ωht); thus, εf associated with position estimation error can be obtained as
(3.13) via LPF. Further, εf serves as the input of the saliency-tracking observer, and
the position information can be obtained by driving εf to zero.

It is worth noting that the retrieve of rotor position depends on the difference
inductance �L, i.e., on the saliency of PMSM. If �L becomes zero, εf associated
with position estimation error will disappear.

ε f = LPF
(
iq̂h × cos(ωht)

)
= Uh�L

2ωh
(
�L2 − �L2

) sin(2θ̃e)
≈ Uh�L

ωh
(
�L2 − �L2

) θ̃e. (3.13)
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Also, there is another way to estimate rotor position. Different from the above
method, the following one defines the rotational measurement axes (dmqm) that lag
the estimated RRF π /4. The adopted coordinate system, the block diagram of HF
pulsating sinusoidal signal injection-based sensorless PMSM drive, and the position
and speed estimation process are shown in Figs. 3.5 and 3.6, respectively.

By coordinate transformation, the HF mathematical model in the RRF can be
transformed into rotational measurement axes, as explained in (3.14). Accordingly,
the HF mathematical model in dmqm is deduced as (3.15), where umdh , u

m
qh , i

m
dh and

imqh are the measurement axes HF voltages and currents, respectively.

R
(
θ̃e + π

4

)[
udh
uqh

]
= R

(
θ̃e + π

4

)[
Ld 0
0 Lq

]
d

dt
R−1

(
θ̃e + π

4

)[
imdh
imqh

]
, (3.14)

d

dt

[
imdh
imqh

]
= 1

�L2 − �L2

[
�L + �L sin(2θ̃e) −�L cos(2θ̃e)

−�L cos(2θ̃e) �L − �L sin(2θ̃e)

][
umdh
umqh

]

(3.15)
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Fig. 3.5 Adopted coordinate system

Fig. 3.6 Estimation scheme of position and speed
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In (3.14), the injected voltage in estimated RRF can be transformed into rotational
measurement axes, as explained in (3.16), thus the induced HF currents in dmqm can
be deduced as (3.17). Multiply the HF currents by 2cos(ωht), and the amplitude
containing the position estimation error can be obtained via LPF, as shown in (3.18).

[
umdh
umqh

]
= Uh√

2

[
sin(ωht)

sin(ωht)

]
, (3.16)

[
imdh
imqh

]
= −Uh cos(ωht)√

2ωh
(
�L2 − �L2

)
[

�L − �L cos(2θ̃e) + �L sin(2θ̃e)
�L − �L cos(2θ̃e) − �L sin(2θ̃e)

]
, (3.17)

[
I mdh
I mqh

]
= LPF

([
imdh
imqh

]
× 2 cos(ωht)

)

= −Uh√
2ωh

(
�L2 − �L2

)
[

�L − �L cos(2θ̃e) + �L sin(2θ̃e)
�L − �L cos(2θ̃e) − �L sin(2θ̃e)

]
.

(3.18)

After that, the difference is processed, and followed by the normalization, εf
associated with position estimation error can be expressed as. The saliency-tracking
observer is used to further extract the rotor position and speed information.

ε f = I mdh − I mqh√
I m2
dh + I m2

qh

≈ √
2

(
1 − Ld

Lq

)
θ̃e (3.19)

Compared with the HF rotating sinusoidal signal injection-based method, the HF
pulsating sinusoidal signal injection-based method usually injects the voltage into
the d̂ axis, resulting in smaller additional current and torque ripples. Besides, signal
processing is relatively easy to implement. However, to ensure the sinusoid of the
injected voltage, the injection frequency is limited, which is not conducive to the
improvement of dynamics.

3.4 HF Square-Wave Signal Injection-Based Method

3.4.1 Basic Principle

HF square-wave signal injection-based method has attracted sustaining attention
for higher injection frequency and better dynamic performance. Similar to the HF
pulsating sinusoidal signal injection-based method, it also injects the HF voltage
into the estimated RRF. The difference is that the injected voltage is a square-wave,
not a sinusoidal one. The block diagram of HF square-wave signal injection-based
sensorless PMSM drive is shown in Fig. 3.7.
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Fig. 3.7 Block diagram of HF square-wave signal injection-based sensorless PMSM drive

The injected voltage is expressed as follows:

[
ud̂h
uq̂h

]
=

[
Uh(−1)k

0

]
(3.20)

where Uh and k indicate the amplitude and sequence of the injected voltage, respec-
tively. Substitute (3.20) into (3.21) and replace the current differentiation di/dt with
�i/�T, and thus, the HF current variation in one sampling period�T can be deduced
as follows:

[
�id̂h
�iq̂h

]
= �Tud̂h

�L2 − �L2

[
�L − �L cos(2θ̃e)

−�L sin(2θ̃e)

]
. (3.21)

As can be seen from, �iq̂h contains a position estimation error. Since the injec-
tion frequency is relatively high, it can be assumed that the fundamental frequency
component is almost constant in one sampling period. Given this, the variation of
the sampling current approximates to that of HF current, i.e.,

�iq̂h = iq̂h[k] − iq̂h[k − 1] ≈ iq̂ [k] − iq̂ [k − 1]. (3.22)

By utilizing the variation of the sampling current in q̂ axis and the injected voltage,
τ f associatedwith position estimation error can be obtained as. The saliency-tracking
observer is further used to obtain the rotor position and speed information. In this
way, no digital filter is needed in the process of rotor position and speed estimation.
Besides, the LPFs in the current loop can be neglected, due to the higher injection
frequency.
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τ = �iq̂h
ud̂h[k]

≈ iq̂ [k] − iq̂ [k − 1]

ud̂h[k]

≈ −2�L�T

�L2 − �L2
θ̃e.

(3.23)

It is worth noting that the effects of voltage errors caused by inverter nonlineari-
ties and voltage drops on the position estimation accuracy are not considered in the
scheme as shown in Fig. 3.8a. In order to solve the problem, an enhanced scheme for
position and speed estimation is introduced as shown in Fig. 3.8b [8]. The current
variations �iq̂h_p and �iq̂h_n can be obtained when the positive and negative voltage

Fig. 3.8 Rotor position and speed estimation process. a Conventional scheme without taking
voltage errors into account. b Enhanced scheme taking voltage errors into account
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Fig. 3.9 Sequence of the enhanced HF square-wave signal injection-based method

components are injected. Subsequently, two current variations are needed for subtrac-
tion to offset the effects of voltage errors on the position estimation. Considering that
there is a delay of one sampling period from the given of the voltage reference to the
execution of the digital control system, an additional FOC period is required after
the injection of the positive and negative HF voltages.

The sequence of the enhanced HF square-wave signal injection-based method is
shown inFig. 3.9. It isworth noting that the enhancedmethod introduces a delay of 1/3
of the control period so that the bandwidth of the current loop is decreased compared
to the conventional HF square-wave signal injection-based method. However, due to
the higher injection frequency, the LPF can be omitted in the feedback of the current
loop. Therefore, the current-loop bandwidth of the enhanced injection method is
still higher than that of the HF sinusoidal signal injection-based one. The specific
theoretical analysis is introduced as follows.

When the voltage errors are taken into account, the injected voltage will be
distorted from UINJ to U IN J as shown in Fig. 3.10. The voltage in the estimated
RRF can be modified as follows:

Fig. 3.10 Phasor diagram of
the voltage
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[
u′
d̂h

u′
q̂h

]
=

[
Uh(−1)k −Ud̂,err

−Uq̂,err

]
(3.24)

whereUd̂,err andUq̂,err are the voltage errors in the estimated RRF, and assume they
are approximately invariant in one injection period. Substitute (3.24) into HF math-
ematical model of PMSM as shown in (3.11), and replace the current differentiation
di/dt with �i/�T. Thus, the HF current variation in one sampling period �T can be
deduced as follows:

[
�id̂h
�iq̂h

]
= �T

�L2 − �L2

⎡
⎣

[
�L − �L cos(2θ̃e)

][
Uh(−1)k

]
−�L sin(2θ̃e)

[
Uh(−1)k

]
−

[
�L − �L cos(2θ̃e)

]
Ud̂,err + �L sin(2θ̃e)Uq̂,err

�L sin(2θ̃e)Ud̂,err −
[
�L + �L cos(2θ̃e)

]
Uq̂,err

⎤
⎥⎦. (3.25)

As can be seen from, the current variation in q̂ axis �iq̂h is affected by the
voltage errors; thus, the retrieved rotor position and speed information would be
also adversely affected. To improve the robustness to voltage errors, two current
variations�iq̂h_p and�iq̂h_n are all calculatedwhen the positive and negative voltage
components are injected, respectively. After that, �iq̂h_p and �iq̂h_n are needed for
the subtraction to offset the effects of voltage errors and obtaining τ ′ associated with
the position estimation error, and τ ’ can be expressed as follows:

τ ′ = �iq̂h_p − �iq̂h_n
2Uh

≈
(
iq̂ [k − 1] − iq̂ [k − 2]

) − (
iq̂ [k] − iq̂ [k − 1]

)
2Uh

≈ −2�L�T

�L2 − �L2
θ̃e. (3.26)

Similarly, τ ′
f associated with position estimation error is used as the input of the

saliency-tracking observer to further obtain rotor position and speed information.

3.4.2 Experimental Comparison

The conventional scheme and the enhanced one are compared via an experimental
platform with a 400 W PMSM, the parameters of which are listed in Table 3.1. The
dead time of the inverter is set to 2, 2.5, 3 and 4 µs. The actual rotor position of
PMSM is obtained by an encoder with a resolution of 2048 bits. The DC motor
mechanically couples with PMSM as a load. In the experiment, the PWM frequency
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Table 3.1 Prototype
parameters for position
sensorless control

Rated power (W) 400

Rated frequency (Hz) 97.9

Stall current (A) 2.9

Number of poles 4

d-axis inductance (mH) 10

q-axis inductance (mH) 13

Stator resistance (�) 2.3

Flux linkage (Wb) 0.12

is 5 kHz, and the sampling and control frequency is 10 kHz; that is, the digital signal
processor (DSP) is configured as a double-sampling double update mode.

The experimental comparison between the conventional and the enhanced HF
square-wave signal injection-basedmethodwith different injection voltages and dead
time values is performed, as shown in Fig. 3.11. From top to bottom, the actual
operation frequency f r of PMSM, the q-axis current iq, the position estimation error
and the phase current ia are shown, respectively. In the experiment, the rotor position
used in the Park and inverse Park transformation is the estimated one, and the actual
speed obtained by the encoder serves as the feedback of the speed loop,which reduces
the effects of the position estimation result. PMSM operates at 0.5 Hz with no load,
then the rated step load is added, and the motor runs in the motoring state. After
about 12 s, the load direction is reversed to make the motor work in the regenerating
state. Then after 12 s, PMSM is operating again with no load.

It can be seen from Fig. 3.11a, c, e that the fluctuation of the position estimation
error decreases with the increase of the injection amplitude. A similar conclusion can
be drawn from Fig. 3.11b, d, f. As the amplitude of the injection voltage increases,
its ratio with respect to the voltage errors is increased, so that the effects of injection
voltage on the induced HF currents are increased accordingly.

Besides, as can be seen from Fig. 3.11e, g, when the conventional HF square-wave
signal injection-basedmethod is applied and the dead time is increased from 2 to 4µs
at the injection voltage of 30V, the fluctuation of the position estimation error ascends
significantly. Further, the fluctuation of torque and speed fluctuationwill be increased
severely.While in Fig. 3.11f, h, when the enhanced HF square-wave signal injection-
based method is applied, the fluctuation of the position estimation error is almost
insensitive to the dead time. The enhanced HF square-wave signal injection-based
method achieves the stronger robustness to the voltage errors, compared with the
conventional one. More importantly, the fluctuation of the position estimation error
is much smaller than that of the conventional HF square-wave signal injection-based
method, as can be seen in Fig. 3.11.

Under the same conditions that the injection voltage is 30 V and the dead
time is 2 µs, the harmonic components comparison of the HF pulsating sinusoidal
signal injection-based method, the conventional HF square-wave signal injection-
based method and the enhanced HF square-wave signal injection-based method are
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Fig. 3.11 Experimental waveform comparison between conventional and enhanced HF square-
wave signal injection-based methods. a Conventional scheme with injected voltage of 10 V and
dead time of 2 µs. b Enhanced scheme with injected voltage of 10 V and dead time of 2 µs. c
Conventional scheme with injected voltage of 20 V and dead time of 2 µs. d Enhanced scheme
with injected voltage of 20 V and dead time of 2 µs. e Conventional scheme with injected voltage
of 30 V and dead time of 2 µs. f Enhanced scheme with injected voltage of 30 V and dead time
of 2 µs. g Conventional scheme with injected voltage of 30 V and dead time of 4 µs. h Enhanced
scheme with injected voltage of 30 V and dead time of 4 µs
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performed, as shown in Fig. 3.12a–c, respectively. Since the digital control system
is configured as the double-sampling double update mode, the sampling frequency
is 10 kHz. In order to ensure a sufficient carrier ratio, the injection frequency of the
HF pulsating sinusoidal signal injection-based method is determined as 1/10 of the
sampling frequency, i.e., 1 kHz. Besides, the injection frequency of the conventional
and the enhanced HF square-wave signal injection-based method can reach 1/2 and
1/3 of the sampling frequency, respectively, that is, 5 and 3.33 kHz.

As can be seen from Fig. 3.12, the induced HF current of the conventional and
the enhanced HF square-wave signal injection-based method is significantly smaller,
compared with that of the HF pulsating sinusoidal signal injection-based method.
Considering that the enhanced HF square-wave signal injection-based method can
use a smaller injection voltage, the induced HF current can be further reduced,
resulting in the decreased additional loss and noise.

Compared with the HF sinusoidal signal injection-based method, the HF square-
wave signal injection-based method can achieve a higher injection frequency and
usually can reach half of the switching frequency. By using the double-sampling
double update mode, the injection frequency can even reach switching frequency.
Accordingly, the speed feedback is rather timely, which helps for the increased
bandwidth and the improved dynamic performance. However, the losses of HF
square-wave signal injection-based method are relatively high.

3.5 Initial Magnet Polarity Detection

3.5.1 Conventional Initial Magnet Polarity Detection Method

Figure 3.13 shows the scheme of the initial magnetic pole position estimation for
the traction machine before motor startups by injecting HF pulsating sinusoidal
voltage signal. A closed-loop current control scheme based on the vector control is
adopted. As can be seen, the HF current signals, id̂i and iq̂i , are obtained by a high-
pass filter (HPF) and rotating coordinate transformation according to the measured
stator currents, ia, and ic. After that, current signal impy containing the rotor position
information can be obtained by multiplying idi and iqi,

impy = �L

(
Ui

ωi Ld Lq

)2 1 − cos 2ωi t

2

(
�L sin 2θ̃e + 1

2
�L sin 4θ̃e

)
. (3.27)

From (3.27), it can be seen that impy contains both signals related to the rotor
position and the HF components. Then, a low-pass filter (LPF) is adopted to filter
the HF component. The position error signal can be expressed as follows:

ε(θ̃e) = LPF(impy)
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Fig. 3.12 Phase current
harmonic comparison among
three HF signal
injection-based methods in
the RRF at the same load
with injected voltage of 30 V
and dead time of 2 µs. a HF
pulsating sinusoidal signal
injection-based method. b
HF square-wave signal
injection-based method with
conventional signal
processing. c HF
square-wave signal
injection-based method with
enhanced signal processing
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Fig. 3.13 Scheme of the magnetic pole position estimation

= 1

2
�L

(
Ui

ωi Ld Lq

)2(
�L sin 2θ̃e + 1

2
�L sin 4θ̃e

)
. (3.28)

If the rotor position estimation error is sufficiently small, the error signal can be
linearized as

ε(θ̃e) ≈ �L(�L + �L)

(
Ui

ωi Ld Lq

)2

θ̃e. (3.29)

Then, a PI regulator is adopted to obtain the pole position,

θ̂e1 =
(
kp + ki

∫
dt

)
ε(θ̃e). (3.30)

It is important to note that the position observer will have more than one stable
point for the anisotropic characteristic of the traction machine. The magnet polarity
should be identified after obtaining the magnetic pole position information.

Themagnet polarity identification is basedon the saturation and saliencyprinciple,
as shown in Fig. 3.14. Themethod does not need any knowledge of motor parameters
and does not rely on specific motor construction. If the stator flux vector ψ s is in the
same direction as the rotor flux vector ψm, the stator iron will saturate and decrease
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Fig. 3.14 Principle of the polarity identification based on saturation

the winding inductance. On the contrary, the stator iron will be unsaturated, and thus,
the winding inductance will decrease.

Based on the characteristic of stator iron, twopulse voltage vectors in the estimated
pole position θ̂e1 and the opposite direction θ̂e1+π are injected to identify the polarity,
as shown in Fig. 3.15.

By comparing themagnitude of the d-axis current excited by the two pulse voltage
vectors, the polarity can be identified easily. And the initial rotor position can be
obtained from the estimated magnetic pole position by a compensation position
value,

θ̂e =
{

θ̂e1

θ̂e1 + π

if (isd1 > isd2)
if (isd1 < isd2)

(3.31)

where isd1 and isd2 denote the responding d-axis currents of the two injected pulse
voltage vectors, respectively.

Fig. 3.15 Diagram of the
rotor polarity identification
and compensation
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3.5.2 Proposed Continuous Initial Magnet Polarity Detection
Method

Figure 3.16 shows the scheme of initial rotor position detection with the proposed
initial position detection method, which mainly contains three parts: the pseudo-
random HF signals generation (Part 1), the HF signals demodulation (Part 2) and the
current loop (Part 3). The relationship and operation principles of the three parts are
described as follows [9].

As canbe seen fromFig. 3.16, twodifferent frequency square-wavevoltage signals
and their corresponding normalized signals are generated in Part 1. The HF signals
are randomly injected into the estimated reference frame as shown in Part 3. The
normalized signals are used for the demodulation to eliminate the influence of motor
parameters in Part 2. In Part 3, three-phase currents of PMSM are sampled in each

Fig. 3.16 Block diagram of the proposed initial position detection scheme
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control interrupt, which contains the fundamental and the HF currents. The funda-
mental currents obtained through the low-pass filters (LPFs) are used for the current-
loop control, as shown in Part 3. Meanwhile, the HF currents obtained through
the high-pass filters (HPFs) are used for the demodulation to detect the magnetic
pole position and the magnetic polarity in Part 2. Finally, the initial position can be
obtained by correcting the magnetic pole position according to the magnetic polarity.

In the proposed scheme, large-amplitude pulse voltages injection can be avoided.
Hence, the harsh noise caused by them can be suppressed. Moreover, the audible
HF noise also can be reduced with pseudorandom signals injection compared with
fixed-frequency signals injection. Therefore, the goal of low-noise initial position
detection for PMSMs is achieved.

3.6 Experimental Evaluation

The proposed method was verified on a 2.2-kW IPMSM platform. The parameters of
IPMSM are listed in Table 3.2. The PWM carrier frequency is set as 6 kHz. Both the
LPFs and the HPFs used in this scheme are designed as second-order Butterworth
filters. The cut-off frequency of LPF1 is set as 100 Hz. The cut-off frequencies of
LPF2 and LPF3 are both set as 600 Hz. The cut-off frequencies of HPF1 and HPF2
are both set as 200 Hz. A commercial sound-level meter BSWA 308 was used to
evaluate the harsh noise reduction effect of the proposed method.

Figure 3.17 shows the initial position detection results using the proposed method
with and without the digital delay compensation during the magnetic polarity detec-
tion process. The rotor position is preset to 288°. As can be seen from Fig. 3.17a,
the estimated magnetic pole position first converges to 291° and is positive with the
digital delay considered. Hence, there is no need for a correction with 180°, and the
initial rotor position can be obtained as 291°with an error of 3°. Further, it can be seen
that the overall detection process takes only 61 ms, and the detection speed has been
optimized. Nevertheless, if the digital delay is not considered, the magnetic polarity

Table 3.2 IPMSM
parameters

Parameter names Values

Rated power (kW) 2.2

Rated torque (Nm) 21

Rated frequency (Hz) 50

Pairs of poles 3

Rated voltage (V) 380

Rated current (A) 5.6

Phase resistance (�) 2.53

d-axis inductance (mH) 45

q-axis inductance (mH) 60
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Fig. 3.17 Experimental results of initial position detection at a given position of 288° with the
proposed method. a Magnetic polarity detection with time delay compensation. b Without time
delay compensation

is misjudged, as shown in Fig. 3.17b. As the magnetic pole position converges to
287°, i acuγ h_pp is confusing and eventually converges to a negative value. Hence, there
is a mistaken correction with 180°, and the initial rotor position can be obtained as
107° with an error of 181°.

To verify the stability of this method, the preset initial position is continuously
adjusted. The initial position detection results at a given position of 72° with the
proposed method are shown in Fig. 3.18. When the estimated magnetic pole position
converges to 75°, as shown in Fig. 3.18a, i acuγ h_pp is positive. While in Fig. 3.18b, the
estimated magnetic pole position converges to 255° and i acuγ h_pp is negative. Finally,
the initial rotor position also can be identified accurately.

In addition, the identification accuracy of 20 different preset positions in an elec-
trical cycle has been tested to verify the effectiveness of the proposed method. As
shown in Fig. 3.19, the statistical results show the proposed method has higher
identification accuracy and the maximum position error is 3°. For this method,
the main factors which impact the detection accuracy are the motor saliency, the
inverter nonlinearity and the digital delay effects. If higher detection accuracy is
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Fig. 3.18 Experimental results of initial position detection at a given position of 72° with the
proposed method. a γ -axis corresponds to the N pole. b γ -axis corresponds to the S pole

Fig. 3.19 Statistical results of Initial position observation error in an electrical cycle with the
proposed method
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Fig. 3.20 Experimental results for starting up with rated load using the proposed method

required, look-up table-based offline compensation strategies can be applied. More-
over, effective online compensation strategies can be employed to reduce the inverter
nonlinearity and the digital delay effects.

Figure 3.20 shows the experimental results for starting up with rated load using
the proposed method. The load IM provides a constant torque before the test IPMSM
starting up. To ensure continuity, the PRHFSVI method is still used to control the
motor after starting up. The results show that the initial rotor position can be detected
accurately and quickly. The motor also can start up smoothly with the proposed
method.

Figure 3.21 shows the comparison of initial rotor position detection resultswith the
double reverse pulse voltage injection method, the fixed-frequency voltage injection
method and the proposed method. The rotor is preset at the same position of 108°. As
can be seen fromFig. 3.21, all threemethods can accurately detect the initial position.
However, in Fig. 3.21a, the amplitude of the instantaneous peak current reaches about
7.5 A (the rated current is 5.6 A). Therefore, during the experiments, it was found that
besides the shrill HF noise, the harsh noise caused by induced large-amplitude pulse
currents cannot be ignored. Moreover, with the fixed-frequency voltage injection
method, the HF noise caused by fixed-frequency signals is still shrill. However, with
the proposed method, the annoying noise can be suppressed effectively.

Figure 3.22 shows the experimental results of the inverter output voltage and
the induced phase current, their experimental PSD analysis and the phase current
simulation PSD analysis with the fixed-frequency and the pseudorandom frequency
injection methods. For the fixed-frequency injection using 750 Hz, the discrete peaks
present on 750 Hz, 2.25 kHz and 3.75 kHz, etc. For the fixed-frequency injection
using 1 kHz, the discrete peaks present on 1 kHz, 3 kHz and 5 kHz, etc. Nevertheless,
for the pseudorandom frequency signals injection, the peaks on 750 Hz, 1 kHz and
their odd harmonics are suppressed effectively and the power density spectrum is
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Fig. 3.21 Comparison of initial rotor position detection results at the same position of 108°. a
Double reverse pulse voltage injection. b Fixed-frequency voltage injection. c Proposed method

also broadened both in simulation and in experimental results. Hence, this method
can make the noise softer.

Figure 3.23 shows the sound-level comparison among the double reverse pulse
voltage injection, the fixed-frequency voltage injection and the proposed method
with the sound level meter BSWA 308. The sound level is measured on ten different



3.6 Experimental Evaluation 65

Fig. 3.22 Experimental and simulation analysis of the audible HF noise for initial position
detection. a 750 Hz voltage injection. b 1 kHz voltage injection. c Random frequency injection

Fig. 3.23 Sound-level comparison among the double reverse pulse voltage injection, the fixed-
frequency voltage injection and the proposed method
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preset initial positions among the above three methods, respectively. The sound-
level meter shows that the normal indoor noise is about 41.7 dB. When the inverter
operates, the noise becomes about 57.1 dB. As can be seen from Fig. 3.23, the noise
of initial position detection using the proposed method is the lowest. The sound-level
difference among the three methods is about 4 dB and 2 dB, which means that the
noise source power is reduced by 60.2% and 36.7%, respectively. From the actual
auditory effect, the noise becomes softer with the proposed method. It is noteworthy
that the sound level comparison is consistent with the PSD analysis results and
experimental results.

3.7 Summary

The saliency-based sensorless control for PMSM traction drives is introduced in
detail in the chapter. The HF model and the basic principle of the sensorless method
based on saliency tracking and two kinds of injection methods which are sinusoidal
and square-wave signal injection are firstly demonstrated. Then, the initial magnet
polarity detection methods including conventional one and the continuous one are
presented in detail. At last, experimental evaluation is addressed.
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Chapter 4
Speed Detection Method at Low-Speed
Operation

4.1 Introduction

Permanent magnet synchronous motors (PMSMs) have been applied widely due to
their advantages in terms of high power density, high torque-to-inertia ratio and high
efficiency. Recently, they have been adopted more popularly in the gearless elevators
of modern buildings [1]. Compared with traditional systems, PMSM-based gear-
less elevators show high performance at start-up, stopping and moving and can be
designed more compactly [2]. Safety, stability and comfort are the essential demands
of elevator systems [3]. To achieve a good riding comfort, accurate speed feedback
should be obtained in real time for the closed-loop control system of a PMSM.
However, during low-speed operation, strong jerks can be caused by inaccuracies and
large time delays of the speed feedback, which result in the discomfort of the passen-
gers [4]. Poor speed performance can be improved by installing a high precision
encoder, while the cost of system is inevitably increased.

Quadrature encoder pulse (QEP) sensors and linear hall sensors are widely used
in PMSMs to obtain speed information. Several methods have been proposed to
increase measurement accuracy when low-resolution QEP sensors are adopted. One
promising scheme, presented in [5], is the so-called the rotor position extrapolation
algorithm using a polynomial estimator. In [6], the instantaneous speed was esti-
mated by a Luenberger observer based on a motion model of a PMSM. Then, the
estimation errorwas corrected by the angular position obtained by the synchronous or
asynchronous sampling method. Compared to conventional observers, this method
improves the resolution of the instantaneous velocity especially in the low-speed
region. The rotor position signal obtained by hall sensors often contains large
harmonic components, which can influence the accuracy of the speed [7]. In order to
remove high-order harmonics, a novel rotor position detection method based on the
synchronous frequency extractor (SFE) was utilized in [8], which was confirmed to
effectively reduce the estimation error. In [9], an improvedmethod using the periodic
timer interrupt function and a simplified estimation to obtain position information
based on hall sensors was presented.
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In this chapter, a novel filtering method adopting a nonlinear tracking differ-
entiator (NTD) is proposed for direct-drive permanent magnet traction machines,
which tracks the speed signal more accurately [10]. After analyzing the limitations
of conventional speed measurement methods for low-speed operations, the NTD-
based digital filter is adopted to achieve effective speed measurement at low speeds.
Then the parameter selection of the proposed digital filter is discussed by analyzing
the basic theory and frequency characteristic of the NTD. This shows a higher perfor-
mance that relieves the time delay and suppresses external disturbances. Simulation
and experimental results verify the feasibility of the proposed speed measurement
method on an 11.7 kW elevator machine [11].

4.2 Limitation of the Conventional Speed Calculation

The permanent magnet traction machine of an elevator should operate at ultra-low
speeds to satisfy the demands of riding comfort, and the speed should decrease to
0.5 rpm. To assure the good performance of the system, accurate speed information
is expected in such situations.

Generally, the average speed is detected with the M, T or M/T method. The M
method is often suitable for high-speed calculations,while theTmethod is commonly
used in low-speed calculation. On the other hand, both high and low speeds can be
calculated by the M/T method. However, a large detection delay is caused by the
T method and M/T method when calculating ultra-low speeds, because the encoder
pulse interval is much longer than the speed sampling period.

If the encoder generates 2048 signals per revolution, there are 8192 incremental
count values per revolution after the quadrature processing. Thismeans that the speed
between two count pulses can be expressed as

n = 60

8192 ∗ T
(4.1)

where n represents the average speed, and T represents the interval of the pulses.
When n = 7.32 rpm, T is calculated to be 1 ms, and when n = 0.5 rpm, T will be
14.65 ms, while the sampling time of the speed loop is 1 ms.

Figure 4.1 shows the relationship between the encoder pulse and the speed
sampling period during ultra-low-speed operation when the speed is 0.5 rpm, where

Fig. 4.1 Relation between
the encoder pulse and the
speed sampling period at
low-speed operation

T

encoder pulse
Ts

speed sampling period



4.2 Limitation of the Conventional Speed Calculation 69

Ts is the sampling time of the speed loop. It can be seen that the speed is calculated
after more than 14 execution cycles of the speed loop, which causes a large time
delay. This delay deteriorates the dynamic response of the system, resulting in insta-
bility. Furthermore, large vibrations may occur during the steady state, which is not
allowed in elevator applications. If a higher resolution encoder is used to avoid the
time delay, it increases the cost. However, when the speed is calculated by the M
method, the sampling time is fixed. The time delay is smaller when Ts is set shorter.
Although the encoder pulses may not change in several sampling cycles during low
speed, the average speed can be obtained by the low-pass filtering method.

When getting the raw speed by the M method, a digital filter should be used
before it feeds back to the speed controller. Low-pass filters (LPFs) are widely used
in conventional speed estimation, whose filtering performance can be regulated by
changing the cut-off frequency. The lower the cut-off frequency is, the smoother the
filtered signal becomes.However, this can also result in a larger time delay. Therefore,
an advanced filtering method based on the nonlinear tracking differentiator (NTD)
is proposed in this chapter to overcome the disadvantages of the LPF and to track
the actual speed more effectively.

4.3 Speed Detection Based on the NTD Theory

The NTD was originally proposed by Prof. Han. It is mainly used to extract contin-
uous signals and differential signals from non-continuous signals that have interfer-
ence by noise. By using a nonlinear function, the method adopts integral calculation
instead of differentiation, which suppresses the noise amplification. Furthermore, the
input of theNTD is the discrete position signal, which is suitable for both incremental
and absolute encoders. The principle of the NTD is described as follows.

For a double integral plant

{
ẋ1 = ẋ2
ẋ2 = u(x1, x2), u ≤ M

(4.2)

A suitable u(x1, x2) can be selected to guarantee a fast convergence from x1 and
x2 to 0. Let x1 = x1 – v, this solution satisfies lim

t→∞ x1(t) = v, lim
t→∞ x2(t) = v̇, where

x1 is the desired trajectory of v, and x2 is its derivative. This means that when v is
regarded as the input of the system, it is tracked quickly and effectively by x1. Instead
of containing all of the information of v, x1 can extract its effective and continuous
signal. Several adjustable parameters are included in u(x1, x2). By changing these
parameters, the filtering performance can be improved. u(x1, x2) is the so-called
optimal control synthesis (OCS) function which introduces considerable numerical
errors into discrete-time implementations. Equation (4.2) can be discretized as
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{
x1(k + 1) = x1(k) + Tsx2(k)

x2(k + 1) = x2(k) + Tsu(k)
. (4.3)

Based on the analysis above, the NTD for speed measurements is defined as

{
ωn(k + 1) = ωn(k) + Tsωd(k)
ωd(k + 1) = ωd(k) + Ts f st (ωn(k) − ω(k), ωd(k), M, h)

(4.4)

where M is the convergence factor, h is the filtering factor, ω is the raw speed, ωnis
the speed processed by the NTD, and ωd is its derivative. fst(ωn(k) – ω(k), ωd(k),M,
h) is a nonlinear OCS function of the NTD filtering part. The parameters M and h
influence the dynamic performance and ability of the noise suppression, respectively.

fst(ωn(k) – ω(k), ωd(k), M, h) is an OCS function which is selected to obtain
fast convergence of the NTD. Considering that the practical system is discretely
calculated by the processing chip, it is more suitable to deduce the expression of
fst(ωn(k) – ω(k), ωd(k), M, h) under the condition of discretization. Based on the
theory of optimum time control, the expression of fst(ωn(k) – ω(k), ωd(k),M, h) can
be deduced as follows.

Let�ω(k)=ωn(k) –ω(k) and assume that the initial value isω = [�ω(0),ωd(0)]T.
Then after k steps of iterations, the solution of (4.4) is

[
�ω(k)

ωd(k)

]
=

[
1

0

kTs
1

][
�ω(0)

ωd(0)

]
+

[
1

0

(k − 1)Ts
1

][
0

Ts

]
f st (0)

+ · · · +
[
1

0

Ts
1

][
0

Ts

]
f st (k − 2) +

[
0

Ts

]
f st (k − 1). (4.5)

Assuming

[
�ω(k)

ωd(k)

]
=

[
0

0

]
. (4.6)

The expression of the initial values can be expressed as

[
�ω(0)

ωd(0)

]
=

[
kT 2

s

−Ts

]
f st (k − 1) +

[
(k − 1)T 2

s

−Ts

]
f st (k − 2)

+ · · · +
[
2T 2

s

−Ts

]
f st (1) +

[
T 2
s

−Ts

]
f st (0). (4.7)



4.3 Speed Detection Based on the NTD Theory 71

According to (4.7), when fst(i)(i = 0, 1, … k – 1) = +M, the collection of initial
points {a+k} can be expressed as

[
�ω

ωd

]
=

[ 1
2k(k + 1)T 2

s M
−kTsM

]
. (4.8)

When fst(i)(i = 0, 1, … k – 1) = –M, the collection of initial points {a-k} can be
expressed as

[
�ω

ωd

]
=

[− 1
2k(k + 1)T 2

s M
kTsM

]
. (4.9)

When fst(k – 1) = +M, fst(i) = –M(i = 0, 1, … k – 2), the collection of initial
points {b+k} can be expressed as

[
�ω

ωd

]
=

[− 1
2k(k + 1)T 2

s M − 2T 2
s M

(k − 2)TsM

]
. (4.10)

When fst(k – 1) = –M, fst(i) = +M(i = 0, 1, … k – 2), the collection of initial
points {b-k} can be expressed as

[
�ω

ωd

]
=

[ 1
2k(k + 1)T 2

s M − 2T 2
s M

−(k − 2)TsM

]
. (4.11)

Figure 4.2 shows the location of a+k , a-k, b+k and b-k.

Definition 1 SA(k) is the synchronous area of the amount of initial points ω. These
points converge to the origin in k steps of iterations. SA(k) is a convex polygon with
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2k lines. For example, SA(1) is the line of a+1a-1, while SA(2) is the parallelogram
of a-2b-2a+2b+2 and so on.

Definition 2 L1, L2 Denote the fold lines a+k, a+(k-1),…, a1, b2,…, b+(k-1), b+k as L1
and a-k , a-(k-1), …, a-1, b-2, …, b-(k-1),b-k as L2. As analyzed above, when ω is on or
beneath L1, the control value fst is selected as +M; when ω is on or above L2, fst is
selected as –M; and when ω is between L1 and L2, fst is selected in [–M, + M].

As can be seen from Fig. 4.2, the state variable of the system converges to 0 in
limited sampling periods through its relevant trajectory when fst(i) changes under
different rules. For example, if the initial point of ω is above L2, fst will be selected
as –M. Under the control force of fst, the point will move toL2. Then it will converge
to 0 in limited sampling periods along its specific area. In particular, when the points
are in the middle of lines aib-i and a-ibi, fst is selected as 0, which means that they
will move to a±i without a control force.

The name of the midpoint of aib-i and a-ibi is c±i, which is shown in Fig. 4.2.
Thus, the coordinate of c+k and c-k can be expressed as:

[
�ω

ωd

]
=

[ 1
2k(k + 1)T 2

s M − T 2
s M

−(k − 1)TsM

]
(4.12)

and

[
�ω

ωd

]
=

[− 1
2k(k + 1)T 2

s M + T 2
s M

(k − 1)TsM

]
. (4.13)

Condition 1 Beyond SA(2) When the initial points are beyond SA(2), the OCS
function fst1 can be deduced as follows.

As can be concluded from (4.8) to (4.13), these points can be contained by the
six parabolas that follow

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

�ω = ω2−TsMωd
2M , ωd < 0

�ω = −ω2
d−TsMωd

2M , ωd > 0

�ω = ω2
d−5TsMωd+2T 2

s M
2

2M , ωd < 0

�ω = −ω2
d−5TsMωd+2T 2

s M
2

2M , ωd > 0

�ω = ω2
d−3TsMωd

2M , ωd < 0

�ω = −ω2
d−3TsMωd

2M , ωd > 0

. (4.14)

Define y = �ω + T sωd , and (4.14) can be rewritten by three equations which can
be expressed as
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⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ωd − sign(y)M
2

(
Ts −

√
8|y|
M + T 2

s

)
= −sign(y)TsM(a±i )

ωd − sign(y)M
2

(
Ts −

√
8|y|
M + T 2

s

)
= sign(y)TsM(b±i )

ωd − sign(y)M
2

(
Ts −

√
8|y|
M + T 2

s

)
= 0(c±i )

. (4.15)

Define the auxiliary equation as

g(ωg, y) = ωd − sign(y)
M

2

(
Ts −

√
8|y|
M

+ T 2
s

)
. (4.16)

It can be known that g(c+i) = g(c-i) = 0, g(a+i) = g(b+i) = T sM, and g(a-i) =
g(b-i) = –T sM.

According to the analysis above and by applying the power function in nonlinear
control, the OCS function beyond SA(2) can be obtained as

f st1 =
{

−Msign(g(ωd , y)), |g(ωd , y)| ≥ TsM
− g(ωd ,y)

Ts
, |g(ωd , y)| < TsM

. (4.17)

This guarantees fast convergence from ωn to ω, which means that the effective
and continuous signal of the speed will be extracted accurately and fast.

Condition 2 Inside SA(2) It can be seen from Fig. 4.2 that SA(2) is surrounded by
fourfold lines, whose expression is written as

⎧⎪⎪⎨
⎪⎪⎩

y + Tsωd = T 2
s M, (a−2b−2)

y + Tsωd = −T 2
s M, (a+2b+2)

y = T 2
s M, (a+2b−2)

y = −T 2
s M, (a−2b+2)

. (4.18)

When k = 2, the solution of fst(0) can be obtained from (4.7) as

f st (0) = �ω(0) + 2Tsωn(0)

T 2
s

= ωd(0) + y(0)/Ts
Ts

. (4.19)

Combining (4.18) and (4.19), the OCS function inside SA(2) can be obtained as:

f st2 = ωd + y/Ts
Ts

(4.20)

where |ωd + y/Ts| ≤ TsM , |y| ≤ T 2
s M .

Above all, the OCS function in this chapter is set as a sectional type. When the
initial point is beyond SA(2), fst is selected as the maximum value (±M) to move it
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Fig. 4.3 Structure of the elevator traction machine drive

toward the inner SA(2). Then, fst is selected as fst2 to make it converge to the origin
as quickly as possible.

In order to suppress noise in the input signal and to avoid chattering in the switch
function, let h= nT s, where n is the amplification of T s.Thismeans that the sampling
step in the OSC function is increased, which helps to filter high-frequency signals
but inevitably causes a time delay.

As a result, the expression of the OSC function is obtained as

f st (ωn(k) − ω(k), ωd(k), M, h) = −
{
Ma/d, |a| ≤ d
Msign(a), |a| > d

(4.21)

where

a =
{

ωd + y/h, |y| ≤ d0
ωd + a0−d

2 sign(y), |y| > d0
, (4.22)

⎧⎪⎪⎨
⎪⎪⎩

d = Mh
d0 = dh
y = ωn − ω + hωd

a0 = √
d2 + 8M |y|

. (4.23)

Based on the conclusion above, the closed-loop control system of an elevator is
established where the NTD acts as a digital filter of raw speed, as shown in Fig. 4.3.

4.4 Frequency–Response Analysis and Parameter Selection

The NTD is a nonlinear system as a result of using a nonlinear function. Therefore,
the conventional analysis methods of a linear system cannot be used to analyze its
frequency characteristics. Here, a chirp signal is used to realize the frequency sweep
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Fig. 4.4 Frequency sweep
results of low-pass filter and
NTD
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measurement in order to obtain the frequency response of the NTD. Input the chirp
signal to the NTD and observe its output. The frequency–response is obtained and
compared with that of a first-order Butterworth LPF, which shows the advantage of
the NTD.

Note the response of the NTD is related to the input amplitude, which should be
considered in the sweep measurement. In the practical experimental platform, every
variable whose range is from 0 to 1 is calculated by per unit values in the controller
chip. When the input is between 0 and 1, the NTD shows the same characteristics
because the amplitude of the input is in the same response interval. Therefore, the
chirp signal is set to be 0–500 Hz with its amplitude set 1. The NTD parameters are
selected as follows: M = 500 and h = 0.01. The cut-off frequency of the first-order
Butterworth LPF is 17 Hz. The analysis results are shown in Fig. 4.4.

Note that the frequency of the chirp signal changes uniformly over time, meaning
that the time in the horizontal axis can be regarded as the frequency, and the ampli-
tude in vertical axis can be regarded as the gain of the system. Define the width in the
horizontal axis when the amplitude drop is from 1 to 0.707 as the bandwidth. It can be
found that with an increase of the frequency, the amplitude of the LPF decreases grad-
ually which indicates a narrow bandwidth. Meanwhile, the NTD shows a constant
output amplitude during the low-frequency region and a wider bandwidth can be
achieved. In addition, when reaching the cut-off frequency, the LPF shows slower
attenuation ratio of amplitude when compared with that of the NTD. In conclusion,
the NTD appears to have a better filtering property.

By using frequency sweep measurement, the influence of parameter M can be
detected. Keeping h= 0.01 and giving various values ofM, different analysis results
are shown in Fig. 4.5.

It can be illustrated that with an increase of M, the bandwidth becomes wider,
whichmeans that the NTD obtains a faster response and stronger stability. Generally,
the bandwidth of the NTD will be proportional to

√
M .

As analyzed previously, M is the maximum value of the OCS function. When
a larger value of M is selected, the force of the control variable to the system is
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Fig. 4.5 Frequency sweep results of NTD using various M

stronger, which means a higher tracking speed. However, since M is proportional
to the bandwidth of the system, a larger M does not assure the filtering effect of
the high-frequency noise. The scale of M can be selected from 500 to 1000 with no
high-frequency existing.

Then by observing the output of theNTDwhen inputting a sinusoidal signalmixed
with random noise, the filtering effects for different values of h can be detected. Set
the frequency of standard sinusoidal signal as 1 Hz and the amplitude as 1. The
analysis results are shown in Fig. 4.6 when M = 500, and h = 5T s, 10T s, 20T s and
30T s, respectively.

In Fig. 4.6, each of the four figures shows the expected output and the output of
the NTD when the sinusoidal input contains random noise. It can be seen that the
filtering performance of the NTD is improved significantly with the increasing of h,
which means that it can perform better in extracting an effective signal. However,
h mainly influences the effects of noise suppression. As analyzed before, h = nT s,
which enlarges the sampling step in the OSC function. Thus, the changing rate of
the control variable is reduced. This means that when the input speed is in a higher
frequency, the output remains unchanged instead of tracking it. Hence, the high-
frequency noise is filtered and the effective signal is extracted. However, the value
of h should be limited because a time delay is present when it is selected to be larger.
This affects the stability of the system when it is out of range. Therefore, h is usually
selected from 3 to 20T s in practical applications.



4.5 Signal Processing of the SIN/COS Encoder 77

Time (s)
0 1 2 3 4 5

h=5Ts

1

2

0

-1

-2

Time (s)
0 1 2 3 4 5

h=10Ts

1

2

0

-1

-2

Time (s)
0 1 2 3 4 5

h=20Ts

1

2

0

-1

-2

Time (s)
0 1 2 3 4 5

h=30Ts

1

2

0

-1

-2

Desired output Actual output Desired output Actual output

Desired output Actual output Desired output Actual output

(p
.u

.)
(p

.u
.)

(p
.u

.)

Fig. 4.6 Filtering effect of various h

4.5 Signal Processing of the SIN/COS Encoder

The interface board connecting the encoder (ERN1387) and the TMS320F2808 DSP
is a SIN/COSEncoder FeedbackPG-Card as shown in Fig. 4.7. The signal connection
and signal processing circuit are also illustrated in Fig. 4.7. The differential signals
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Fig. 4.7 Schematic diagram of the interface board connecting the encoder and the microprocessor
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±A, ±B, ±C and ±D from the encoder are processed by a differential operational
circuit in the PG-Card, then four sinusoidal outputs A, B, C and D can be got. The
commutation signals C and D appear as one sinusoidal or cosine period, respectively,
per revolution. And they can be used to calculate the absolute position of the rotor.
The sinusoidal incremental signals A and B are phase-shifted by 90° and appear as
2048 sinusoidal or cosine periods per revolution. Signals A and B are then processed
by a hysteresis comparison circuit, and this circuit produces two 90° phase-shifted
square-wave pulse trains QA and QB. Particularly, the edges of QA and QB will
make the register (its value denotes the incremental count) in eQEP count up or
down.

The position calculation algorithm is executed by the TMS320F2808 DSP. The
position is updated at each PWM period (i.e., 100 μs). The detailed calculation
method is shown in Fig. 4.8. The rotor position θm can be calculated

θm=2π

M

(
N + θdiv · 2

π

)
(4.24)

where N is the incremental count, M is the maximum incremental count value, and
it equals 8192 for the 2048 P/R Sin-Cos encoder, θdiv is the subdivision calculated
from the quadrature signals by the arc-tangent function. In Fig. 4.8, the rotor changes
its direction at time t1. The experimental waveforms of the sinusoidal incremental
signals (A and B), the square-wave pulse trains (QA and QB) and the incremental
count are shown in Fig. 4.9. The position subdivision results are shown in Fig. 4.10.
The resolution of the subdivision depends on the precision of the A/D conversion
and the signal quality of A and B.
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Fig. 4.8 Rotor position calculation process by using the Sin-Cos encoder
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Fig. 4.9 Experimental
waveforms of the rotor
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4.6 Simulation and Experimental Results

4.6.1 Simulation Results

A simulation has been carried out to compare the proposed filtering strategy
in MATLAB/Simulink. The parameters of the traction machine system used in
simulation and experiment are the same and are given in Table 4.1.

The NTD parameters are selected as follows:M = 1000, h = 0.01, and the cutoff
frequency of the Butterworth LPF is 17 Hz because it is practically applied in the
experimental platform. This set of the cutoff frequency assures both the rapidity
and smoothness of the transient response. The PI control parameters are selected
as follows: Kpω = 3.61, Kiω = 83.33, Kpc = 37.49 and Kic = 575.04, which have
been regulated to be optimal parameters. When the speed of the traction machine is
changed from 0 to 2.5 rpm, simulation results of the LPF and the NTD are shown in
Figs. 4.11 and 4.12, respectively.

Figures 4.11a and 4.12a show simulation results from 0 to 0.6 s. It can be seen
that the speed through the low-pass filter has a larger time delay (0.045 s) than that
of the NTD (0.022 s), which influences stability when using it as the speed feedback.
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Table 4.1 Parameters of
experimental traction
machine

Parameters names Values

Rated power (Pn) 11.7 kW

Rated torque (Tn) 670 Nm

Rated line current (In) 23 A

Rated line voltage (Un) 380 V

Rated speed (ωrn) 167 r/min

Stator resistance (Rs) 0.23 �

d-axis inductance (Ldf ) 15 mH

q-axis inductance (Lqf ) 15 mH

Number of pole pairs (P) 12

Moment of inertia (J) 3.19 kg m2

Fig. 4.11 Filtering results of
the low-pass filter
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Fig. 4.12 Filtering results of
the NTD
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Figures 4.11b and 4.12b show zoomed results of the speed. This detailed information
can be compared to evaluate the performance in the steady state. From the results,
the speed signal obtained by using the NTD is smoother, with less vibration at low
speeds.

4.6.2 Experimental Results

The proposed NTD filtering strategy was verified on an 11.7 kW elevator trac-
tion machine using a commercial inverter. The experimental platform is shown
in Fig. 4.13a, and Sin-Cos encoder (ERN1387) with 2048 P/R is installed on the
machine. The parameters of PMSM are listed in Table 4.1. The PWM frequency of
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(a) Traction machines (b) Drives

Fig. 4.13 Experimental platform of 11.7 kW elevator traction machine

the inverter is 6 kHz. The whole control algorithm is executed by a STM32F103VB
ARM chip. The control period of the speed loop is 1 ms.

The performance of the tracking andfiltering can be changedwith different param-
eters of the NTD. In order to assure both the stability of the system and a rapid
response, the NTD parameters are selected as follows: M = 200, h = 0.01, and the
cutoff frequency of the LPF is still 17 Hz. The regulated controlling parameters of
the speed loop and current loop are Kpω = 3.61, Kiω = 83.33 and Kpc = 37.49, Kic

= 575.04, respectively. The machine shows acceptable vibration at the steady state
and achieves the response of speed loop and current loop as quickly as possible.

In order to evaluate the filtering effects of the proposedmethod, the accurate speed
ωdiv calculated from the position subdivision of the machine by a Sin-Cos encoder is
introduced. According to this reference signal, the effects of the LPF and NTD will
be compared intuitively.

1. Filtering effects of a first-order Butterworth LPF and the NTD: Accurate speed
ωdiv is used as the speed feedback. When the speed of the traction machine is
2.5 rpm, the experimental waveforms are shown in Figs. 4.14 and 4.15.

Similar to the simulation results, the speed signal obtained by theNTD is smoother
and shows a smaller time delay than that of the first-order Butterworth LPF, with less
vibration at low speeds.

2. Control effect using the filtering speed as feedback: The speed subdivision ωdiv

can be regarded as the accurate speed of machine. Hence, it reflects the actual
running situation. Using the filtered speed signal as the speed feedback of the
machine, the practical control effects of the filtering methods can be obtained
from the experimental waveforms of ωdiv. In order to verify the advantage of
the proposed filtering strategy, different types of first-order LPFs (Butterworth,
Chebyshev and elliptic filters) were applied to calculate the speed in practical
operation. The cutoff frequencies for all of the filters were set 17 Hz. When
the speed of the traction machine is 5 rpm, the experimental waveforms are
shown in Fig. 4.16. The second waveforms are the speed subdivision ωdiv, and
the bottom waveforms are the speed feedback.
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Fig. 4.14 Experimental
results of LPF
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It can be seen from Fig. 4.16a–c that the speed subdivisionsωdiv when using LPFs
of all types show overshoot during the rising process. This means a slight vibration
of the traction machine. Furthermore, during the steady state, the speed is not stable
enough due to the presence of obvious ripples. These will have impacts on the riding
comfort of passengers. By contrast, the speed subdivision using the NTD is shown in
Fig. 4.16d. The results show a stable performance during the transient state without
any overshoot, and the speed is smoother in the steady state, ensuring the comfort of
the passengers.

At ultra-low-speed operation, when the speed reference is set as 0.5 rpm, the
experimental results are shown in Fig. 4.17. It can be seen from Fig. 4.17a, c that the
speed subdivisions when using a Butterworth LPF and a elliptic LPF contain serious
vibrations in the transient state, which is highlighted in the figures. By contrast,
the speed subdivisions using a Chebyshev LPF and the NTD display a relatively
stable performance in the transient state. In terms of the transient state, there is
no big difference between the Chebyshev LPF and the NTD. During the period of
the steady state, there still exists a rotor vibration when using the Chebyshev LPF
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Fig. 4.15 Experimental
results of NTD
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as shown in Fig. 4.17b. However, it is reduced when using the NTD as shown in
Fig. 4.17d.

The stability of ultra-low speed is very important because it influences the comfort
of passengers during start-up. In general, the NTD is a high-efficiency filtering
method with a smaller time delay and better filtering effects than other types of
LPFs when its parameters are selected appropriately.

4.7 Summary

A novel speed filtering method for permanent magnet traction machines to improve
low-speed performance is presented in this chapter. Based on the theory of the
nonlinear tracking differentiator (NTD), the method can relieve vibrations of the
speed and reduce the time delay. Based on the analysis of the nonlinear OCS func-
tion and the impacts of its parameters, optimal parameters can be obtained which
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Fig. 4.16 Experimental results at 5 rpm

show more efficient performance and satisfy demands for stability. Furthermore,
when using the speed signal through the nonlinear tracking differentiator as the
feedback of a speed closed-loop control system, the motor shows a better perfor-
mance compared with other types of low-pass filters. Therefore, smooth operation
can be achieved at low speeds. Experimental results confirm the feasibility of the
proposed strategy.
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Chapter 5
Starting Torque Control Based
on Dichotomy and Staircase Methods

5.1 Introduction

This chapter proposes a novel low-cost control strategy of gearless traction permanent
magnet synchronous machine for direct-drive elevator applications. It can improve
robustness of the weight-sensorless traction machine system with an ordinary incre-
mental encoder installed. In order to improve the riding comfort for the passengers
during the brake releases, a novel starting torque compensation strategy without a
weight transducer is present. After analyzing the dynamic characteristics and the
friction torque of the elevator traction system, two starting torque compensation
methods based on the dichotomy and the staircase method are proposed for the
weight-sensorless elevator applications. In this way, an electromagnetic torque can
be generated to balance the load torque, and the sliding can be prevented when the
elevator brake releases during the starting operation. To achieve the current vector
decoupling control for the traction machine installed with an incremental encoder,
the initial rotor position estimation at standstill based on a hybrid signals injection
method is adopted. Firstly, a high-frequency oscillating sinusoidal voltage signal is
injected to obtain the magnetic pole position. Then, two pulse voltage vectors are
injected in the positive and the negative direction to identify the magnet polarity.

For theweight-sensorless elevator application, the starting torque compensation is
a challenging technique to achieve high comfort by installing an ordinary incremental
encoder. Several researches on load torque estimation during rotating have been
proposed to improve dynamic performance of the drives. But they are not suitable
for the application of the elevator during the starting operation [1–3]. In [4], a load
torque estimationmethod based on themechanical model is proposedwhen the brake
releases. The load torque is estimated by measuring the motor acceleration, and the
information can be obtained simply by the incremental encoder. The feature of the
method is that, since the accurate inertia of the traction mechanical system should
be known, it is quite difficult to compensate the starting torque with an ordinary
incremental encoder installed on the direct-drive traction machine.
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For the traction machine installed with an incremental encoder, initial rotor posi-
tion estimation is important for the starting operation. If the initial position is inac-
curate, the torque output ability may decrease, and more serious is that the rotor may
temporarily rotate inverse [5]. The pulse voltage signal injection method is based
on estimating the minimum inductance, which can be applied to both interior and
surface PMSMs [6–8]. The maximum current appears when the pulse voltage vector
aligns with the rotor magnet position. But it is difficult to obtain accurate estimation
position when the pulse voltage injected within small range near the magnet posi-
tion. The rotating or oscillating high-frequency sinusoidal voltage signal injection
methods have been proposed to estimate rotor position [6–15]. The structure saliency
of interior PMSMmakes it effective to use rotating carrier-frequency image tracking
techniques to identify and track the orientation of magnet position even at standstill
[9–12]. It is found that the oscillating carrier signal injection is more suitable for
surface PMSM [13–17]. The excitation by the carrier current changes the saturation
level when its direction coincides with the magnet field, and the current harmonics
of the second-order component are then processed to serve for the polarity estima-
tion. The major drawback of the polarity estimation method adopting the rotating or
oscillating carrier signal is the poor signal-to-noise ratio in applications [18]. Most of
the initial position estimation schemes are proposed for interior PMSMwith obvious
saliency. But for the traction surface-mounted PMSM, the special issue should be
considered to achieve the accurate position estimation at standstill.

In this chapter, a starting torque compensation method is studied for weighting
the transducer sensorless elevator. Based on analyzing the dynamic characteristics
and the friction torque of the traction system, two starting torque compensation
methods without weighing transducer installed are proposed to meet the starting
control requirements of the gearless elevator traction system [19]. To obtain the
initial rotor position of the traction machine at standstill, a hybrid signal injection
method is proposed. A high-frequency sinusoidal voltage signal is injected to detect
the magnet pole position. Then, two voltage pulse vectors in both the positive and
the negative directions are injected to identify the magnet polarity. The experimental
results demonstrate the feasibility of the low-cost control strategy with an 11.7 kW
traction machine.

5.2 Torque Compensation Based on Dichotomy Method

In order to make the motor operate from standstill to the rotating state, the
electromagnetic torque has to meet the condition:

|Te − Tl | > TFS. (5.1)

Rearranging (5.1), the following equation is derived,

Te − (Tl + T f ) = 0. (5.2)
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Fig. 5.1 Scheme of the starting torque compensation

Before the brake release, the load torque and the friction torque are unknown but
fixed values. The torque compensation value to keep the elevator in balance can be
calculated by solving (5.2).

Equation (5.2) can be solved through the dichotomy method. The strategy of the
starting torque compensation method is shown in Fig. 5.1. And the torque compen-
sation scheme using the dichotomy method is shown in Fig. 5.2. Tn is the rated
electromagnetic torque, Te is the generated electromagnetic torque, and Tl + Tf is
the sum of the load torque and the friction torque.

If Te < Tl + Tf , the generated torque is less than the sum of the load torque and
the friction torque, and the motor will rotate reverse. If Te > Tl + Tf , the generated
torque is greater than the resultant load torque, and the motor will rotate forward. If
Te = Tl + Tf , the generated torque is equal to the resultant load torque, and the car
will keep standstill.

The output torque Te is adjusted according to the rotation direction. The strategy
is that before starting the elevator, the traction wheel is locked by the brake, and the
motor output torque is zero. After releasing the brake, if the load torque is greater
than zero, the car will slide reverse. If the load torque is less than zero, the car will
slide forward. If the torque is equal to zero, the total weight of the car is equal to

0

l fT T+

nT0.5 nT0.25 nT 0.75 nT

Slide forward Slide reverse
e l fT T T> + e l fT T T< +

eT0.25 nT−0.5 nT−0.75 nT−nT−
0.375 nT

Fig. 5.2 Scheme of starting torque compensation based on the dichotomy method
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the counterweight, the motor will keep standstill, and there is no need to adjust Te.
Assuming that the load torque is greater than zero, after the brake releases, the car
will slide reverse. After having detected the reverse signal, adjust Te to 0.5Tn. Then,
there are three possibilities as follows according to the relation between Te and Tl

+ Tf :

1. The car still slides reverse, which means that the load torque is greater than
0.5Tn, then half of the last increment is added to the previous torque set-point
value, that is Te = 0.5Tn + 0.5Tn × 0.5 = 0.75 Tn.

2. The car slides forward,whichmeans that the load is less than 0.5Tn, then subtract
half of the last decrement from the previous torque set-point value, that is Te =
0.5Tn – 0.5Tn × 0.5 = 0.25 Tn.

3. The car keeps standstill, which means that the electromagnetic torque is equal
to the load torque, and there is no need to adjust further.

If the load torque is less than zero, the compensation process is similar to the
situation analyzed above. So, the subsequent adjustment to the output torque is based
on the motor rotation direction according to the above strategy. Each motor torque
reference is given by adding or subtracting half of the last increment or decrement to
the previous torque set-point value, which is same to the dichotomy. In this series of
the adjustment process, the motor generated torque value may be 0 → 0.5 Tn →
0.25 Tn (0.75Tn) → 0.125 Tn (0.375 Tn, 0.625 Tn, 0.875 Tn)… Namely,

Te(n) = Tn

n∑

n=1

K (n)
1

2n
. (5.3)

where Te(n) is the set-point value of the motor output torque at the nth time, and
K(n) is a value determined by the rotation direction for this time. That is,

K (n) =
{
1, if(slide forward)
−1, if (slide reverse)

. (5.4)

From (5.2), as long as the calculation accuracy is high enough, themotor generated
torque can approximate an arbitrary load torque through this method. In this way,
it can make the elevator keep in balance. If the friction torque is zero, in principle,
the motor output torque can approximate the load torque through the infinite step
adjustment. However, the actual friction torque is not zero, and it is not a fixed
value when the car is in balance, so there is no need for the torque output to be an
accurate value. Consequently, the torque can reach equilibrium with the finite step
adjustments.

With themethod of the starting torque compensation using the dichotomymethod,
the sliding distance of the car is far less than the one generated in the conventional
starting method, and the adjustment is more rapid. In theory, the sliding distance
of the car only depends on the resolution of the encoder. The disadvantage of the
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method is that the adjustment of the current will make the noise and the motor may
oscillate several times during the adjustment process. However, this method can be
applied in the situation where a large starting torque is needed and the device is not
sensitive to the oscillation.

5.3 Torque Compensation Based on Staircase Method

In order to solve the oscillation existed in the dichotomy compensation method, a
stairway-type torque compensation method is also proposed, as shown in Fig. 5.3.

From Fig. 5.3, after the brake releases, the direction of the compensation torque
is determined based on the rotation direction of the traction wheel, and then the
compensation value is decided. If the car slides reverses, �Te is added to the elec-
tromagnetic torque reference. If the car still slides reverses, go on adding �Te until
sliding direction changes. Once only the car slides reverses, subtract �Te/2 from the
last torque set-point value. Then, the system will go to the speed closed-loop adjust-
ment with zero-servo control mode, and no more torque compensation is needed.
When the subtraction of the electromagnetic torque and the load torque reaches the
range of twice of the friction torque, the traction system will be in balance. The
maximum compensation will occur in the situation where the load approaches the
maximum value. At this time, the compensation value reaches the maximum value.

If �Te is too small, the more steps adjustment needs, and the sliding distance
is larger. Otherwise, if �Te is too large, the needed adjustment value for the speed
loop is increased, and the sliding distance may be obvious. Concerning the action of
the friction torque, as Fig. 5.3 shows, if �Te < 2TFS , the system can be in balance
without the speed loop adjustment, and the compensation effect is the best.

Figure 5.4 shows the flow chart of the starting torque compensation based on
the staircase method. According to the principle of the vector controlled permanent
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Fig. 5.3 Scheme of starting torque compensation based on staircase method
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magnet synchronous machine, the relation of the electromagnetic torque and q-axis
current component can be expressed as follows:

Te = 3

2
P

[
ψ f iq + (Ld − Lq)id iq

]
. (5.5)

where id and iq are d- and q-axes stator current components, P is number of pole
pairs, Ld and Lq are d- and q-axes inductances, and ψ f is permanent magnet flux
linkage.

From, if the reference of id is zero, then Te is proportional to iq. So by adjusting
the reference of iq, it is equivalent to change the output of electromagnetic torque.
As described in Fig. 5.4 if the rotor rotates forward at first, the torque compensation
in the opposite direction is adopted. And the flag of the rotating forward (flag1) is set
with 1. Subtract a fixed value, �i, from the current reference value. If the rotor still
rotates forward in the next adjustment period, which means that the load torque is
still greater than the set-point value of iq, go on subtracting �i from iq until the rotor



5.3 Torque Compensation Based on Staircase Method 95

rotates in the opposite direction. If the rotor rotates in the opposite direction, which
means that the generated torque is greater than the load torque, �i/2 is added to
the set-point value of iq. After that, the conventional PI-type zero-speed closed-loop
adjustment is adopted. If the rotor rotates reverse at first, the analysis is similar to the
case introduced above. Another case, if the motor does not slide, there is no need to
adjust the q-axis current set-point value.

5.4 Experimental Evaluation

The experimental setup includes two 11.7 kW permanent magnet traction machines
and their drives shown in Fig. 4.13. A same power traction machine is connected to
emulate the load through a separate drive. The parameters of PMSM are listed in
Table 4.1. An ordinary incremental encoder with resolution of 2048 P/R is installed
on the machine. TMS320F2808 DSP is used to execute the all algorithm. PWM
switching frequency of inverter is 10 kHz. The periods of current loop and speed
loop are set as 100 µs and 1 ms, respectively. The magnitude and the frequency
of the high-frequency oscillating sinusoidal voltage signal are 152 V and 1 kHz,
respectively. The magnitude and the pulse width of the pulse voltage are 190 V and
900 µs, respectively. And the proportional and integral gains of (14) are set as 10
and 350, respectively.

Figure 5.5 shows the experimental result of the initial rotor position estimation
using the hybrid signal injection method. Figure 5.5a is the estimation result when
the actual rotor position is 45.1° in electrical degree. The estimated magnetic pole
position output from the PI regulator is θ̂e1 = 222.3◦. Then, two pulse voltage vectors
in the direction of 222.3° and 42.3° are injected into the stator windings, respectively.
By comparing the magnitude of the two d-axis current responses, it can be decided
that the final estimated rotor position is 42.3°. And the position estimation error is
2.8° in electrical degree.

Figure 5.5b shows the experimental result when the actual rotor position is 265.6°.
The estimatedmagnetic pole position is θ̂e1 = 268.7◦. Then, twopulse voltage vectors
in the direction of 268.7° and 88.7° are injected into stator windings, respectively.
By comparing the two d-axis currents, the final estimated rotor position is 268.7°.
The position estimation error is –3.1° in electrical degree.

Figure 5.6 shows the estimation results during one electrical revolution. As a
result, the average absolute value of the estimation error is 2.6°. In the worst case,
the maximum estimation error is 5.7°. During the initial rotor position estimation,
the rotor is at standstill. And the performance of the proposed position estimation
can be acceptable for the starting requirement of the traction machine installed with
an incremental encoder.

Figure 5.7 shows the starting torque compensation results by using the dichotomy
method with 10%, 40%, 60% and 100% rated load, respectively. From the waveform
of q-current, it can be seen that after finite step adjustment, the set-point value of
q-current by the dichotomy method can balance the load torque at the end. And
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(a) Estimation result when θe=45.1°

(b) Estimation result when θe=265.6°
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Fig. 5.5 Experimental Waveforms of the initial position estimation

the sliding distance only three pulses, namely 0.46 mm. Since for the machine with
traction wheel diameter is 40 cm, one pulse corresponds 0.153 mm. The sliding is
so slight, and it can be tolerated.

Figure 5.8 shows the starting torque compensation results by using the staircase
method with 10%, 40%, 60% and 100% rated load, respectively. The incremental
compensated torque value�Te is set as 15% of the rated torque. From the waveform
of q-current, it can be seen that the maximum change times of sliding direction is
only twice during the compensation period. As results, the mitigation of vibration is
improved obviously. So, it is a better compensation strategy for the weight-sensorless
elevator. In this way, an electromagnetic torque can be produced to balance the load
torque for preventing sliding when the brake releases at elevator starting operation.

Figure 5.9 shows the transient response when the torque control mode change to
the zero-speed closed-loop control mode using the staircase compensation method.
As shown in Fig. 5.9, the change of the twomodes is smooth. At the end of the torque
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(a) Relation of the estimated position and the actual position
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Fig. 5.6 Experimental results of initial rotor position estimation during one electrical revolution

control mode, since the difference between the generated torque and the load torque
is with ±�Te, and the force balance of the system is near achieved. So, the transient
shock can be avoided.

Two conventional starting control methods, the zero-speed and the zero-position
closed-loop control schemes without torque control mode are usually adopted for
elevator machine drives. In this way, the weight transducer could not be needed.

But a high-resolution encoder should be installed. If the position information is
accurate enough, both the two control methods for elevator starting can be satis-
factory. However, when a low-resolution encoder is adopted, like 2048P/R, the
anti-sliding performance of the two methods is poor without any compensation.
Figure 5.10 shows the experimental results by using the two methods without the
weight transducer when load is 70% rated value. In Fig. 5.10a, the sliding distance is
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Fig. 5.7 Starting torque
compensation results using
dichotomy method
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(d) With 100% rated load
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Fig. 5.8 Starting torque
compensation results using
the staircase method
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Fig. 5.9 Transient response of the two modes change with staircase method

(a) speed closed-loop control with zero reference
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Fig. 5.10 Experimental results using the two conventional compensation methods without weight
transducer
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Fig. 5.11 Experimental results in real elevator system with the staircase method

near 3 mm using zero-speed control scheme. And in Fig. 5.10b, the sliding distance
is over 4 mm adopting zero-position control scheme. Comparing the results between
the proposed method and the conventional methods, the advantage of the proposed
method can be verified.

Figure 5.11 shows the experimental results in a real elevator system adopting the
staircase compensation method. Figure 5.11a, b is the results with 100% and –100%
rated load, respectively. Comparing with the results in Fig. 5.8, the compensation
effect is similar. But the respond time is different due to influence of brake structure
and system inertia. The torque compensation method is effective for the weight-
sensorless elevator direct-dive traction system.

5.5 Summary

A low-cost control strategy for the elevator adopting a direct-drive permanentmagnet
traction machine installed with an ordinary incremental encoder was studied in this
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chapter. Two novel starting torque compensation methods using the dichotomy and
the staircase manners were proposed for the weight-sensorless elevator. In this way,
the sliding distance of the car can be controlled to be an acceptant value during the
brake releases. This chapter also presented an initial rotor position estimationmethod
for the surface-mounted permanent magnet tractionmachine using the hybrid signals
injection before the elevator start-ups. The magnetic pole position is estimated by the
injecting high-frequency oscillating sinusoidal voltage signal. A PI tracing observer
is used to regulate the position error signal. In order to identify the magnet polarity
more simply, two pulse voltage signals are injected into the estimated position in the
positive and the negative directions. The validity of the proposed control strategy is
verified through the experiment with an 11.7 kW traction machine.
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Chapter 6
Fuzzy Self-tuning Torque Control
Strategy

6.1 Introduction

To improve the starting performance of permanent magnet traction machine without
a weight transducer in gearless elevator, an adaptive starting torque compensation
strategy is proposed in this chapter [1]. Thedynamicmodel of the direct-drive elevator
traction system considering the rope elasticity, the brake releasing and the friction
torque is established. Based on the dynamicmodel, the characteristics of the synthetic
load torque exerted on the traction machine during elevator start-up are obtained. In
order to balance the unknown load torque for the gearless elevator, a fuzzy self-
tuning strategy is adopted to generate a suitable starting torque for compensation by
tuning the change rate of electromagnetic torque according to the encoder signal. The
torque compensator is designed with the aim of getting a minimized sliding distance
and avoiding traction sheave reversal. Both simulation and experimental results are
provided to verify that the proposed weight-transducerless adaptive starting torque
compensation strategy can achieve superior riding comfort of shorter sliding distance,
faster dynamic response and smaller sliding speed.

Various enhanced control strategies have been proposed to improve the robustness
against load disturbance when the motor is running [2–8]. However, they are unsuit-
able for the application of the starting torque compensation considering the special
requirements of gearless elevator traction system. During the brake releasing when
the elevator operates from the stand-by mode to the running mode, both the sliding
distance and mechanical vibration should be considered in order to ensure the riding
comfort of the elevator. The generated torque of the traction machine must track the
unknown load torque accurately and quickly. In [9], the starting torque compensation
was equivalent to a searching issue based on friction model. However, the difference
of neighboring torque references was quite large, and the initial difference can reach
the rated value, which can cause mechanical vibration. In [10], two starting torque
compensation methods using the dichotomy and the staircase method were proposed
for weight-transducerless elevator installed with an incremental encoder. Although
the compensation method can track the final load torque effectively, the variation
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of neighboring electromagnetic torques is still a step type during the compensa-
tion process. In order to achieve more comfortable riding of the gearless elevator, the
torque generated by the traction machine should be a continuous type during elevator
start-up. In [11], the rope elasticity was considered in the elevator modeling, and the
load torque was estimated through the acceleration evaluation by the quadratic error
comparison. This method can achieve the torque compensation with feedforward
action in the speed control loop. However, the inertia of the elevator traction system
should be known.

In [9–11], the assumption that the brake released instantaneously was made in
the model and this led to a big change in the torque generated by traction machine
when estimating the load torque. However, in practical elevator traction applications,
the brake releases gradually, and the synthetic load torque exerted on the traction
machine changes during the process. It is worth developing new methods to avoid
mechanical noise caused by the large electromagnetic torque variation. Since the
gearless elevator drive system is one of the most high-performance drives, the Sin-
Cos encoder is widely adopted to get a more accurate rotor position. Compared
with the incremental encoder, the quadrature signals of the Sin-Cos encoder can be
used to calculate the subdivision and improve the resolution [12, 13]. The starting
torque compensation without a weight transducer is very meaningful to improve the
robustness of gearless elevator using the Sin-Cos encoder.

In this chapter, based on the analysis of the dynamic characteristics of the gearless
traction system during elevator start-up, a novel adaptive starting torque compensa-
tion strategy is proposed to improve the system robustness and the riding comfort.
This chapter is organized as follows. Firstly, in order to explore the characteristics
of the synthetic load torque exerted on the traction sheave, a dynamic model of the
gearless elevator traction system is built in 6.2. According to the model characteris-
tics, an adaptive weight-transducerless starting torque compensation strategy based
on fuzzy self-tuning is proposed in 6.3. The compensation strategy is accomplished
by self-tuning the current loop reference only based on the feedback information of
the Sin-Cos encoder in 6.4. In 6.5, the control strategy is verified by simulation and
experimental results.

6.2 Analysis of the Brake Releasing Process

Figure 6.1 shows the dynamic analysis of the traction system. An area element on
the interface of the brake pulley and the brake shoe which corresponds to an angular
element dγ is selected to be studied, and γ is the wrap angle of the brake. Assume
the pressure exerted by the brake shoe on the area element is dNi(t). During the brake
releasing, the deformation of the brake shoes gets smaller, resulting in the decrease
of dNi(t). The friction torque of each element is given as

dT f = μdNi (t)Rz (6.1)
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Fig. 6.1 Force analysis of
the traction sheave and the
brake sheave

where μ is the friction coefficient between the pulley and the brake.
Assuming that the deformation of each element is the same during the brake

releasing, which means the change rate of dNi(t) for each element is the same. It can
be expressed as

dN (t) = dNi (t) i = 1, 2, 3 . . . . (6.2)

The total friction torque exerted on the brake pulley by the brake shoes can be
calculated by integration

T f =
∫

dT f = μdN (t)
∫ γ

0
Rzdγ+μdN (t)

∫ π+γ

π

Rzdγ

= μ(2γ dN (t))Rz (6.3)

Equation (6.3) can be rewritten as (6.3) if 2γ dN (t) is replaced by equivalent
pressure N (t),

T f = μN (t)Rz . (6.4)

When the brake is releasing, the pressure N(t) between the brake pulley and the
brake shoe is decreasing and so is the maximum static friction between them.

Ideally, if the electromagnetic torque is equal to the total load torque during the
brake releasing, the traction machine will keep still. Then the torque that the rope
exerts on the traction wheel is constant. More specifically, in Fig. 6.1, Tc and Tw

equal McgR and MwgR, respectively.
However, it is difficult for the traction machine to produce electromagnetic torque

to balance the unknown and changing equivalent load torque precisely at zero speed.
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If the starting torque is not well compensated, the traction machine will slide a
distance due to torque unbalance during the brake releasing. The variations of the
velocity and the acceleration of the system would cause the change of stretching
force on the rope of both sides. The torque that the rope exerts on the traction sheave
is given by (6.5) [1].

Tsum0 = R(Mcg − Mwg)

+ Rk2(−θm R − x2) + Rb2
(−θm Ṙ − ẋ2

)
− Rk1(θm R − x1) + Rb1

(
θ̇m R − ẋ1

)
. (6.5)

In order to obtain the characteristics of T sum during the brake releasing, the elec-
tromechanical simulation model of the direct-drive elevator system is established
as Fig. 6.2. The electromagnetic brake is modeled as a first-order system based on
its characteristics. The parameters of the traction machine model and the elevator
mechanical model are listed in Appendix. Additionally, N0 = 6000 N, μ = 0.6, and
R(Mcg – Mwg) = –530 Nm. The ideal or realistic situation is selected through the
terminal 1 or 2 correspondingly. In the realistic situation, the conventional vector
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Fig. 6.3 Simulation results of the elevator system

control strategy is used. Both the speed controller and the current controllers are PI
regulators. Simulation results are illustrated in Fig. 6.3.

From Fig. 6.3, it can be seen that T sum in real condition is smaller than that in ideal
condition when the sliding speed is increasing, and the contrary is the case when the
sliding speed is decreasing. That means the sliding speed and the range of the speed
variation would keep relatively small if Te tracks T sum well in the ideal situation.
Since the brake releasing time would change due to the brake shoe abrasion and the
adjustment of the braking force, the time constant of the brake is changing, and it is
difficult to establish a precise mathematical model to describe the change of T sum in
ideal situation.

6.3 Starting Torque Control Strategy

According to the dynamic analysis of the traction machine system above, the control
scheme of the starting torque compensation for direct-drive elevator machine is
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shown in Fig. 6.4. And the starting torque compensating principle is described in
Fig. 6.5. A surface-mounted permanent magnet synchronous motor (PMSM) is used
in the traction system, and the vector control method is adopted. The speed refer-
ence is set to zero during the brake releasing at the end of stand-by mode. The fuzzy
self-tuning of the electromagnetic torque change rate kt* includes two control modes:
fuzzy compensation and friction correcting. A switch judger determines which mode
is active based on the sliding distance and sliding speed, and the detailed switch logic
is shown in Fig. 6.6. Once the PI control is enabled, the output of the fuzzy self-tuning
kt* will be set to zero. And if the fuzzy self-tuning is active, the output of the speed
PI control iq1* will keep constant. The discrete mathematical representation of iq1*
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Fig. 6.6 Flowchart of the adaptive starting torque compensation

can be described as follows:

i∗q1(k) = Upω(k) +Uiω(k) = kpωe(k) + Tse(k)

τiω
+Uiω(k − 1) (6.6)

whereUpω,Uiω, kpω and τ iω are the proportional output, integral output, proportional
gain and integral time constant of speed PI controller, respectively; Ts is the sampling
period; e(k) is the error between the speed reference and feedback; k denotes the value
at time kTs.

In addition, iq2* is the integration of the fuzzy self-tuning output kt*, and its
mathematical representation is
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i∗q2(k) = i∗q2(k − 1) + k∗
t (k) (6.7)

In Fig. 6.4, iq* is equal to the sum of iq1* and iq2*. Since the bandwidth of current
loop is wider than the one of speed loop, the system can reach balance rapidly if iq*

matches the load torque.
In Fig. 6.5, the solid line denotes the torque T sum exerted on the traction sheave.

Te shown by the dotted line should trace the torque T sum in order to make the sliding
distance as short as possible. At time tp, the brake releases completely, and Te should
satisfy the range [Tc – FcR, Tc + FcR] to make the traction machine keep standstill,
where Tc = (Mcg – Mwg)R. The detailed flow chart of the proposed starting torque
compensation is described as Fig. 6.6, in which ε and � denote the threshold of
sliding distance and sliding speed, respectively. The starting torque compensation
strategy can be divided into four stages as follows.

Stage I [0, t1]: The load torque T sum0 is less than the sum of friction torque Tf

and Tμ, and the traction sheave keeps standstill. The motor-generated torque is zero
in this stage.

Stage II [t1, t2]: T sum0 is larger than the maximum static friction torque, and the
car begins to slide. Since the sliding distance is less than the threshold of the switch
judger, the PI controller is active, and the output of the fuzzy self-tuning is zero. As
the bandwidth of speed loop is limited and the output of the PI controller could not
track the load torque timely, the sliding speed would increase in this stage.

Stage III [t2, t3]: At time t2, the sliding distance is larger than the threshold ε, and
the sliding speed is larger than the threshold �. The compensation mode changes
from PI control to the fuzzy compensation. The electromagnetic torque can trace
the load torque with the suitable output of the fuzzy compensator. The control mode
would switch between the PI control mode and the fuzzy compensation mode several
times in this stage due to the speed variation. Because the load torque increases much
faster than the output of the PI controller, the sliding speed direction is invariable,
and the fuzzy compensation mode takes a dominant role. Since the brake releases
completely at time tp, the variation of torque T sum is very small after time tp.

Stage IV [t3, t4]: At time t3, the sliding speed is less than the threshold �, and
the PI control mode is active. The sliding speed will decrease to zero at time t4 with
the speed PI regulator. If Te satisfies [Tc – FcR, Tc + FcR] at time t4, the sliding
friction force would change into static friction force, and T sum would be equal to Te

rapidly. If Te is larger than Tc + FcR at time t4, the friction correcting mode would
be active, and Te would minus Fc R in case of a reversed sliding distance.

6.4 Design of the Fuzzy Self-tuning Torque Compensator

The fuzzy self-tuning torque compensator is adopted to track the change of the
synthetic load torque. Once it is active, a corresponding electromagnetic torque is
generated by the traction machine to keep the elevator car slide at a small speed. The
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structure of the fuzzy self-tuning torque compensator is illustrated in Fig. 6.7. The
fuzzy compensator has two inputs, namely the sliding speed error ωr and the change
of the sliding speed error α. The output of the fuzzy compensator is kt . And the output
of the friction correcting mode is �if . The sum of kt and �if is kt* which represents
the change rate of q-axis current reference iq*. For convenience, the input variables
ωr and α are changed into ẽ and c̃ẽ using the scaling factorsKe andKce, respectively,
and the output of the fuzzy controller ũ is also processed by the quantification factor
Ku to get the crisp value kt .

The universes of discourse of the input fuzzy variables, ẽ and c̃ẽ, are [–6, –1]U[1,
6] and [–3, 3], respectively. The universe of discourse of the output variable ũ is [–6,
–1]U[1, 6]. The universes of discourse of Ẽ and Ũ are divided into six fuzzy sets,
respectively, and the universe of discourse of C̃ Ẽ is divided into three fuzzy sets.
Considering the sensitivity and stability of the fuzzy compensator, the membership
functions of the input and output variables are shown in Fig. 6.8.

The change characteristics of T sum modeled in Sect. 6.2 are considered to design
the fuzzy control rules. The control target is to obtain a minimized sliding distance
and to avoid the change of sliding direction. So, the increasing rate of Te should
become larger to reduce the sliding distance when the sliding speed becomes larger.
On the other hand, the increasing rate of Te should decrease moderately to avoid
motor reversal when the sliding speed becomes smaller. In addition, using the sliding
acceleration as an auxiliary judgment to regulate Te can ensure it to track the load
disturbance timely. The fuzzy control rules are shown in Table 6.1. There are 18 rules
for the starting torque compensator. The control rule Ri is designed as follows: if ẽ
is Ẽ j and c̃ẽ is C̃ Ẽk , then ũ is Ũm , where i = 1, 2, . . . , 18, and j,m = 1, 2, . . . , 6
k = 1, 2, 3.

The minimum operation is used to get the fuzzy set of the output:

μ(Ũi ) = min{ μ(Ẽi ), μ(C̃ Ẽi )} . (6.8)

For example, if ẽ = 2.5 and c̃ẽ = 0.5, the control rules R11 and R14 are active
to calculate the output fuzzy set. According to the control rule R11, the weighting
coefficient of output fuzzy set NS(ũ) can be obtained
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Fig. 6.7 Simplified block diagram of the fuzzy self-tuning torque compensator
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Fig. 6.8 Membership function of ẽ, c̃ẽ and ũ

Table 6.1 Fuzzy control rules

Ũ Ẽ

NB NM NS PS PM PB

C̃ Ẽ P PM(1) PM(4) PS(7) NB(10) NB(13) NB(16)

Z PB(2) PM(5) PS(8) NS(11) NM(14) NB(17)

N PB(3) PB(6) PB(9) NS(12) NM(15) NM(18)

μ(NS(ũ)) = min{ μ(PS(ẽ)), μ(Z(c̃ẽ))} = min{ 0.5,1} = 0.5. (6.9)

Based on the control ruleR14, theweighting coefficient of output fuzzy set NM(ũ)

can be got

μ(NM(ũ)) = min{ μ(PM(ẽ)), μ(Z(c̃ẽ))} = min{ 0.5,1} = 0.5. (6.10)

Actually, the output fuzzy set is the union of NS(ũ) and NM(ũ), which can be
expressed as

0.5μ(NS(ũ)) ∨ 0.5μ(NM(ũ)). (6.11)

The center average defuzzifier is adopted to transform the output of the fuzzy
inference to a crisp value ũ in the fuzzy controller:
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Fig. 6.9 Relationship of the
fuzzy self-tuning torque
compensation rules
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ũ =
∑

μ(Ũi ) · ui∑
μ(Ũi )

. (6.12)

where ui is the center of the corresponding fuzzy set, which equals the mean value
of the points whose membership is one in the fuzzy set. In this scheme, the centers
of NS(ũ) and NM(ũ) are –1.5 and –3.5, respectively. The crisp value ũ can be
calculated as follows:

ũ = 0.5 × (−1.5) + 0.5 × (−3.5)

0.5 + 0.5
= −2.5. (6.13)

Based on the defuzzificaion above, the relationship between the inputs and the
output is shown in Fig. 6.9.

In the scheme, the ranges of ωr and α in the fuzzy controller are [–0.032, –
0.004]U[0.004, 0.032] rad/s and [–80, 80] rad/s2, respectively; the range of the output
kt is [–0.1%IN , –0.02%IN ]U[0.02%IN , 0.1%IN ], where IN denotes the rated current.
The values of ẽ and c̃ẽ can be obtained

ẽ =
⎧⎨
⎩
6; ωr ∈ [0.024, 0.032] rad/s
250ωr ; ωr ∈ [−0.024,−0.004]U [0.004, 0.024] rad/s
−6; ωr ∈ [−0.032,−0.024] rad/s

, (6.14)

c̃ẽ =
⎧⎨
⎩

3; α ∈ [60, 80] rad/s2

0.05α ; α ∈ [−60, 60] rad/s2

3; α ∈ [−80,−60] rad/s2
. (6.15)

As a result, the value of kt(k) can be calculated by output scaling function

kt (k) = 0.00016IN ũ(k). (6.16)
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6.5 Experimental Evaluation

The proposed adaptive starting torque compensation method is experimented at an
11.7 kW gearless elevator traction machine without using the weight transducer as
shown in Fig. 4.13. The parameters of the permanent magnet traction machine are
listed in Table 4.1. A Sin-Cos encoder (ERN1387) with 2048 P/R is installed on
the machine. TMS320F2808 DSP is used to execute all the control algorithms. The
PWM frequency of the inverter is 10 kHz. The period of the current loop is 100 µs,
and the speed control is activated every 1 ms. The proposed compensation algorithm
is executed every 100 µs. In the switch judger, the threshold of the sliding distance
ε is 0.06 mm, and the threshold of the sliding speed � is 0.004 rad/s. To verify
the proposed starting torque compensation strategy, the experimental results of the
conventional PI control are shown for comparison. The PI controller parameters are
carefully designed as shown in Appendix B to satisfy the zero-speed traction mode.
The parameters of current PI controllers are kpi = 37.49 and τ ii = 1.739 × 10−3 s,
and the parameters of speed controller are kpω = 3.61 and τ iω = 0.012. The same
PI parameters are used in Fig. 6.4 to cooperate with the fuzzy self-tuning torque
compensation strategy.

Experimental results using the proposed compensation strategy and the conven-
tional PI control method under different loads are illustrated in Figs. 6.10, 6.11 and
6.12. In each figure, from top to bottom, the quadrature signals from the Sin-Cos
encoder, the sliding distance of the tractionmachine and the q-axis current (expressed
by per-unit value) are shown, respectively. The sliding distances using the conven-
tional PI control and the proposed method are 1.2 mm and 0.18 mm in Fig. 6.10,
4.0 mm and 0.35 mm in Fig. 6.11 and 7.2 mm and 0.65 mm in Fig. 6.12, respectively.

From the results, it can be concluded that the sliding distance becomes much
shorter and the sliding speed reaches zero faster when the proposed compensation
strategy is adopted. Besides, the q-axis current response is much faster especially
at the beginning stage of the sliding process, which means that the motor-generated
torque tracks the load torque timely. And this causes a relatively small sliding speed.
Figure 6.13 shows a more visualized sliding distance comparison of the twomethods
under various loads, which verifies the effectiveness of the proposed method further.

6.6 Summary

In this chapter, an adaptive starting torque compensation method of gearless trac-
tion machine for direct-drive elevator without using a weight transducer has been
proposed. The dynamic analysis of the brake releasing process shows that the
synthetic load torque in actual condition is smaller than that in ideal condition when
the sliding speed is increasing, and the contrary is the case when the sliding speed is
decreasing. The adaptive compensation strategy consists of three modes including
the PI control, the fuzzy compensation and the friction correcting. The rules of the
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Fig. 6.10 Experimental comparison between a conventional PI control and b proposed compen-
sation strategy under 20% rated load

torque compensator are designed in order to get a shorter sliding distance and avoid
sliding direction reversal. The effectiveness of the method is verified both in simu-
lation and experiment. By adopting the compensation strategy, the electromagnetic
torque generated by the gearlessmachine tracks the load torque better during elevator
start-up. It performs better at improving riding comfort of the gearless elevator with
a shorter sliding distance.
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Chapter 7
Starting Torque Control Strategy Based
on Offset-Free Model Predictive Control
Theory

7.1 Introduction

After years of application and investigation, although the compensation strategies
using weight transducers can meet the requirement of elevator operation, there are
still limitations: (1) Load information transmitted via the communication board may
be interfered because of the long cable and complicated electromagnetic environ-
ment. (2) As for weight transducers installed at the bottom of the elevator car, the
compressed deformation of anti-vibration rubber and the carload are not completely
colinear. The obtained load information may have deviation. (3) The performance
of compensation strategies during the elevator startup depends on on-site commis-
sioning, so the uncertainty is not easily avoided. Therefore, weight-transducerless
torque control strategies during the elevator startup have been a key research topic.
The so-called transducerless torque control strategies refer that the elevator control
systemcangenerate a suitable electromagnetic torque to avoid rollback of the elevator
car based on the feedback signal from the encoder instead of relying on the weight
transducers to get the carload information. It should achieve a smooth startup with
acceptable sliding distance and no mechanical vibration.

Various advanced control strategies have been proposed to improve the robust-
ness against load disturbance [1–3]; however, these methods are not suitable for the
starting torque control of elevators. In [4], the load torquewas tracked by the compen-
sation torque calculated by two kinds of adjusting methods using dichotomy and
staircase algorithms, respectively. However, during the elevator startup, the mechan-
ical vibration still exists. In [5], the novel torque control strategy can be described as
a searching logic based on a friction model. However, mechanical vibration cannot
be avoided because of the large step of the neighboring torque references. In [6], the
disturbance torque was obtained through estimating the acceleration by the quadratic
error comparison. But the accurate mechanical model should be needed to calculate
the load torque. In [7], a torque compensation strategy based on adaptive fuzzy control
was proposed. It provided an appropriate torque according to the speed and acceler-
ation of the traction sheave. Although this strategy can reduce sliding distance and
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avoid mechanical vibration, it should use accurate subdivided position information
based on Sin-Cos encoder. For the elevator installed with an incremental encoder,
this control strategy is difficult to achieve satisfactory performance of anti-rollback.

Model predictive control (MPC)was successfully used in chemical process control
and extended to electrical control field recently [8–10], because of adjustable dynamic
response and high control accuracy. The special characteristics can meet the require-
ments of anti-rollback control for weight-transducerless elevator startup. Usually,
the predictive variables of conventional MPC are calculated without considering
the disturbance. The difference between the predictive variables and the actual ones
are corrected in the cost function, in order to reduce the effect of disturbance on
the predictive variables during receding optimization process. But the uncertainty
and nonlinearity of the mechanical model, as well as intense disturbance, can cause
the mismatch of predictive model, which leads to steady-state speed error in the
zero-servo operation during the brake releasing.

In this chapter, a novel anti-rollback strategy adopting offset-freemodel predictive
control strategy for direct-drive elevators installedwith a general incremental encoder
is proposed to improve the riding comfort [11]. It can achieve smaller sliding distance
and no mechanical vibration. This chapter is organized as follows. Firstly, dynamic
mechanical model of the elevator traction system is analyzed in 7.2, in order to
illuminate the advantages of the proposed method. Secondly, the offset-free model
predictive control for anti-rollback of weight-transducerless elevators is established
in 7.3, including the receding optimization process and the predictive controller.
Additionally, the stability of the offset-free MPC is analyzed and the root locus is
shown in 7.3.1. Finally, the control strategy is verified by simulation and experimental
results in 7.4.

7.2 Dynamic Model of Elevator Traction System

Gearless elevator is composed of the tractionmachine, the car and the counterweight.
The traction sheave and the brake pulley are installed on the rotor of permanent
magnet traction machine. An electromagnetic brake is mounted around the brake
pulley to hold the traction system still when the elevator operates in standby mode.

The dynamic mechanical equations of the counterweight side can be expressed
as follows:

mw ẋ1 − c1(θR − x1) − d1(θ̇R − ẋ1) = 0, (7.1)

mwg − c1�x10 = 0 (7.2)
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where c1 and d1 are the rigidity coefficient and the damping coefficient of the rope
on counterweight side, mwis the mass of the counterweight, Δx10 is the elongation
of the rope on counterweight side in steady-state, θ is the mechanical position of the
traction sheave, x1 is the counterweight displacement.

Similarly, the dynamic mechanical equation of the car side can be expressed as
follows:

mcẋ2 − c2(−θR − x2) − d2(−θ̇R − ẋ2) = 0, (7.3)

mcg − c2�x20 = 0 (7.4)

where c2 and d2 are the rigidity coefficient and the damping coefficient of the rope
on car side, mc is the mass of the car, Δx20 is the elongation of the rope on car side
in steady state, x2 is the car displacement.

Considering the friction torque exerted on the pulley by the brake, the kinematic
analysis of the traction sheave can be described by (7.5), (7.6) and (7.7). Particularly,
J is the normal value of inertia, � is the difference between the actual value and the
normal value of the inertia, TdΔ is the equivalent torque caused by�.Tf is the friction
torque between the brake pulley and the brake. Tμ is the friction torque caused by
other factors of the system. Te is the electromagnetic torque generated by traction
machine. Tl is the resultant friction torque exerted on traction sheave. R is the radius
of brake pulley. Td is the composite disturbance torque, which is unknown when the
brake is released.

Te − Td = (J + �)θ̈ (7.5)

where

Td =
{
Td� ;
Tl − (T f + Tμ)+Td�;

T f + Tμ > Tl
otherwise

, (7.6)

Tl = R(mcg − mwg) + Rc2(−θR − x2) + Rd2(−θ̇R − ẋ2)

− Rc1(θR − x1) + Rd1(θ̇R − ẋ1). (7.7)

According to the friction model, the electromagnetic torque to keep the traction
wheel at standstill is not a fixed value. The accurate electromagnetic torque to balance
the equivalent load torque is difficult to be calculated through themathematicalmodel
considering the nonlinear characteristic of mechanical brake releasing. Therefore,
those methods calculating the accurate compensation torque based on mechanical
model are not easily implemented in this case.
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Using the low-resolution incremental encoder as the feedback device, the conven-
tional PI control cannot meet the requirement of rapid adjustment and small mechan-
ical vibration simultaneously during the brake releasing. Compared with the conven-
tional PI control, MPC can achieve faster response speed, bigger equivalent gain
when the input is small and vice versa. Thus, MPC can be used to reduce the sliding
distance during the elevator startup. However, conventional model predictive control
is difficult to be used as the speed regulator at zero-servo operation. If the refer-
ence speed and the feedback speed are zero, the output of the speed loop is zero.
The traction machine will certainly slide when the load is exerted on the shaft. So
the steady-state speed error is inevitable. Therefore, investigating advanced MPC
method during elevator startup which is suitable for the low-resolution incremental
encoder is definitely significant.

7.3 Offset-Free MPC for Anti-rollback During the Elevator
Startup

7.3.1 Establishment of the Offset-Free MPC for Elevator
Startup

Figure 7.1 shows the scheme of the proposed offset-free model predictive control
strategy of direct-drive permanent magnet traction machine during the elevator
startup. In Fig. 7.1, PI regulators are used in the current loops. For the speed loop,
offset-free model predictive control strategy is used instead of the conventional PI

Fig. 7.1 Scheme of offset-free model predictive control strategy of traction machine for anti-
rollback during the elevator startup
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regulator. Additionally, in order to suppress the negative effects caused by model
mismatch and eliminate the speed error in steady state, the model correction scheme
is designed. And receding optimization cannot only reduce the sliding distance, but
also enhance the robustness against load disturbance during the brake releasing.

In order to analyze conveniently, the mechanical model (7.5) can be converted to

ω̇ = Kt (i
∗
q − iqd − Bω/Kt )/J (7.8)

where Kt = 1.5npψ f , iqd = Td /Kt , iqd represent the equivalent current of composite
load torque. However, iqd is not considered in predictive model when using the
conventional MPC without offset-free strategy. During the elevator startup, the
composite disturbance torque exerting on the traction wheel changes complexly and
intensely, so the precision of this value directly affects the accuracy of the prediction
model. After zero-order-hold discretization of (7.8), it can be expressed as

ωm(k + 1) = αmωm(k) + Km(1 − αm)[i∗q (k) − iqd(k)] (7.9)

where ωm(k + 1) represents the predictive speed at time k + 1, Km = Kt /J and αm

= exp(BTs/J), Ts is the sampling time. After iteration, the following expression can
be obtained

ωm(k + n) = Km(1 − αm)(1 + αm + · · · + αn−1
m )[i∗q (k)

− iqd(k)] + αn
mωm(k), n = 1, 2, · · ·, P. (7.10)

where P is the predictive step. Since the sampling period is short enough, the
composite disturbance torque can be considered as a constant. Therefore, the esti-
mated disturbance and speed can be applied to modify the predictive model during
each sampling period, so as to eliminate steady-state speed error and enhance
robustness against the composite disturbance torque during the brake releasing.

Choose θ, ω and Td as state variables, and the state equation can be obtained
based on (7.5)

{
ẋ = Ax + Bu
y = Cx

(7.11)

In (7.11), x = [θ ω Td]T, u = Te, y = θ and

A =
⎡
⎣0 1 0
0 − B

J − 1
J

0 0 0

⎤
⎦, B =

⎡
⎣ 0

1
J
0

⎤
⎦, C =

⎡
⎣ 1
0
0

⎤
⎦.
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According to (7.11), the state equation with estimated feedback can be expressed
as follows:

˙̂x = Ax̂ + Bu + L( y − Cx̂) (7.12)

Equation (7.12) can be expressed in detail as:

⎡
⎢⎣

˙̂
θ
˙̂ω
˙̂Td

⎤
⎥⎦ =

⎡
⎣0 1 0
0 − B

J − 1
J

0 0 0

⎤
⎦

⎡
⎣ θ̂

ω̂

T̂d

⎤
⎦ +

⎡
⎣ 0

1
J
0

⎤
⎦Te +

⎡
⎣ l1
l2
l3

⎤
⎦(θ − θ̂ ) (7.13)

Equation (7.13) is the estimated value of x, L is the feedback gain matrix, L =
[l1 l2 l3]T, which is determined by the pole placement. L can make and approach,
respectively.

According to (7.13), the composite disturbance torque and speed estimation can
be expressed as (7.14) and (7.15)

T̂d =
(
l3
s

− Jl2

)
1

s + l1
(ω − ω̂) (7.14)

(Js + B)ω̂ = Te −
(
l3
s

− Jl2

)
1

s + l1
(ω − ω̂) (7.15)

The viscous friction coefficient can be ignored because it is relatively small. And
the estimated speed is filtered by a low-pass filter, whose cutoff frequency is f c. The
discrete expressions of (7.14) and (7.15) can be obtained as

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

e(k) = 1
1+Tsl1

e(k − 1) + Tsl1
1+Tsl1

[ω(k) − ω̂(k)]
u(k) = u(k − 1) + Tsl3e(k)
T̂d(k) = Jl2e(k) − u(k)

ω̂(k) = Kt Ts [iq (k−1)+ ∧
iqd (k)]

J + ω̂(k − 1)
ω̂(k) = 1

1+2πTs fc
ω̂(k − 1) + 2πTs fc

1+2πTs fc
ω̂(k)

. (7.16)

In (7.16), e(k) and u(k) are intermediate variables, which is the filtered estimated
speed. T̂d(k) is the estimated equivalent current of composite disturbance torque
at the time k. Then in (7.11), ωm(k) and iqd(k) are replaced by ω̂(k) and îqd(k),
respectively. The initial value of predictive speeds within the predictive step P can
be corrected during each sampling period. Then (7.17) can be obtained

ωm(k + n) = Km(1 − αm)(1 + αm + . . . + αn−1
m )[i∗q (k)

∧−iqd(k)] + αn
mω̂(k), n = 1, 2, . . . , P. (7.17)
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Therefore, the outputs of the predictive model at time k, k + 1, k + 2…k + P can
be expressed in a matrix form as follows:

Wm(k) = W f (k) + W s(k)[i∗q (k) − îqd(k)]. (7.18)

In (7.18),

⎧⎪⎨
⎪⎩
Wm(k) = [

ωm(k + 1) · · · ωm(k + P)
]T

W f (k) = [
αm · · · αP

m

]T ¯̂ω(k)

Ws(k) = Km(1 − αm)
[
1 · · · 1 + αm · · · +αP−1

m

]T . (7.19)

7.3.2 Cost Function Design

Select first-order exponential function as the reference trajectory which can be
expressed as follows:

ωr (k + i) = ω∗(k + i) − αi
r

[
ω∗(k) − ω(k)

]
, i = 1, 2, . . . , P (7.20)

where ωr is the reference trajectory, ω* is the mechanical angular velocity reference,
Tr is the time constant, and αr = exp(−Ts/Tr ).

Overcomplicated cost function will increase the amount of computation. In model
correction block, the initial predictive speed error has been corrected. So there is
no need to correct it in the cost function again, which can effectively reduce the
computational burden. The second-order cost function is chosen as follows:

JP = [W r (k) − Wm(k)]TQ[W r (k) − Wm(k)] + Ri∗2q (7.21)

where Q = diag [q2
1 · · · q2

P ], R = r2, Wr(k) = [ωr(k + 1) … ωr(k + P)]T. q1
、q2· · · qp are the weight variables for predictive steps, r is the weight variable of
the output current. Let ∂ Jp/∂i∗q = 0, the output of theMPCcontroller can be obtained

i∗q (k) = (WT
s QW s + R)−1WT

s Q
[
W r (k) − W f (k) − W s îqd(k)

]
(7.22)
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7.3.3 Stability Analysis of the Proposed Speed Controller

Parameters of theMPC strategy can affect both the dynamic response and the stability
of the system. In addition, the model mismatch will also affect the stability of the
system. In order to facilitate the stability analysis of the traction system, the first-
order inertia and filters are ignored. Let k1 = –Jl2, k2 = l3, then the following discrete
transfer functions can be obtained, as shown in Fig. 7.2.

G−1
c (z) = (WT

s QW s + R)−1WT
s Q (7.23)

G−1
i (z) = W s (7.24)

G−1
w (z) = [

αm · · · αP
m

]T
(7.25)

G−1
p (z) = kt Tsz−1

(J+�)(1 − z−1)
(7.26)

where� reflects thematching level between the two variables. Under the steady-state
condition, the larger � can be obtained, the stronger the capability of correcting the
mismatch can be. Because the speed in steady state is relatively small, the coefficient
of friction viscosity can be ignored. Let

G−1
1 (z) = (k1 + Tsk2z−1

1 − z−1
) · 1

kt
(7.27)

Fig. 7.2 Discrete block diagram of the offset-free MPC for traction machine
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G−1
2 (z) = kt Tsz−1

J (1 − z−1)
(7.28)

Simplify the flowchart and the closed-loop transfer function can be got:

ω(k) = G−1
c (z)G−1

p (z)(1 + G−1
1 (z)G−1

2 (z))

G−1
m (z)

· ωr (k + H)

+ G−1
p (z)(1 + G−1

1 (z)G−1
2 (z))

G−1
m (z)

· iqd(k) (7.29)

G−1
m (z) = 1 + G−1

1 (z)G−1
2 (z) + G−1

c (z)G−1
w (z)G−1

2 (z)

+ G−1
c (z)G−1

p (z)G−1
w (z)G−1

1 (z)G−1
2 (z)

+ G−1
c (z)G−1

p (z)G−1
i (z)G−1

1 (z)

− G−1
c (z)G−1

i (z)G−1
1 (z)G−1

2 (z) (7.30)

Then the characteristic equation of the system can be obtained

G−1
m (z) = 0 (7.31)

Organize the characteristic equation into the root locus form on �:

1 + �
1 + N1z−1 + N2z−2 + N3z−3

J + M1z−1 + M2z−2 + M3z−3
= 0 (7.32)

Assume A1 = G−1
c (z)G−1

w (z), A2 = G−1
c (z)G−1

i (z) then

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

N1 = −3 + (1−A2)Tsk1+A1kt Ts
J

N2 = 3 + (1−A2)Ts(k2Ts−2k1)−2A1kt Ts
J

N3 = −1 − (1−A2)Ts(k2Ts−k1)−A1kt Ts
J

M1 = −3J + Tsk1 + A1kt Ts
M2 = 3J + Ts(k2Ts − 2k1) − 2A1kt Ts + A1kt Tsk1

J
M3 = −J − Ts(k2Ts − k1) + A1kt Ts + A1kt Ts(k2Ts−k1)

J

(7.33)

According to the results of (7.33), k1 and k2have impacts on the stability of the
system, so when k2 = 23,000, k1 = 50, 100 and 200, the root locus on � can be
described as shown in Fig. 7.3. If the root locus is inside the unit circle, the control
strategy will be considered as a stable algorithm. From Fig. 7.3, if k1 = 50, only
|�| < 0.268 should be needed. Similarly if k1 = 100 and 200, |�| < 0.677 and |�| <
0.13 should be satisfied, respectively. In practical applications, k1 should be chosen
according to the mismatch, in order to meet the stability requirement.

When k1 = 100, k2 = 23,000, 33,000 and 43,000, the root locus on � can be
obtained as shown in Fig. 7.4. From Fig. 7.4, if k2 = 23,000, only |�| < 0.677 will be
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Fig. 7.3 Root locus on
different values of k1 when
k2 = 23,000
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Fig. 7.4 Root locus on
different values of k2 when
k1 = 100
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needed. Similarly if k2 = 33,000, just |�| < 0.548, If k2 = 43,000, just |�| < 0.452.
In summary, selecting suitable values of k1 and k2 can make models which are at
different mismatch levels stable.

7.4 Simulation and Experimental Evaluation

7.4.1 Simulation Results

The direct-drive permanent magnet traction system without the weight transducer
by using PI, MPC with and without using the proposed offset-free strategy as the
speed loop regulator during the elevator startup is simulated byMATLAB/Simulink,
respectively. Parameters of permanent magnet traction machine are shown in Table
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4.1. The control parameters are as follows: P = 4, αm = 0.97, αr = e−5 s, q1 = 12,
q2 = 9, q3 = 6, q4 = 3, r = 0.1. The speed loop PI regulator parameters are kpw =
35, kiw = 100, which are designed optimally.

Figures 7.5 and 7.6 show the simulation results under 50% and 100% rated load,
respectively. Among them, the incremental count value (INC) is got through a 2048-
bit incremental encoder established in Simulink. The relationship between sliding
distance and INC is d = 0.15 × I NC(mm).

As can be seen from Fig. 7.5, under 50% rated load, the maximum sliding speed
of the offset-free MPC is 0.4r/min, and the sliding distance is 0.15 mm. In contrast,
the maximum sliding speed of PI control reaches 3r/min, and the sliding distance is
4.65 mm. The sliding speed of MPC without using offset-free strategy has a steady-
state error, which is 1.1r/min, and the sliding distance increases with time. From
Fig. 7.6, under rated load, the maximum sliding speed of the offset-free MPC is
0.9r/min, and the sliding distance is 0.30 mm. In contrast, the maximum sliding
speed of PI control reaches 6r/min, and the sliding distance is 9.45 mm. The sliding
speed of MPC without using offset-free strategy has a steady-state error, which is
2.1r/min, and the sliding distance increases when time goes on. By contrast, the
sliding speed of proposed offset-free MPC is the smallest, and the regulating time is
the shortest. Additionally the steady-state speed has no error. Because the response
speed of the q-axis current using offset-free MPC is faster than other two methods,
the maximum sliding speed is reasonably small. Therefore, the sliding distance can
be reduced.

As can be seen from Figs. 7.5c and 7.6c, the response speed of offset-free MPC
is faster than PI and the conventional MPC without offset-free strategy. In order to
reduce the sliding distance during the elevator startup, the proportional of PI should
be selected as large as possible. But the large proportional will cause overshoot
and mechanical vibration. So the proportional cannot be that large. However, the
equivalent gain of MPC can be large when the input is small.

Therefore, the response is faster than PI. During the dynamic period when the q-
axis current rises fast, the model corrector comes into use. So the q-axis current
of offset-free MPC generated from the corrected model contains the equivalent
composite disturbance compensation, but the conventionalMPCdoes not. Therefore,
the response speed of offset-freeMPC is faster. During the steady-state period, the q-
axis current is generated by the offset-free MPC with model corrector. However, the
q-axis current of the conventional MPC equals the equivalent current of composite
disturbance. But it is generated by the continuous steady-state speed error which
should be prevented.

7.4.2 Experimental Results

The proposed anti-rollback control strategy was verified on an 11.7 kW elevator
traction machine using a commercial inverter. The traction machine parameters used
in the experiment are the same as simulation parameters as shown in Table 4.1.
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Fig. 7.5 Simulation results under 50% rated load. aComparison of the sliding speed.bComparison
of the incremental count. c Comparison of the generated q-axis current reference
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Fig. 7.6 Simulation results under 100% rated load. a Comparison of the sliding speed. b
Comparison of the incremental count. c Comparison of the generated q-axis current reference
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The whole control algorithm is executed by a TMS320F2808 DSP chip. The clock
frequency is 150 MHz. And the event manager is used to generate 6 drive signals to
control 6 IPMs. The type of IPMs is PM75RSE120. The PWM frequency of three-
phase inverter is 10 kHz, and the control period of current loop is 100. The control
period of speed loop is 1 ms. In experiments, P = 4, αm = 0.97, αr = e−5, q1 = 12,
q2 = 9, q3 = 6, q4 = 3, r = 0.1. Parameters of the speed PI regulator (kpw = 35 and
kiw = 100) have been regulated to the best, which means they do not cause vibration
in the steady state and can make the response of speed loop and current loop as fast
as possible, in order to reduce the sliding distance. The HEIDENHAIN ERN 1387
Sin-Cos encoder with a resolution of 2048 was installed on the machine. Only the
incremental signals were used for the anti-rollback control, and the Sin-Cos signals
were just used for comparing the sliding distance.

Firstly, an experiment using MPC without using offset-free strategy as the speed
regulator under 60% rated load was carried out. The experimental result is shown in
Fig. 7.7. In steady state, the traction machine is still sliding at the speed of 2.9r/min.
This kind of continuous sliding speed has been verified in simulation. As can be seen,
the sliding speed is that large. And it is not allowed during the zero-servo operation
because the elevator car keeps sliding.

Fig. 7.7 Experimental result
using MPC without
offset-free strategy under
60% rated loads. a The
experimental result. b The
detailed waveforms in the
steady state
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Fig. 7.8 Experimental
comparison of the two
methods under 20% rated
load. a PI speed regulator. b
Offset-free MPC
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Under the same experimental conditions, the experimental results of the PI speed
regulator and the offset-free MPC are compared. Figures 7.8, 7.9 and 7.10 show the
experimental results under 20%, 60% and 100% of rated load, respectively. As can
be seen, under 20% of rated load, the sliding distance with PI speed regulator is
2.85 mm, the sliding distance with offset-free MPC is only 0.45 mm.

Under 60% of rated load, the sliding distance with PI speed regulator is 5.20 mm,
the sliding distance with offset-free MPC is only 1.35 mm. Under 100% of rated
load, the sliding distance with PI speed regulator is 8.25 mm, the sliding distance
with offset-free MPC is only 1.5 mm. In summary, using the proposed offset-free
MPC can get much shorter sliding distance, shorter regulating time, smaller sliding
speed and better riding comfort.

From experimental results, the proposed offset-freeMPC has a good performance
with a fast response, no mechanical vibration and no steady-state speed error. During
the dynamic regulating period, the q-axis current rises fast because of characteristics
of the MPC strategy and the model corrector. Because of the model corrector, the
steady-state speed error is prevented. So the maximum sliding speed and sliding
distance are both small.
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Fig. 7.9 Experimental
comparison of the two
methods under 60% rated
load. a PI speed regulator. b
Offset-free MPC
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Figure 7.11 shows the comparisonbetween thePI speed regulator and the proposed
offset-free MPC under different loads. From Fig. 7.11, the sliding distances of the
proposed method are much shorter than those of PI speed regulator under different
loads. Therefore, the proposed method can effectively solve the key technical issue
on weight-transducerless direct-drive permanent magnet traction machine system
during the elevator startup.

7.5 Summary

This chapter proposed a weight-transducerless anti-rollback torque control strategy
based on offset-free MPC of direct-drive elevator traction machine which can prop-
erly work with an incremental encoder. The control strategy can overcome the
mismatch between the predictive model and the real system caused by the nonlinear
changing load characteristics when the brake is released and enhanced the capa-
bility of balancing uncertain load torque. The estimated speed value obtained from
model correction block used as the initial value of the predictive speed can reduce
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Fig. 7.10 Experimental comparison of the two methods under 100% rated load. a PI speed
regulator. b Offset-free MPC
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the computational amount of cost function. Instead of using the conventional PI
as the speed regulator, the offset-free MPC can effectively improve the dynamic
performance and provide the torque control signal without weight transducer so as
to improve the robustness of the system. Significantly, it can achieve a shorter sliding
distance, as well as a smaller sliding speed without steady-state error during the zero-
servo operation. Therefore, the riding comfort can be improved when the elevator
converts from standby mode to running mode. Both simulation and experimental
results verify the effectiveness of the proposed anti-rollback control method.

References

1. Leu VQ, Choi HH, Jung J (2012) Fuzzy sliding mode speed controller for PM synchronous
motors with a load torque observer. IEEE Trans Power Electron 27(3):1530–1539

2. Euntai K, Sungryul L (2005) Output feedback tracking control ofMIMO systems using a fuzzy
disturbance observer and its application to the speed control of a PM synchronous motor. IEEE
Trans Fuzzy Syst 13(6):725–741

3. Grignion D, Chen X, Kar N, Qian H (2014) Estimation of load disturbance torque for DC
motor drive systems under robustness and sensitivity consideration. IEEE Trans Ind Electron
61(2):930–942

4. Wang G, Zhang G, Yang R, Xu D (2012) Robust low-cost control scheme of direct-drive
gearless traction machine for elevators without a weight transducer. IEEE Trans Ind Appl
48(3):996–1005

5. HongX,DengZ,Wang S,HangL, LiW, LuZ (2010)A novel elevator load torque identification
method based on friction mode. In: Proc. 25th annu. IEEE APEC, pp 2021–2024

6. Bolognani S, Faggion A, Sgarbossa L, Peretti L (2007) Modelling and design of a direct-drive
lift control with rope elasticity and estimation of starting torque. In: Proc. 33rd annu. IEEE
IECON, pp 828–832

7. Wang G, Xu J, Li T, Zhang G, Zhan H, Ding L, Xu D (2014) Weight-transducerless starting
torque compensation of gearless permanent-magnet tractionmachine for direct-drive elevators.
IEEE Trans Ind Electron 61(9):4594–4604

8. GuzmanH, Barrero F, DuranMJ (2015) IGBT-gating failure effect on a fault-tolerant predictive
current-controlled five-phase induction motor drive. IEEE Trans Ind Electron 62(1):15–20

9. Choi D, Lee K (2015) Dynamic performance improvement of AC/DC converter using model
predictive direct power control with finite control set. IEEE Trans Ind Electron 62(2):757–767

10. Zhao D, Liu C, Stobart R, Deng J, Winward E, Dong G (2014) An explicit model predictive
control framework for turbocharged diesel engines. IEEE Trans Ind Electron 61(7):3540–3552

11. Wang G, Qi J, Xu J et al (2015) Antirollback control for gearless elevator traction
machines adopting offset-free model predictive control strategy. IEEE Trans Industr Electron
62(10):6194–6203



Chapter 8
Enhanced MPC for Rollback Mitigation
During Elevator Startup

8.1 Introduction

Various advanced control strategies have been proposed to optimize the speed-
control performance and enhance the robustness against unknown disturbance [1–4].
However, the weight-transducerless control for anti-rollback of elevator car should
consider special requirements of riding comfort. Recently, some novel solutions have
been proposed [5–8]. In [9], through evaluating the rate of change of speed by the
quadratic error comparison, the load torque can be calculated accurately according to
the establishedmechanicalmodel. In [10], a novel torque control strategy based on the
friction model of traction system was described as a searching logic. In [11], the load
torque was traced by the compensation torque calculated by dichotomy and staircase
algorithms, respectively. However, mechanical vibration is difficult to be avoided
due to the sudden change of torque reference. In [12], an accurate speed measure-
ment method for Sin-Cos encoder was introduced, and a feedforward compensation
strategy adopting load torque observer was proposed to improve the performance
of elevators. In [13], an adaptive torque compensation strategy based on fuzzy self-
tuning of the rate of change of electromagnetic torquewas proposed.And the accurate
subdivided position information based on Sin-Cos encoder is needed. However, for
the elevator installed with an ordinary-resolution encoder, the performance of this
control strategy will deteriorate.

Therefore, the weight-transducerless starting torque control strategy using
ordinary-resolution encoders becomes a key technique of modern elevator appli-
cations. This kind of control strategy should have the function of rollback mitiga-
tion, which means that it can provide a smooth startup with little sliding distance
and acceptable mechanical vibration. Since the rollback mitigation control should be
accomplished in a very short time to balance the uncertain and nonlinear load torque,
the preferred control method should have good dynamic performance. Model predic-
tive control (MPC) can get a faster response by adjusting parameters of the trajectory
function. In addition, MPC also has advantages, such as small overshoot and high
control accuracy. It has been successfully applied in motor drives, power converters
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and other industry applications. Considering the characteristics of MPC, it can be a
potential approach for anti-rollback control of weight-transducerless elevators.

But the conventional MPC speed controller is difficult to achieve high-
performance control of the elevator starting torque. During the brake releasing, the
near-zero speed is difficult to be calculated from ordinary-resolution encoder. And
the uncertain disturbance caused by the nonlinear change of braking torque will lead
to the mismatch of predictive model. This kind of model mismatch will cause inac-
curate prediction and speed error at steady state. The active disturbance rejection
control (ADRC) can attribute the uncertainty factors of the plant to unknown distur-
bance which can be calculated. Nowadays, ADRC has been successfully applied in
power electronics and electrical drives [14]. ADRC mainly consists of the nonlinear
tracking differentiator (NTD), the extended state observer (ESO) and the regulating
law. ESO has excellent dynamic performance, which can quickly trace the change of
unknown disturbance without accurate mathematical disturbance model. And NTD
can effectively extract continuous signal and differential signal from non-continuous
input signal [15]. Therefore, the combination of advantages of ADRC and MPC can
achieve high-performance control of direct-drive elevators.

In this chapter, a novel rollback mitigation control strategy adopting enhanced
MPC with an ESO and a NTD is proposed to enhance the riding comfort of the
weight-transducerless elevator installed with an ordinary-resolution encoder [16].
And the proposed method can improve the dynamic and steady performance without
requiring the weight information of passengers during the brake releasing process.
The torque current reference can trace the uncertain load more quickly because
of the speed MPC involved. Additionally, the ESO can eliminate the steady-state
speed error caused by the conventional speed MPC strategy, which is critical for
anti-rollback control of weight-transducerless elevator drive. Especially, the accurate
speed feedback can be acquired from the NTD to enhance the rollback mitigation.
The external disturbance information obtained by theESO is added into the predictive
model to match the model in each sampling period.

8.2 Analysis of the Conventional MPC

According to [17], the conventional MPC is illustrated, in order to explain the draw-
backs of conventional MPC during the zero-speed operation. The mechanical model
of the traction machine is expressed in Laplace domain,

ω f (s) =Te(s) − Td(s)

Js + B
(8.1)

where ωf is the angular speed feedback generated from the raw speed, Tdrepresents
all uncertain disturbances including the influence of the rigidity and damper of rope,
B is the friction factor, and s is the Laplace operator. The disturbance Td is usually
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ignored in the conventional predictive model. After zero-order-hold discretization of
(8.1) and iteration, the discrete predictive model can be expressed as

ωm(k + n) = Km(1 − αm)(1 + αm + · · · + αn−1
m )i∗q (k)

+ αn
mωm(k), n = 1, 2, . . . , P (8.2)

where ωm(k + n) represents the predictive angular speed at time k + n, Km = Kto/Jo,
Kto = 1.5npψ f , np is the number of pole pairs, ψ f is the rotor flux, Jo is the nominal
values of the total inertia and αm = exp(BoTs/Jo), Bois the nominal values of the
friction factor, Ts is the sampling period, P is the predictive step, i∗q is the reference
q-axis current. However, iq is replaced by i∗q in (8.2). Therefore, the outputs of the
predictive model at time k, k + 1, k + 2…k + P can be converted into a matrix form
as follows:

Wm(k) = W f (k) + W s(k)i
∗
q (k), (8.3)

⎧
⎪⎨

⎪⎩

Wm(k) = [
ωm(k + 1) · · · ωm(k + P)

]T

W f (k) = [
αm · · · αP

m

]T
ω f (k)

W s(k) = Km(1 − αm)
[
1 · · · 1 + αm · · · +αP−1

m

]T
. (8.4)

In this predictive control method, to some degree, the actual speed will be closer
to the trajectory speed with a larger predictive step. But it will cause huge computa-
tion amount which cannot be executed completely in a limited control period. The
reference trajectory and the cost function also affect the computation amount.

The first-order exponential function is chosen as the reference trajectory which is
expressed as follows:

ωr (k + n) = ω∗(k + n) − αn
r [ω∗(k) − ω(k)] (8.5)

where ωr is the reference trajectory and ω* is the setpoint value, which is zero during
the elevator startup. αr = e−Ts/Tr , in which Tr is the time constant related to the
desired response time. Considering the effect of the external disturbance and the
noise, there will be an error between outputs of the predictive model and the real
plant. Therefore, a corrector should be added into the predictive cost function. The
predictive error e can be expressed as

e(k + P − 1) = · · · = e(k + 1) = e(k) = ω f (k) − ωm(k). (8.6)

The second-order cost function Jp is chosen as follows:

JP = [W r (k) − Wm(k) − E(k)]T × Q[W r (k) − Wm(k) − E(k)] + Ri∗2q (8.7)
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where Q = diag [q2
1 · · · q2

P ], R = r2,Wr (k) = [ωr(k + 1) … ωr(k + P)]T, E (k) =
[e(k + 1) … e(k + P)]T. q1, q2…qp are the weight variables for predictive steps, R
is the weight variable of the output current. Let ∂ Jp/∂i∗q = 0, the output of the MPC
controller can be obtained

i∗q (k) = (WT
s QW s + R)−1W s Q

[
Wa(ω

∗(k) − ω f (k)) − W bωm(k)
]

(8.8)

where Wa(k) = [
(1 − αr ) · · · (1 − αP

r )
]T
, W b(k) = [

(1 − αm) · · · (1 − αP
m )

]T
,

and i∗q (k) is used as the q-axis reference current of the PI current regulator.
From (8.8), during the elevator startup,ω* should be set as zero. If the conventional

MPC works well, ωf and ωm should converge to zero. Then, the elevator car can
maintain standstill during the zero-servo operation. If all the conditions analyzed
above aremet, i∗q (k)will be zero sinceMPC is equivalent to a proportional controller.
But if i∗q (k) equals zero, the electromagnetic torque generated by i∗q (k) cannot balance
the disturbance torque. The sliding speed ωf would not be zero. So, it is a self-
contradiction.

Therefore, the real situation is that the sliding speed ωf , which is a fixed value
during the zero-servo operation, maintains the output of electromagnetic torque to
balance the disturbance torque. The conventional MPC is not suitable to regulate the
speed loop during the elevator startup.

8.3 Establishment of the Enhanced MPC Speed Controller

To overcome the drawbacks of the conventionalMPC, an enhancedMPC is proposed,
and the scheme is shown in Fig. 8.1. The enhanced MPC strategy is used instead
of the conventional PI regulator in the speed loop. Additionally, the NTD is used to
improve the precision of the speed feedback. The precise speed feedback informa-
tion is used in trajectory and ESO blocks to generate the speed trajectory and the

Fig. 8.1 Scheme of enhanced model predictive control strategy for traction machine to mitigate
rollback during elevator startup
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disturbance information, respectively. And the disturbance information is used in the
speed prediction. The angular speed trajectory and predictive speeds are used as the
inputs of the prediction controller. After calculation, the q-axis current reference is
generated to control the electromagnetic torque.

MPCwill cause relatively large steady-state error, if the disturbance is intense and
unknown. So, the ESO scheme is designed to mitigate the negative effects caused
by the unknown external disturbance and reduce the sliding distance. The receding
optimization can enhance the robustness against load disturbance during the elevator
startup process.

In order to consider and analyze the influence of coefficient mismatch and
disturbance, (8.1) can be changed into (8.9)

ω̇ f (t) = Kto + Kt�

Jo + J�

i∗q (t) − Bo + B�

Jo + J�

ω f (t) − Td(t)

Jo + J�

(8.9)

where Kt� is the mismatch error of Kto, J� and B� are the mismatch errors of the
total inertia and the friction factor, Jo and Bo are the nominal values of the inertia
and the friction factor, respectively. In order to obtain the predictive state equation,
(8.9) can be expressed as follows:

{
ω̇ f (t) = Kto

Jo
i∗q (t) − Bo

Jo
ω f (t) − Kto

Jo
iqd(t)

iqd(t) = − Td (t)
Kto

+ Kt�
Kto

i∗q (t) − B�

Kto
ω f (t) − J�

Kto
ω̇ f (t)

(8.10)

where iqd includes the equivalent current of uncertain disturbance torque Td and
the mismatch error of both the inertia and the friction factor. The estimated value
of iqd can be generated by ESO, so the mismatch of the predictive model can be
compensated. During the elevator startup, the uncertain disturbance torque exerting
on the traction sheave can be traced accurately and quickly. After zero-order-hold
discretization of (8.10) and iteration, it can be expressed as

ωm(k + n) = Km(1 − αm)(1 + αm + · · · + αn−1
m ) [i∗q (k) − iqd(k)]

+ αn
mωm(k), n = 1, 2, . . . , P (8.11)

In (8.11), the disturbance has been considered in the predictive model, which is
different from (8.2). The uncertain disturbance torque can be treated as a constant
because of short sampling period. Therefore, the estimated disturbance and speed
generated from ESO can be utilized to adjust the predictive model during each
sampling period, thus enhancing robustness against the uncertain disturbance torque.

The disturbance affecting the output can be extended into a new state by using
ESO. In other words, the ESO is established to obtain this new state by a special feed-
back structure. It does not depend on the specific mathematical model to obtain the
disturbance information and does not need to measure its effect directly. According
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to these characteristics, it is suitable and practical to use ESO to estimate the equiva-
lent load torque of traction machine during the elevator converts from standby mode
to running mode.

According to (8.10), the ESO can be established as follows:

{
ż1(t) = z2(t) + α01(ω f (t) − z1(t)) + Kto

Jo
i∗q (t) − Bo

Jo
ω f (t)

ż2(t) = α02(ω f (t) − z1(t))
(8.12)

where z1 and z2 are two variables of the ESO, α01 and α02 are parameters of the
ESO, z1(t) → ωf (t) and z2(t) → -Ktoiqd(t)/Jo. Therefore, the equivalent current
component of disturbance torque iqd and the initial predictive speed can be obtained.
After discretization of (8.12), it can be expressed as

{
z1(k + 1) = (1 − Tsα01)z1(k) + Ts(z2(k) + (α01 − Bo

Jo
)ω f (k) + Kto

Jo
i∗q (k))

z2(k + 1) = z2(k) + Tsα02(ω f (k) − z1(k))
.

(8.13)

Then in (8.11), ωm(k) and iqd(k) are replaced by z1(k) and –Joz2(k)/Kto, respec-
tively. The initial value of predictive speedswithin the predictive stepP can be rolling
corrected during each sampling period, so (8.14) can be obtained

ωm(k + n) =Km(1 − αm)(1 + αm + · · · + αn−1
m )

[i∗q (k)+
Jo
Kto

z2(k)] + αn
mz1(k), n = 1, 2, · · ·, P. (8.14)

Therefore, the outputs of the predictive model at time k, k + 1, k + 2…k + P can
be converted into a matrix form as follows:

Wm(k) = W f (k) + W s(k)

[

i∗q (k) + Jo
Kto

z2(k)

]

(8.15)

In the ESO, the initial predictive speed has been corrected at each sampling time.
So, the function of correcting the initial predictive speed can be eliminated, which can
effectively reduce the computational burden. Moreover, the predictive error caused
by the disturbance has been corrected in the predictive model. There is no need
correcting it in the cost function anymore like (8.7). If the third order or above is
used in the cost function, the computational process would be too complicated. And
the processor may not complete the computation in the fixed time. But the first order
cannot meet the requirement of fast response. The second-order cost function of the
enhanced MPC is chosen as follows:

JP = [W r (k) − Wm(k)]TQ[W r (k) − Wm(k)] + Ri∗2q (8.16)
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Let ∂ Jp/∂i∗q = 0, the output of the enhanced model predictive controller can be
obtained

i∗q (k) = (WT
s QW s + R)−1WT

s Q
[

W r (k) − W f (k) + W s
Jo
Kto

z2(k)

]

(8.17)

Additionally, there should be some variable constraints in the enhanced controller.
Let Iqo represent the rated value of iq. Therefore, −Iqo ≤ i∗q ≤ Iqo should be met. To
avoid the intense vibration, −15%Iqo ≤ i∗q (k)− i∗q (k − 1) ≤ 15%Iqo should be met.
And to improve the robustness, ωm should be restricted to a scale from –10%ωmo to
10%ωmo where ωmo is the nominal value of the mechanical angular velocity.

8.4 Stability Analysis and Parameter Selection of the ESO

In this section, the stability of the proposed method is analyzed first, because many
variables are involved and the design is relatively complicated. To begin with, let
Iqd(t)= –Ktoiqd(t)/Jo to simplify the arithmetic and show the process clearly. Because
the sliding speed ωf and B are relatively small, Boωf (t)/Jo can be ignored when
analyzing the stability. Then, (8.10) can be rearranged into the state form

[
ω̇ f (t)
i̇qd(t)

]

=
[
0 1
0 0

][
ω f (t)
iqd(t)

]

+
[

Kto
Jo
i∗q (t)
c(t)

]

(8.18)

where c(t) is the rate of change of iqd(t), and (8.5) can be written as the state form

[
ż1(t)
ż2(t)

]

=
[−α01 1

−α02 0

][
z1(t)
z2(t)

]

+
[

α01 1
α02 0

][
ω f (t)
0

]

+
[

Kto
Jo
i∗q (t)
c(t)

]

(8.19)

By subtracting (8.18) from (8.19), the error equation can be obtained

[
ż1(t) − ω̇ f (t)
ż2(t) − i̇qd(t)

]

=
[−α01 1

−α02 0

][
z1(t) − ω f (t)
z2(t) − iqd(t)

]

(8.20)

Let

{
e1(k) = z1(k) − ω f (k)
e2(k) = z2(k) − iqd(k)

, e =
[
e1(t)
e2(t)

]

, then

ė =
[−α01 1

−α02 0

]

e. (8.21)
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Fig. 8.2 Equivalent structure of the extended state observer

According to Routh–Hurwitz criterion, if α01 > 0 and α02 > 0, the ESO is stable.
So if these parameters are chosen suitably, the system can be stable and makes z1 →
ωf and z2 → iqd fast.

In order to facilitate the analysis, the ESO parameters are selected as α01 = 2ωc0,
α02 = ωc0

2, in which ωc0 is the bandwidth of the ESO. According to (8.12), the
structure of the ESO can be described as an internal model control structure, which
is shown in Fig. 8.2. The model of ESO is equivalent to the differential of the real
plant. Therefore, the transfer function of the plant model is obtained

Gp(s) = Ktos

Jos + Bo
e−Ted s (8.22)

where Ted is the equivalent delay time mainly caused by speed sampling, low-pass
filter and digital control delay. The relevant part of the model can be expressed as

Gm(s) = Kto

Jo
. (8.23)

The transfer functions of the controller and the extended state conversion can be,
respectively, described as

Gimc(s) = Jo
Kto

, (8.24)

Fimc(s) = ω2
c0

(s + ωc0)2
. (8.25)

From (8.22) to (8.25), the multiplicative uncertainty expression and the comple-
mentary sensitivity function are shown as follows:

M(s) = Gp

Gm
− 1 = Jos

Jos + Bo
e−Ted s − 1, (8.26)
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δ(s) ≈ Gm · Gimc · Fimc = ω2
c0

(s + ωc0)2
. (8.27)

To guarantee the robustness of internal model control, the condition should be
met

‖δ(ω)M(ω)‖∞ = sup
ω

|δ(ω)M(ω)| < 1. (8.28)

Substitute (8.26) and (8.27) into (8.28), then the result can be obtained

sup
ω

|δ(s)M(s)| = sup
ω

∣
∣
∣
∣

ω2
c0

( jω + ωc0)2

[
Jo jω

Jo jω + Bo
e−Ted jω − 1

]∣
∣
∣
∣ < 1. (8.29)

According to (8.27), as ωc0 increases, the bandwidth of δ(ω) extends to high
frequency. The possibility that sup

ω

|δ(ω)M(ω)| becomes greater than 1 will increase,

which means the stability of the system will deteriorate. The equivalent delay time
Ted of the observer can be expressed in Bode diagram graphically. When Ted is equal
to 0.001, 0.005 and 0.03, respectively, the Bode diagram ofM(ω) is shown in Fig. 8.3.
As Ted increases, the frequency of peak amplitude of M(ω) reduces. Therefore, the
possibility of sup

ω

|δ(ω)M(ω)| becoming greater than 1 will increase, which means

the stability of the system will also deteriorate.
It is necessary to take the performance requirements, the stability of ESO and the

quick adjustment, together into considerationwhen choosingωc0 and Ted . Therefore,
when selecting ωc0, both the convergence speed and the stability of the ESO should
be considered. If ωc0 is relatively large, the convergence speed of ESO increases, but
the stability of the system will be impaired. Therefore, based on the requirements
of the real plant, the parameter ωc0 needs to be carefully adjusted. Additionally, Ted

is mainly decided by speed sampling method and raw speed processing method.
Usually, the sampling period is fixed, so it is important to adopt a suitable raw speed
processing method.

8.5 Application of the NTD in Speed Sampling

Based on the analysis above, the equivalent delay time Ted significantly affects the
stability of the ESO. Therefore, T method and M/T method are difficult to be used in
speed detection because of variable speed sampling time. Additionally, the sliding
speed during the elevator startup is relatively small when the starting torque control
algorithm performs effectively. Conventionally, the raw speed signal is obtained by
using Mmethod. Then, the speed feedback can be got after processing the raw speed
through a low-pass filter. However, the speed feedback not only contains noise and
vibration, but also has a large time delay caused by the filter. Under the circumstances
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Fig. 8.3 Influence of the equivalent filter parameters on M(ω). a The Bode diagram. b The
magnified Bode diagram

of rollback mitigation requiring accurate adjustment, these disadvantages will obvi-
ously deteriorate the control performance and cause mechanical vibration at steady
state.

Nonlinear tracking differentiator was originally proposed by Prof. Han [18]. It can
be used to extract continuous signals and differential signals from non-continuous
signals. When the parameters are selected carefully, it has a shorter time delay and
stronger noise suppression ability than the conventional low-pass filter. Therefore,
this method can be used to process the raw speed signal as a high-performance filter.

The state equation of NTD can be expressed as follows:

{
ω f (k + 1) = ω f (k) + Tsωd(k)
ωd(k + 1) = ωd(k) + Tsnl f (ω f (k) − ω(k), ωd(k), R, H0)

(8.30)
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where R is the convergence factor, Ho is the filtering factor, mainly affecting the
filtering effect, ωd is the rate of change of ωf , ω is the raw speed, and the nonlinear
function nlf (ωf (k) – ω(k), ωd(k), R, H0) can be defined as follows:

nl f (ω f (k) − ω(k), ωd(k), R, H0) = −
{
Rsign(A), |A| > D
R A

D ,|A| ≤ D
(8.31)

where

A = −
{

ωd(k) + A0−D
2 sign(y), |y| > D0

ωd(k) + y
H0

,|y| ≤ D0
, (8.32)

A0 =
√
D2 + 8R|y|, (8.33)

y = ω f (k) − ω(k) + H0ωd(k), (8.34)

D0 = H0D, (8.35)

D = RH0. (8.36)

8.6 Analysis of Parameter Selection

(1) Parameters of MPC: The larger the predictive step P is, the longer the executive
time of the control algorithm would become. Considering a fixed-point DSP-based
commercial drive is used in the experiment, the predictive step is selected as 5,
which can both ensure the predictive accuracy and reduce the computational burden.
In terms of weight factor of each predictive step, it can be selected as large as possible
on the premise that overshoot and strong vibrations should be avoided, and theweight
factor reflects the importance of each step. Normally, the weight factor of the former
step is larger than that of the latter one, because the former one is more precise than
the latter one with the same i∗q at the time k. The weight factor of i∗q should be a little
smaller considering the dynamics of the control strategy. If the weight factor of i∗q is
relatively large, the change of at each sampling time would be restricted to a small
scale. The trajectory coefficients are selected according to how fast the actual speed
approaching to the trajectory is expected.

(2) Parameters of ESO: According to the second-order system expression, the
settling time ts and the overshoot are the main dynamic performance factors. And the
overshoot needs to be zero because of the requirement of the anti-rollback control.
Therefore, only ts is taken into account when choosing ωc0. So using a unit step



152 8 Enhanced MPC for Rollback Mitigation …

disturbance as the input, and the response of (8.25) can be expressed as

Fimc(t) = 1 − ωc0te
−ωc0t = 1 − (1 + ωc0t)e

−ωc0t . (8.37)

According to the definition of the settling time, |Fimc(ts) − Fimc(∞)| = λ, where
Fimc(∞) = 1 and λ � 2%, then the result can be got

(1 + ωc0ts)e
−ωc0ts = 0.02. (8.38)

After calculation, the relation between ts and ωc0 can be obtained

ts = 5.85/ωc0. (8.39)

However, considering there are some differences between the real system and the
ideal one, design margins should be reserved to make the system be robust. So the
equation below can be used to decide ωc0,

ts = 15/ωc0. (8.40)

(3) Parameters of NTD: Since R is the convergence factor, it determines the
tracking performance of rotor speed. The largerR is, the better tracking ability is. But
the high-frequency noise will be caused, ifR is relatively large. According to [13], the
scale of R can be selected from 500 to 1000 with no high-frequency noise existing.
If the noise is contained in the output, the filtering factor Ho should be adjusted to
reduce the influence of noise. On the premise that the tracking performance can be
ensured, R should be selected as small as possible. Usually, the range of Ho can be
from 0.00002R to 0.00004R, which guarantees both the filter performance and time
lag limitation.

8.7 Experimental Evaluation

8.7.1 Experimental Setup

The proposed rollbackmitigation control strategywas verified on an 11.7 kWelevator
traction machine using a commercial inverter. And the experimental platform is
shown in Fig. 4.13, and a same type traction machine is mechanically connected
to emulate the load of elevator car. Parameters of the permanent magnet traction
machine used in the experiment are shown in Table 4.1. The PWM frequency of
inverter is 10 kHz. The whole control algorithm is executed by a TMS320F2808
DSP chip. The control period of speed loop is 1 ms.

According to the analysis above, the parameters of enhanced MPC are selected
in experiments as follows: P = 5, αm = 0.98, q1 = 15, q2 = 11, q3 = 8, q4 = 5, r =
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0.1, and Ts = 1 ms. The parameter ωc0 of ESO is set as 250. The NTD parameters
are selected as follows: R = 500, and H0 = 0.015.

In order to compare the proposedmethodwith the conventional PI cascade control
system, parameters of the speed PI controller (kp = 35, ki = 100) have been regulated
to the optimum, which means they cause acceptable vibration at steady state and can
make the response of speed loop and current loop as fast as possible to reduce the
sliding distance. An encoder with an ordinary resolution of 2048 was installed on the
machine, and only the orthogonal pulse, signals A and B were used for the rollback
mitigation control.

8.7.2 Performance of NTD

The performance of tracking and filtering can be changed with different parameters
of NTD. The NTD parameters are selected as follows: R = 500, H0 = 0.015. And
the cutoff frequency of the low-pass filter is 17 Hz. When the speed of the trac-
tion machine is 2r/min, the experimental waveforms of sampling speeds using the
low-pass filter and the nonlinear tracking differentiator are shown, respectively, in
Fig. 8.4a, b. The middle waveform is the raw speed signal, and the bottom wave-
forms in Fig. 8.4a, b are the speed signal through the low-pass filter and the nonlinear
tracking differentiator, respectively. From the results, the speed signal obtained by
using NTD is smoother, with less vibration at low-speed region.

8.7.3 Performance of the Internal Current Loop Adopting PI
Regulator

Thewhole control strategy is ultimately executed by a fixed-point DSP chip, in which
the current loop regulating period is one-tenth of the speed loop. The response of
the current loop using optimal PI controller is sufficiently fast for this direct-drive
application from experimental results as shown in Fig. 8.5. So if the parameters of
PI controller are well-designed, it can make the current feedback trace the current
reference well for achieving effective rollback mitigation. The most important thing
in resolving the rollback problem is that the output of the speed controller mustmatch
the uncertain and changing load torque. Compared with the MPC regulating both
internal and external loops, the enhanced MPC strategy can not only increase the
robustness of the system, but also effectively reduce the amount of calculation.
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Fig. 8.4 Comparison of the
experimental waveforms of
sampling speeds using
low-pass filter and NTD. a
Using the low-pass filter. b
Using the NTD
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8.7.4 Experimental Comparison Between Conventional
and Proposed Enhanced MPC

An experimental comparison between conventionalMPCwithout ESO and enhanced
MPC with ESO under 60% rated load was carried out. The experimental results
are shown in Fig. 8.6. The middle waveform is the sliding speed, and the bottom
waveform is the q-axis current. From Fig. 8.6, the traction sheave is still sliding at
the speed of 1.8r/min when using the conventional MPC, the reason is that the q-axis
current used to balance the disturbance is generated by the steady-state speed error
which should be prevented. The steady-state speed error will cause the elevator car
sliding.
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Fig. 8.5 Experimental
comparison of q-axis
reference and feedback
currents under different
loads. a Under 60% rated
load. b Under rated load
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8.7.5 Control Performance Comparison of PI, Conventional
MPC and Proposed Enhanced MPC

Under the same experimental conditions, the experimental results of the PI speed
regulator and the enhanced MPC with NTD and with low-pass filter are compared.
There is no difference in basic parameters between enhanced MPC with NTD and
with low-pass filter. Figures 8.7, 8.8 and 8.9 show the experimental results under
20%, 60% and 100% of rated load, respectively. In terms of the sliding distance,
there is no obvious difference between the enhanced MPC with NTD and with low-
pass filter. Under 20% of rated load, the sliding distance with PI speed regulator is
2.30mm, while the sliding distance with enhancedMPC is only 0.75mm. During the
steady state, there still exists vibration when using the enhanced MPC with low-pass
filter as shown in Figs. 8.7b, 8.8b and 8.9b. However, the vibration is eliminated
when using the enhanced MPC with NTD as shown in Figs. 8.7c, 8.8c and 8.9c.

Under 60% of rated load, the sliding distance with PI speed regulator is 4.13 mm,
while the sliding distance of enhanced MPC with NTD is only 1.50 mm. Under
rated load, the sliding distance with PI speed regulator is 7.00 mm, while the sliding
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Fig. 8.6 Experimental
comparison of the two
methods under 60% rated
load. a Conventional MPC
without the ESO. b
Enhanced MPC with the
ESO
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distance of enhanced MPC with NTD is only 1.80 mm. In summary, the proposed
enhanced MPC with NTD can get much shorter sliding distance, smaller sliding
speed, better riding comfort, and no vibration at steady state.

Figure 8.10 shows the comparisonbetween thePI speed regulator and the proposed
enhancedMPCwith NTD under different loads. From Fig. 8.10, the sliding distances
of the proposed method are much shorter than those of PI speed regulator under
different loads. Therefore, the proposed method can effectively solve the technical
difficulties of weight-transducerless elevator drives.

8.8 Summary

This chapter proposes a novel weight-transducerless starting torque control strategy
based on enhancedMPCwithESO for direct-drive elevator traction systemwhich can
achieve high performance with an ordinary-resolution encoder. In order to overcome
the mismatch of predictive model caused by the braking torque and the unknown
carload, the ESO is used to rectify the predictive model. Both the stability and the
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Fig. 8.7 Experimental
comparison of the three
methods under 20% rated
load. a PI speed regulator. b
Enhanced MPC with
low-pass filter. c Enhanced
MPC with NTD

Time (s)

0

0

2.5mm

(a)

0

q-axis current

encoder signal A

encoder signal B

sliding distance

1.0 (p.u.)

0

0.19.08.07.06.05.04.03.02.00.0 1.0

Time (s)

0
0.75mm

(b)

0

0.19.08.07.06.05.04.03.02.00.0 1.0

sliding distance

q-axis current

encoder signal A

encoder signal B

0
1.0 (p.u.)

0

Time (s)

0
0.75mm

(c)

0

0.19.08.07.06.05.04.03.02.00.0 1.0

sliding distance

q-axis current

encoder signal A

encoder signal B

0
0.5 (p.u.)

0

parameter selection of the observer are analyzed. The NTD can make the speed
feedback contain less vibration than the conventional low-pass filter. The estimated
speed obtained from the ESO used as the initial value of the predictive speed can
reduce the computational burden of the cost function. Instead of taking the conven-
tional PI as the speed regulator, the enhancedMPCwith ESO can effectively improve
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Fig. 8.8 Experimental
comparison of the three
methods under 60% rated
load. a PI speed regulator. b
Enhanced MPC with
low-pass filter. c Enhanced
MPC with NTD
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the dynamic performance without weight transducers, which benefits the robustness
of the system. Therefore, the riding comfort can be improved when the elevator
operates from the standby mode to the running mode. Experimental results verify
that the proposed control strategy can achieve shorter sliding distance and smaller
sliding speed without steady-state error for the direct-drive elevators installed with
an ordinary-resolution encoder.
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Fig. 8.9 Experimental
comparison of the three
methods under 100% rated
load. a PI speed regulator. b
Enhanced MPC with
low-pass filter. c Enhanced
MPC with NTD
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Fig. 8.10 Sliding distance
comparison of the two
methods under different
loads
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Chapter 9
ADRC Strategy for Gearless PMSM
Traction Elevators

9.1 Introduction

Gearless traction systems have become the trend of modern elevators because it is
easy to implement the non-machine room application. Several key issues of gear-
less traction systems should be concerned in the control strategy: (1) riding comfort
during startup; (2) stability and security during the operation period; (3) high effi-
ciency and strong robustness. Due to the advantages of high power density, high
torque-to-inertia ratio and high efficiency, the permanent magnet synchronous motor
(PMSM) has been applied widely as the traction machine of the elevator. In zero-
servo process during which the elevator operates from start-by mode to running
mode, the traction motor should generate a suitable electromagnetic torque immedi-
ately to balance the unknown and nonlinear load torque exerted on the tractionwheel.
Thus, the riding comfort could be assured. Originally, weight transducers should be
installed. However, the longline transmission of the weight transducer and non-ideal
environmentwould deteriorate the stability and the riding comfort, aswell as increase
the cost of the traction system. As a result, the starting torque compensation strategy
without installing weight transducers has become the research hotspot.

Several researches have been carried out to improve the performance and
enhance the robustness against unknown disturbance [1–3]. Furthermore, a variety
of advanced control strategies have been presented to reduce the sliding distance
and speed in weight-transducerless elevators. In [4], a compensation strategy based
on the friction model was proposed. The load torque was calculated and compen-
sated by the control system. However, as the friction model is not accurate enough
to calculate the load, the calculated torque reference may have step change, which
will cause mechanical vibration. In [5], the dichotomy and the staircase method
were adopted in the starting torque compensation for weight-transducerless traction
machine. The compensation method could track the equivalent load torque effec-
tively. However, the variation of neighboring electromagnetic torques was also a step
type which would cause vibration during the zero-servo process. In [6], an observer-
based feedforward compensation of load torque was introduced to prevent car sliding
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during the starting process by focusing on the change of inertia. In [7], an adaptive
torque compensation strategy based on fuzzy control was proposed. It provided esti-
mated information for load torque according to the speed and acceleration of the
motor. In spite of the smaller sliding distance and suppressed mechanical vibration
by adopting this strategy, the acceleration information of the motor was difficult to
be obtained because of the interference caused by the derivative calculation. Further-
more, a torque compensation strategy based on offset-free model predictive control
(MPC) which can enhance the capability of balancing uncertain load torque was
proposed in [8]. This strategy can reduce the sliding distance efficiently and get
faster response. However, an accurate plant model is needed in model correction and
receding optimization.

Active disturbance rejection control (ADRC) has been successfully applied in
motor drive system. It is summarized as the combination of nonlinear tracking differ-
entiator (NTD), extended state observer (ESO) and nonlinear proportional–integral–
derivative (NLPID). Owing to the independence of the accurate plant model, ADRC
strategies can be adopted as a robust control strategy against parameter variations,
disturbances and noise. Recently, ADRC has been widely used in PMSM control
such as transducerless position estimation combining with high-frequency signal
injection, high-speed vehicle control, vibration suppression control and speed calcu-
lation of PMSM servo systems. By adopting nonlinear state feedback, the robustness
of controller can be enhanced and the dynamic performance can be improved [9]. As
the load torque can be regarded as a part of the total disturbance of the system, ADRC
is suitable to be applied in the weight-transducerless elevator drives to generate a
matched compensation torque during the startup process.

In this chapter, a novel ADRC scheme based on ESO and nonlinear error feedback
(NLEF) for gearless elevator traction machine drives is proposed [10]. This strategy
can reduce the sliding distance during startup process and enhance the robustness
against the uncertain load disturbance and particular parameter errors. The ESO can
estimate the total disturbance of the system and generate a matched q-axis current
reference to reject the interference of the system. Furthermore, as reversal sliding is
caused by the integrator of conventional proportional–integral (PI) controller in the
speed loop, the PI speed regulator is replaced by a NLEF controller to accelerate the
response. Both the stability and the parameter selection of ESO and NLEF controller
are analyzed to prove the robustness of the controller.

9.2 Establishment of ESO for Direct-Drive Elevator
Traction System

Figure 9.1 shows the proposed scheme of the ADRC for the direct-drive permanent
magnet traction machine during the elevator startup. In Fig. 9.1, PI regulators are
used in the current loop, and ESO is adopted to estimate the nonlinear and uncertain
disturbance. Then a current feedforward component will be added to the q-axis
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Fig. 9.1 Scheme of ADRC during the elevator startup

current reference. Additionally, in order to avoid the negative effects of sliding back
caused by the integrator of speed loop, NLEF control strategy applying a power
function is adopted. The proposed strategy not only accelerates the response speed,
but also enhances the robustness against load disturbance during the brake releasing
process.

ESO is the core part of ADRC. It is independent of the accurate mathematical
model of the controlled object which changes with the environment and operating
conditions. By adjusting the input through the feedback control, total disturbance can
be estimated and suppressed timely, which is beneficial to improve the robustness
and dynamic performance of traction system. The ESO can be illustrated as follows.

For a first-order system, the state equation can be expressed as

{
ẋ1 = f + bu
y = x1

(9.1)

where y is the output of the system, f is a multivariable function of both the state
and the external interference representing the total disturbance, u is the input and b
is the gain of it.

The objective here is to make y as desired by using u as the manipulative variable.
In conventional control strategy, f should be expressed as a specific mathematical
version which is complex and inaccurate. However, in ESO theory, f does not need to
be expressively known. Adopting the idea of state observer, f can be obtained from
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the output information because all factorswhich influence the system operation could
be reflected in the output.

Assuming x2 = f , (9.1) can be written as

{
ẋ1 = x2 + bu
ẋ2 = c(t)

(9.2)

where c(t) is the derivative of x2. The state observer established by (9.2) is

{
ż1 = z2 + l1(x1 − z1) + bu
ż2 = l2(x1 − z1)

(9.3)

where z1 → x1, z2 → f . The effect of uncertain c(t) is modified by the error between
the actual value x1 and observed value z1. If l1 and l2 are selected reasonably, f can
be observed effectively. When the input u is selected as

u = u0 − f

b
, (9.4)

system (9.2) will be changed into a cascade integral form which can be controlled
easily by making u0 a function of error [11]. In this way, the control issue is
transformed to the estimation and rejection of the total disturbance [12].

The mechanical equation of the traction machine can be expressed as

ω̇ = 1

J
(Te − TL) − B

J
ω (9.5)

whereω is the angular speed generated from the raw speed calculation, TL represents
the equivalent load torque including the influence of the rigidity and damper of rope,
J is the rotational inertia, and B is the viscous friction coefficient.

In double-loop motor controlling structure, (9.5) can be transferred into the form
of system (9.2) equivalently as

{
ẋ1 = x2 + bi∗q
ẋ2 = ḋ(t)

(9.6)

where d(t) = (Te − TL)/J − Bω/J − bi∗q , x1 represents the angular speed feedback
ω.

Actually, the speed information is often obtained by using sensors in practical
applications. In the traction control system, differentiated position results are used
as the calculated speed feedback. According to (9.3) and (9.6), the second-order
observer can be established as
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{
ż1 = z2 − l1(z1 − ωe) + bi∗q
ż2 = −l2(z1 − ωe)

(9.7)

where ωe is the estimated speed obtained by the differentiation of the position.

9.3 Stability Analysis and Parameter Selection

To ensure the feasibility of the proposed method, the stability of the control system
should be investigated. In this part, the stability of ESO is analyzed first. And on that
basis, the parameter selection of ESO is given considering the response speed of the
system.

According to the analysis above, (9.7) can be rewritten as the matrix form (9.8)

Ż = AZ + BU (9.8)

where Ż = [ż1, ż2]T, Z = [z1, z2]T, U = [ωe, i∗q ], A =
[

−l1, 1

−l2, 0

]
, B =

[
l1, b

l2, 0

]
.

The characteristic determinant of (9.8) is |s I − A| =
∣∣∣∣∣
s + l1, 1

l2 , s

∣∣∣∣∣ = s2 + l1s + l2.

According to Hurwitz criterion, l1 > 0, l2 > 0 are needed.
For tuning simplicity, the observer gains l1 and l2 can be selected as l1 = 2p and

l2 = p2, respectively. p determines the bandwidth of the observer, which makes both
of the observer poles placed at p. The larger p, the faster the disturbance is observed
by ESO and compensated by the controller, while more high-frequency noises will
be contained in the result obtained from the observer. It is a common trade-off of
the disturbance observer. As for a second-order ESO, the trade-off has less effect on
the system. However, when the order of ESO is higher than 3, the serious influence
by this trade-off becomes obvious. According to the analysis in [13], p cannot be
selected too large or it will lie out of the stable region.When a higher-order observer is
established, more advanced methods should be adopted to enhance the performance
of the ESO. For example, adaptive law can be applied in the parameter tuning of
the observer [14]. When selecting the suitable gains, the system parameters will be
adjusted automatically to ensure the stability. Besides, speed predictive controller
can also be used to enhance the performance of the observer. Based on the model of
PMSM and the theory of MPC, the predictive speed is used as the input of the ESO.
As a result, the available bandwidth of the observer will be improved.

The transfer function between z2 and d(t) can be derived as

z2(s)

d(s)
= l2

l2 + l1s + s2
(9.9)
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where z2(s) is the observed disturbance and d(s) is the actual disturbance. When
selecting l1 = 2p, l2 = p2, (9.9) can be expressed as

z2(s)

d(s)
= p2

(s + p)2
(9.10)

To evaluate the performance of a system, the settling time and the overshoot are
the main dynamic performance indexes. As the overshoot of (9.9) is zero, the settling
time becomes the only factor while choosing p. Define Teso as the settling time of
(9.9). According to [13], Teso can be calculated as

Teso = 5.85/p (9.11)

which represents the response speed for z2(t) tracking d(t).
As analyzed above, the response speed and the performance of the disturbance

rejection both depend on the value of p. However, larger p will cause instability
and vibration when ESO is applied in the closed-loop system. In addition, other
parameters of the ESO will also influence the performance of the whole system such
as the control gain b.

When using ESO as the compensation of the current loop input, the response
speed will depend on the parameters of the observer. In (9.8), z2 is regarded as the
observed value of the total disturbance and can be used as the feedforward of the
system to reject this disturbance in advance. The expression of z2 can be obtained
from (9.8) as

(s2 + l1s + l2)z2 = l2sωe − l2bi
∗
q (9.12)

which is a double-input–single-output system. According to the superposition
theorem, z2 can be divided as the output generated by i∗q and ωe, respectively. It
can be expressed as

⎧⎨
⎩

(s2 + l1s + l2)z21 = l2sωe

(s2 + l1s + l2)z22 = −l2bi∗q
z2 = z21 = z22

(9.13)

Putting z2 as the feedforward, the simplified structure of the control system is
shown in Fig. 9.2.

In Fig. 9.2, iq0 represents the output of speed loop, which is theoretically equal to
zero in steady state. The current reference is the summation of iq0 and z2/b. Kt is the
actual torque per ampere of the motor. G(s) is the transfer function of current loop
after calibration. G1(s) and G2(s) are transfer functions under the action of ωe and
i∗q , respectively. G(s), G1(s) and G2(s) can be expressed as
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Fig. 9.2 Simplified structure
of the control system

⎧⎪⎨
⎪⎩
G(s) = 1

τ s+1

G1(s) = l2s
s2+l1s+l2

G2(s) = −l2b
s2+l1s+l2

(9.14)

where τ = 0.6 ms, representing the equivalent time constant of the current loop.
Moving TL to the action point of iq0 and regarding i∗q as the output, the transfer

function can be expressed as

GH (s) = b

G2(s) + b + G1(s)G(s)b0
s

(9.15)

where b0 = Kt /J. As τ is far less than l1, it can be ignored. Combined with (9.14),
(9.15) can be changed into

GH (s) = s2 + l1s + l2
s2 + l1s + Kl2

(9.16)

where K = b0/b. According to (9.16), the characteristic equation of system is

s2 + l1s + Kl2 = 0 (9.17)

As analyzed above, l1, l2 > 0. As a result, K > 0 is needed to ensure the stability
of the whole control system. So when l1 = 2p, l2 = p2, the root locus of K starts
at (–2p,0) and (0,0) and then separates at (–p,0), extending to both sides toward the
directions parallel with imaginary axis, which means that the system is constantly
stable when K > 0.

It can be concluded that the system will achieve optimized performance and fast
response when selecting the poles as s1 = s2 = –p, in which case K = 1 and the
transfer function GH (s) = 1. It can be known that when K = 1, the output of the
system is equal to the input without time delay and state error. The observed value
of the total disturbance z2 will offset the actual interference of the system including
external torque and control error. In addition, the output of speed loop iq0 will damp
to zero in steady state, which means that the speed of motor can be kept zero and
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the sliding distance can be small enough. When K �= 1, the poles of the system will
deviate and the accuracy of controller will decrease, which results in a larger sliding
distance and a slower response.

However, when K = 1, the gain of input bwill be chosen as b = b0 = Kt /J, which
is not feasible because Kt and J are difficult to be accurately obtained. These two
parameters will change within a certain range during elevator operation, which can
be expressed as

b0 = Kt

J
= Kt0 + �Kt

J0 + �J
(9.18)

where Kt0 and J0 are the normal values, and �Kt and �J are the mismatch errors of
Kt0 and J0, respectively. According to the practical situation of the traction system,
�Kt and �J are selected as follows for analysis,

�Kt = ±0.5Kt0

�J = ±0.5J.
(9.19)

Then selecting b as Kt0/J0, K will be written as

K =
Kt0+�Kt
J0+�J
Kt0
J0

. (9.20)

Combining (9.19) and (9.20), the range of K can be calculated as

⎧⎨
⎩
0.5Kt0 ≤ Kt0 + �Kt ≤ 1.5Kt0

0.5J0 ≤ J0 + �J ≤ 1.5J0
1/3 < J < 3

. (9.21)

Plugging l1 = 2p, l2 = p2 into (9.17), the equation of system pole is

s2 + 2ps + p2K = 0. (9.22)

Then the root contours of p and K can be described as shown in Fig. 9.3.
Figure 9.3 shows the root contours of p and K when 1/3 < K < 3 and p = 10,

40, 60 and 100, respectively. It illustrates that the contours start at (–1.82p, 0) and
(–0.18p, 0). Then they move toward the midpoint through real axis and separate
at (–p, 0), extending to both sides toward the directions parallel with imaginary
axis to (−p, j

√
2p) and (−p,− j

√
2p). From Fig. 9.3, the change tendency of the

bandwidth of the system can be acquired with different values of p. When higher p
is selected, the faster response speed will be achieved. However, it is also shown in
Fig. 9.3 that the range of poles on real axis is [–1.82p, –0.18p], which means that
when p is selected as a larger value, the uncertainty of poles increases. The system
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Fig. 9.3 Root contours of p and K

response will be susceptible to the perturbation of motor parameters. Therefore, the
range of p should be limited to ensure the high performance of the system. Several
experiments have been done on the practical platform to obtain the available range
of p. With larger p, the system shows a better performance. However, when p is
selected as large as 112, the system starts to vibrate in steady state. This means that
p should be selected below 112 when adopting the ESO. Considering there are some
differences among various operating conditions, design margins should be reserved
to make the system robust. As a result, the pole of the system is selected as p ≤ 100.

9.4 NLEF Controller

As analyzed above, ESO estimates and rejects the uncertain and nonlinear total
disturbance of the elevator traction system. Then the nonlinear system is modified as
a cascade integral form, which will simplify the design of error feedback controller.
In the PI control scheme, using the linear error feedback, the controller adds an
integrator to eliminate the static error, which has been verified by internal model
principle. However, after applying ESO to eliminate the total disturbance of the
traction system, the integrator is not necessary because ESO will compensate the
uncertain external interference timely by feeding forward the q-axis current. As a
result, the output of speed loop iq0 will be zero in steady state. When using a PI
controller in the speed loop, the output of integrator is the summation of speed error.
As a result, the opposite speed error is needed to make the output of the integrator
zero, which means that the motor should roll back after sliding. The distance of
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this reversal is uncertain because it depends on the external disturbance and actual
operating conditions. Therefore, a NLEF controller using power function is applied
to compensate the absence of integrator and reduce the sliding distance. Selecting
the power of error as decimals to get rough feedback, the system can achieve faster
response speed and stronger robustness.

Let the input of system (9.6) as i∗q = iq0 − z2
b0
, it is converted to a cascade integral

form

ω̇ = iq0. (9.23)

Defining the nonlinear error feedback as:

{
iq0 = KNL |e|αsign(e)
e = ω∗ − ω

, (9.24)

where KNL is the gain of controller, ω* is the speed reference which is kept zero
during startup. Therefore, (9.23) can be changed into

ė = −KNL |e|αsign(e). (9.25)

The general solution of (9.25) is

⎧⎪⎪⎨
⎪⎪⎩

sign(e0)

( 1

|e0|α−1 +(α−1)KNL t)
1

α−1
,α > 1

x0e−KNL t ,α = 1
sign(e0)(|e0|1−α − (1 − α)KNLt)

1
1−α ,α < 1

(9.26)

where e0 is the initial error. It is shown from (9.26) that there are three circumstances:

1. α > 1(smooth feedback), the error is attenuating at a speed of (KNL)
1

1−α ;
2. α = 1(linear feedback), the error is attenuating at a speed of e−KNL t ;
3. α < 1(rough feedback), when t = |e0|1−α/KNL(1 − α), the error has already

attenuated to zero.

The analysis of (9.26) illustrates that when α < 1, the rough feedback will force
the error to attenuate to zero in limited time, which means that the control efficiency
of rough feedback is better than smooth feedback and linear feedback.

However, as the switching function is used in the rough feedback, the input will
have impulse force to the system especially when KNL is large. In addition, the
error will attenuate at extremely high acceleration, which may cause overshoot at
jump point. These will influence the control performance and even be harmful to
the traction machine. In order to smooth the transient profile around the zeros, the
power function fal is applied to be the decay law of the error controller[15]. It can
be expressed as
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f al(e, α, δ) =
⎧⎨
⎩

e

δ1−α
, |e| < δ

|e|αsign(e), |e| ≥ δ

(9.27)

where 0 < α < 1 and 0 < δ < 1. According to (9.27), the error state equation can be
written as

ė = KNL f al(e, α, δ). (9.28)

On the basis of Lyapunov theory, select the Lyapunov function as

V (x) = e2

2
. (9.29)

When |e| < δ, ė = −KNL
e

δ1−α , so

V̇ (x) = e · ė = −KNL · e2

δ1−α
≤ 0. (9.30)

When |e| ≥ δ, ė = −KNL |e|αsign(e), so

V̇ (x) = e · ė = −KNL · |e|α+1 ≤ 0. (9.31)

It can be seen that both (9.30) and (9.31) are negative definite, which means that
the controller is asymptotically stable in the range of error.

The initial error of system is e0 = 0. During startup, the motor speed ω attenuates
to zero from negative, so ewill attenuate to zero from positive, which means that the
moving state point is located in the space where e > 0.

When |e| ≥ δ, ė = −KNL |e|α ≤ 0. The decay law of the error controller is
a decreasing function, and the state point will move to the switching surface at the
acceleration of−KNL |e|α . Therefore, with the increasement ofKNL, the approaching
speed will be higher, which can enhance the ability of disturbance rejection and get
faster response speed.

When the point arrives at switching surface, it turns to the stage of 0 < e < δ,
in which ė = −KNL

e
δ1−α < 0. In this stage, the decay law is weakened compared

with the exponential approach law,which avoids the severe vibrationwhen state point
crosses over the switching surface. Comparedwith the switch function and saturation
function in common use of nonlinear control, fal has more reasonable approaching
mode. The characteristic curves of three functions are shown in Fig. 9.4.
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Fig. 9.4 Characteristic
curves of three nonlinear
functions
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9.5 Experimental Evaluation

9.5.1 Experimental Setup

The proposed novel ADRC strategy was verified on an 11.7 kW elevator trac-
tion machine using a commercial inverter. The experimental platform is shown in
Fig. 4.13. A same traction machine is mechanically connected to emulate the load
of elevator car. A Sin-Cos encoder (ERN1387) with 2048 P/R is installed on the
machine. The PWM frequency of inverter is set as 6 kHz. The whole control algo-
rithm is executed by a STM32F103VB ARM chip. The control period of the speed
loop is set as 1 ms. The parameters of the permanent magnet traction machines are
shown in Table 4.1.

In order to assure both the stability of the system and the rapid response, the pole of
ESO is selected as: p= 60. The speed feedback is calculated by the subdivided signals
from the Sin-Cos encoder, which is more accurate. The Sin-Cos signals are used for
comparing the sliding distance and speed. In addition, the Sin-Cos encoder will also
generate an incremental count value whose range is 0–8191 per revolution, used to
calculate the sliding distance. As the diameter of the traction sheave is 600 mm, the
sliding distance per count value is 0.23 mm.

In order to compare the proposed strategy with the conventional PI control effec-
tively, parameters of the PI speed controller have been regulated to the optimal asKpω

= 35, Kiω = 100, by which acceptable vibration at steady state and the fast response
will be achieved. Such is the same case in current loop when selecting the parameters
as Kpc = 37.49, Kic = 575.04. For the NLEF controller, the control parameters are
selected as: KNL = 22.3, α = 0.5 and δ = 0.05.
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9.5.2 Performance of the Inner Current Loop

The whole control algorithm is executed by an ARM chip, and the PWM frequency
of inverter is set as 6 kHz. The control period of the speed loop is set as 1 ms,
which means that the current loop regulating period is one-sixth of that of the speed
loop. The response of the current loop using optimal PI controller is sufficiently fast.
Figure 9.5a, b shows the current response of the traction system, with the optimal
parameters as Kpc = 37.49 and Kic = 575.04. It can be seen that with the well-
designed parameters, the current feedback can trace the current reference well. The
proposed ADRC strategy focuses more on the rapid balance between the output of
the speed controller and the changing disturbance.

Fig. 9.5 Experimental
results of q-axis current
reference and feedback with
PI regulator. a Under 60%
rated load. b Under 100%
rated load

Time (s)

0

2.051.01.00.0 50.0 0.25 0.3 0.35 0.4 0.45 0.5

q-axis current 
feedback

q-axis current 
reference0

0.4(p.u.)

0.4(p.u.)

Time (s)

0

2.051.01.00.0 50.0 0.25 0.3 0.35 0.4 0.45 0.5

q-axis current 
feedback

q-axis current 
reference0

0.4(p.u.)

0.4(p.u.)

a

b



176 9 ADRC Strategy for Gearless PMSM …

9.5.3 Experimental Results of ESO with Different Gain B

Under the same experimental conditions, the experimental results of the PI speed
regulator and that of adding the ESO for compensation with b = 1 and b = Kt0 /J0
are shown in Fig. 9.6. These experimental results are executed under 60 and 100%
of rated load.
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Fig. 9.6 Experimental result only using PI speed regulator and that of adding the ESO. A Under
60% rated load only using PI speed regulator.bUnder 100% rated load only using PI speed regulator.
c Under 60% rated load adding ESO when b = 1. d Under 100% rated load adding ESO when b
= 1. e Under 60% rated load adding ESO when b = Kt0/J0. f Under 100% rated load adding ESO
when b = Kt0/J0
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In Fig. 9.6a, b, the middle waveforms are the sliding distance and the bottom
waveforms are the q-axis current. From Fig. 9.6a, b, the sliding distance is as large
as 4.37 mm under 60% of rated load and 7.59 mm under 100% load. This means
severe negative influence on the riding comfort of the passengers.

In Fig. 9.6c–f, the secondwaveforms are the sliding distance and the third ones are
the sliding speed. From Fig. 9.6c, d, the sliding distance is reduced to 1.15 mm under
60% rated load and 1.38 mm under 100% rated load when b is selected as: b = 1. It
is also can be seen that after sliding, the motor will roll back to the opposite direction
for about 1.38 mm under 60% rated load and 1.61 mm under 100%. In addition,
as can be seen from the third waveforms of Fig. 9.6c, d, the sliding speed is about
0.5r/min and the motor vibrates during the zero-servo process with an overshoot of
about 0.3r/min which forces the motor to slide back. This is due to the integrator in
the PI controller of speed loop. Furthermore, the q-axis current has slight fluctuation
in steady state, which means that the system is not stable enough.

To optimize the performance of system, let b = Kt0/J0, which is the normal
parameter of the traction machine. The experimental results are shown in Fig. 9.6e,
f. As can be seen, the sliding distance is reduced to 1.15 mm under 100% rated load.
Compared with Fig. 9.6c, d, the response time is reduced from 0.42 to 0.27 s when
exerting 60% rated load and 0.43–0.31 s under 100% rated load. Particularly, q-axis
current is smoother and steadier during the zero-servo process without any vibration.
In addition, the distance of the sliding reversal is reduced to 0.92 mm under both
60 and 100% rated load. In summary, when b = Kt0/J0, the system obtains a faster
response speed and stronger robustness.

9.5.4 Experimental Results of ESO Combining with NLEF

As analyzed above, the integrator in speed loop causes the overshoot of speed which
leads to the opposite sliding. It should be refrained by canceling the integrator,
whichwill inevitably degrade the performance of the regulatorwith only proportional
control. Under the same parameters of the control system, the experimental result
of ESO with only proportional control in speed loop is shown in Fig. 9.7. As can
be seen, the sliding distance rises to 4.37 mm under 100% rated load. As a result,
the adoption of a high-efficiency speed loop regulator such as NLEF controller is
needed.

Using the proposed control scheme with ESO and NLEF, the experiments are
executed under the same experimental conditions. Under 20%, 60% and 100% rated
load when selecting gain b= 1 and b= Kt0/J0, respectively, the experimental results
are shown in Fig. 9.8.

As can be seen from Fig. 9.8a–c, the sliding distance of the motor is as short as
0.23, 0.69 and 1.15 mm under different rated load, and the sliding direction reversal
is avoided. In addition, these figures also illustrate that the sliding speed is lower and
smoother without overshoot and serious vibration. The maximum speed is around
0.5r/min with a fast response in as short as 0.22 s under 100% rated load. These
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Fig. 9.7 Experimental result
using ESO canceling
integrator
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results indicate that the system will achieve shorter zero-servo time and provide
better riding comfort.

However, it can be seen that when selecting b = 1, the q-axis current shows an
urgent peak at the beginning of the motor operation under any loads, which has
been circled in the figure. The urgent peak means that there is a heavy shock torque
generated by themotor. This shockwill cause harmful impact on the tractionmachine
such as mechanical looseness and parts depreciation especially when the load torque
is large. Even sometimes it will influence the stability of the system. Compared with
b= 1, Fig. 9.8d–f shows the experimental results with b= Kt0/J0. It can be seen that
when b is selected as Kt0/J0, the q-axis current becomes smoother and steadier, and
the peak is eliminated. During the dynamic regulating period, the q-axis current rises
fast and smoothly owing to the characteristics of rough feedback and the optimized
poles. Taking the advantages of the NLEF controller, the problem of sliding back is
prevented. So the maximum sliding speed and sliding distance are both small.

The research topic of weight-transducerless control strategy for gearless elevator
has been studied for several years. The reference [8] was proposed by our previous
researchers adopting MPC. It was a model-based control strategy which had been
realized on the same experimental platform. When adopting the offset-free MPC
strategy in [8], the sliding distances in 20%, 60% and 100% rated load are 0.45 mm,
1.35 mm and 1.5 mm, respectively, while the ones adopting ADRC are 0.23 mm,
0.69 m and 1.15 mm. The comparison among the PI speed regulator, the offset-
free MPC and the proposed ADRC strategy with ESO and NLEF controller under
different loads are shown in Fig. 9.9. From Fig. 9.9, the sliding distance and speed of
the proposed method are the shortest compared with the others under various loads,
verifying its good performance with a fast response, no mechanical vibration and no
steady-state speed error.
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Fig. 9.8 Experimental result using ESO and NLEF.AUnder 20% rated load when b = 1. BUnder
60% rated load when b = 1. c Under 100% rated load when b = 1. d Under 20% rated load when
b = Kt0/J0. e Under 60% rated load when b = Kt0/J0. f Under 100% rated load when b = Kt0/J0



180 9 ADRC Strategy for Gearless PMSM …

Rated load (%)
100 20 30 40 50 60 70 80 90 100

PI control 

ESO+NLEF

Sl
id

in
g 

di
st

an
ce

 (m
m

)

a

-8

-6

-7

-5

-3

-4

-2

0

-1

Rated load (%)
0 20 40 60 80 100

PI control 

ESO+NLEF

Sl
id

in
g 

sp
ee

d 
(r

/ m
in

)

b

0

-0.4

-0.2

-0.6

-1.0

-0.8

-1.4

-1.2

10 30 50 70 90

Off-set free MPC

Off-set free MPC

Fig. 9.9 Comparison among the PI speed regulator, the offset-free MPC and the proposed ADRC
under various loads. a Sliding distance. b Sliding speed

9.6 Summary

This chapter presents a novel ADRC scheme based on ESO and NLEF controller for
direct-drive elevator traction machine drives to estimate and reject the total distur-
bance in order to reduce the sliding distance during startup and enhance the robust-
ness. On behalf of the core part of ADRC, the ESO acts as a current compensa-
tion model to enhance the ability of rejecting interference of the system. In order
to overcome the sliding back of the elevator car caused by the integral term of
conventional PI controller, the nonlinear rough feedback is used in the regulator of
speed loop to accelerate the response speed. Both the stability and the parameter
selection of ESO and NLEF controller are analyzed, especially when considering
normal parameters of the traction machine. Instead of applying the conventional PI
as the speed regulator, the proposed control strategy adopting ADRC with ESO and
NLEF can effectively improve the dynamic performance and provide the suitable
and smooth equivalent current reference, which benefits the robustness of the system
and decreases the striking. Therefore, the riding comfort can be improved due to
the smaller sliding distance and lower sliding speed during the zero-servo process.
Experimental results verify the effectiveness and feasibility of the proposed control
strategy without vibration and overshoot for the direct-drive elevators.
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