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1

GENERAL INTRODUCTION

1.1 Overview of Variable Speed Drive System

The electrical drive technology is one of the most critical technologies for the quality of life of
human beings. It has found wide applications in domestic and industrial sectors, including, but
certainly not limited to, transportation electrification such as pure electrical vehicles, hybrid
electrical vehicles, locomotives, metros, electrical multiple units and electrical boats, renewable
energy conversion such as wind power generation systems, hydroelectric power plants, fuel cell
power generation systems and marine power generation systems, industrial manufacturing such as
machine tools, robots and conveyors, home appliances such as washing machines, electrical fans
and air conditioning systems [1]-[6]. In recent decades, with the acceleration of urbanization and
modernization of many countries in the world, there are increasing concerns about global warming
and air quality issues, leading to the increasing demand for the environmentally-friendly alternatives
to fossil-fuel-based electrical power generation systems and transportation systems, most of which

require the advanced electrical drive technology [3].

The variable speed drive (VSD) system, which is the electrical drive system used for the
regulation of both speed and torque of the electrical motor, plays a key role in the existing
environmentally-friendly transportation systems [2]. Such a system is an electromechanical device
that converts the electrical energy from the direct current (DC) or the alternating current (AC)
electrical power supply into mechanical energy for the mechanical load. The VSD system can work
in a hostile environment, offer a wide range of torques over a wide speed range, provide excellent
starting and acceleration performance, and achieve zero-emission, low-noise and four-quadrant

operation [1]. As illustrated in Figure 1.1, the VSD system is mainly composed of six parts: the
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electrical power supply, the power electronic converter, the electrical motor, the mechanical load,

the control unit and the measurement unit [1].

Electrical Power Electrical
x"— > Electronic J >
Power Supply Converter Motor

Measurement
Unit

> Control Unit

Figure 1.1 Block diagram of the variable speed drive system.

The electrical power supply in the VSD system is used to meet different electrical power
requirements of power electronic converters and electrical motors in different applications. In
general, it receives the electrical energy from one or more power sources, such as electrical power
grids, renewable energy storage devices, and generators in thermal, wind or hydro power stations
[1], [4], [6]. Furthermore, it can also receive the electrical power generated by the electrical motor

operating in the regenerating mode, and feed it back to the power source.

The power electronic converter in the VSD system is constructed using uncontrollable and/or
controllable power semiconductor devices, including diodes, silicon controlled rectifiers, metal-
oxide-semiconductor field-effect transistors and insulated-gate bipolar transistors (IGBTs) [1]-[3].
By means of the high-frequency switching of adopted controllable power semiconductor devices,
power electronic converters can convert the electrical energy received from the electrical power
supply into appropriate forms in terms of the voltage or the current based on the requirements of
electrical motors. Although there exist many topologies of power electronic converters for different
purposes, the most widely used topologies in VSD systems are uncontrolled and controlled AC-DC
converters, commonly known as rectifiers, AC-DC converters, commonly known as inverters, and
DC-DC converters. The existing inverters used in VSD systems can be divided into various types
based on different criteria [1]-[3]. According to the types of energy storage devices in the DC-link,
they can be divided into current-source and voltage-source inverters (VSls). Based on the utilization
ratio of the DC-link voltage, they can be divided into half-bridge and full-bridge inverters.
Depending on the number of output voltage or current levels, they can be divided into two-level and

multilevel inverters. According to the number of electrical motor’s phases, they can be divided into
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one-phase, two-phase, three-phase and multiphase inverters. Among these different types of
inverters, the three-phase two-level half-bridge VSI, or two-level VSI (2L-VSI) for short, is the most

widely used inverter for commercial VSD systems [1]-[3].

The electrical motor in the VSD system achieves the electromechanical energy conversion and
can be regarded as the heart of the VSD system. In fact, the purpose of the use of the control unit
and the power electronic converter in the VSD system is to make it possible for the electrical motor
to achieve the high-performance operation. The existing electrical motors can be divided into DC
and AC motors according to the types of supplying electrical power. Moreover, they can be divided
into single-phase, two-phase, three-phase and multiphase motors based on the number of phases [1].
Compared with DC motors, AC motors provide wider speed range, achieve better speed and torque
control performance, and require less maintenance [3]. Owing to such attractive features, AC motors
are dominant in high-performance VSD systems. Until now, various types of AC motors have been
designed for VSD systems [1]-[10]. Among them, induction motors, permanent-magnet
synchronous motors (PMSMs) and switched reluctance motors have gained much attention in recent
decades [1]-[10]. The PMSMs used in VSD systems can be divided into surface-mounted PMSMs
(SPMSMs) and interior PMSMs (IPMSMs) depending on the location of permanent-magnet

materials in the rotor [1]-[3].

The mechanical load in the VSD system has different characteristics in different applications.
Meeting the requirement of the mechanical load in terms of the torque and the power is the purpose
of designing the VSD system. Therefore, before starting to design the VSD system, the
characteristics of the mechanical load should be obtained, such that some unexpected phenomena

including overloading, overheating and instability can be avoided [1].

The measurement unit in the VSD system is mainly dependent on various measuring devices,
including the absolute or the incremental encoder for acquiring the rotor position information of the
electrical motor, the Hall-effect current sensors for measuring two-phase or three-phase stator
currents of the electrical motor, and the DC-link voltage sensor for measuring the DC-link voltage.
The main task of the measurement unit is to achieve the real-time measurement of all necessary

information required by the control unit.

The control unit in the VSD system is mainly based on hardware controllers, such as
microprocessors, field programmable gate arrays and digital signal processors (DSPs), and relevant
software. The control unit can be regarded as the head of the VSD system. Through the measurement
unit, the control unit samples all necessary information required by the implementation of the control

strategy. Afterward, based on the implemented control strategy, the control unit generates the high-
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frequency switching command for the controllable power semiconductor devices in the power
electronic converter such that the desired response of the electrical motor and the required

characteristics of the mechanical load can be accomplished.

In order to achieve certain traction characteristics of the VSD system, high-performance control
strategy should be implemented in the control unit. With the rapid development of hardware
controllers, the closed-loop vector-based control strategies have been widely used in high-
performance VSD systems, where the field-oriented control (FOC) strategy and the direct torque
control (DTC) strategy are two most widely used control strategies [1]-[3], [7]. Both these two
control strategies adopt the cascaded control structure composed of the inner loop and the outer loop.
With respect to the inner loop, the FOC strategy uses it to achieve the tracking control of the certain
current components and the DTC strategy use it to achieve the tracking control of the stator flux
linkage and the torque. With respect to the outer loop, both these two control strategies use it to

achieve the tracking control of the rotor speed.

1.2 Motivation

In this thesis, the focus is on the field-oriented controlled three-phase SynRM-based VSD (SynRM-
VSD) system and the field-oriented controlled three-phase SPMSM-based VSD (SPMSM-VSD)
system. Note that all AC motors mentioned in the rest of this thesis are three-phase AC motors. In
the FOC strategy for each considered VSD system, the rotor speed controller used in the outer loop,
or as often called the speed control loop, is designed based on the speed dynamics, while two stator
current controllers used in the inner loop, or as often called the current control loop, are designed
using two current dynamics in the rotor reference frame. From a practical point of view, the speed
and the current dynamics of each considered motor are nonlinear systems subjected to unmodeled
dynamics, such as the current measurement errors, the cogging torque and the rotor flux linkage
harmonics of the SPMSM, and the inverter nonlinearities, parametric uncertainties, including the
variations of mechanical and electrical parameters, and external disturbances, such as the load
torque and the friction torque [11]. In the speed or the current tracking error dynamics of each
considered motor, the aforementioned unmodeled dynamics, parametric uncertainties and external
disturbances can be lumped together, and the lumped disturbance in each tracking error dynamics is
time-varying in practice.

In the FOC strategy, the linear proportional-integral (P1) controller is the most popular choice

for the speed or the current control [1]-[3]. On the basis of the integral action, the linear PI controller
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can asymptotically stabilize the tracking error dynamics in the presence of the constant lumped
disturbance [12]. However, as has been stated above, the lumped disturbance in the speed or the
current tracking error dynamics of each considered motor is time-varying rather than constant.
Therefore, the linear Pl controller cannot provide satisfactory control performance over a wide
operating range of each considered VSD system. In order to address the robust tracking control
problem of each considered VSD system, the nonlinear controller has been regarded as a better

solution compared with the linear PI controller [13]-[30].

In the last three decades, with the rapid development of the hardware controller, various
nonlinear controllers have been designed and integrated into the FOC strategies for two considered
VSD systems, such as adaptive controllers [13]-[16], sliding-mode controllers [17]-[20],
backstepping controllers [21]-[24], predictive controllers [25]-[28] and robust controllers [29], [30].
In theory, with the controller parameters satisfying some stability criteria, these nonlinear controllers
can achieve the asymptotic or the finite-time stabilization of the tracking error dynamics in the
presence of the time-varying lumped disturbance. The tracking control system based on any one of
the aforementioned controllers can be regarded as a one-degree-of-freedom system in which the
feedback regulation mechanism is used to deal with several control performance indices, such as
system stability, tracking performance, disturbance attenuation and robustness [31]. However, with
the feedback regulation mechanism, there often exist contradictions among some above-mentioned
control performance indices for the tracking control system, and one of the most remarkable
contradictions is the tracking performance versus disturbance attenuation [31]. Taking the sliding-
mode speed controller as an example, such a controller is dependent on the bounded-function-based
feedback regulation mechanism [17]-[20]. When the gains of such a controller increase, the
disturbance attenuation ability of the speed tracking control system improves, leading to the better
dynamic response and the lower steady-state tracking error. On the other hand, if the controller gains
are too large, severe high-frequency oscillations, or as often called the chattering, arise in the
controller output, resulting in significantly degraded speed tracking performance and large noise
[18], [32]. Therefore, the conservative gains are usually selected for the adopted nonlinear controller
to trade off some above-mentioned control performance indices, which makes it difficult for this

nonlinear controller to meet the performance requirements in some applications.

In order to improve the disturbance attenuation ability without sacrificing the tracking
performance of the tracking control system, the idea of the disturbance-observer-based control
(DOC) can be introduced to the controller design [12], [31], [33]. As illustrated in Figure 1.2, the
principle behind the DOC is that the disturbance observer (DO) is introduced to the tracking control

system such that the disturbance attenuation is accomplished by the DO-based feedforward
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compensation mechanism, adding an extra degree of freedom to the tacking control system. Note
that the internal disturbances shown in Figure 1.2 denote the disturbances caused by the parametric
uncertainties of the plant. With the help of the DO, the design of the nonlinear controller is able to
focus on the tracking performance specifications without considering the disturbance attenuation
problem. In other words, the design of the DO-based nonlinear controller, or as often called the
composite controller, follows the separation principle, i.e., the required tracking performance and
the disturbance attenuation are accomplished by the nonlinear-controller-based feedback regulation
mechanism and the DO-based feedforward compensation mechanism, respectively [12], [31], [33].
With the same conservative controller gains, the composite controller can achieve better tracking

performance than the adopted nonlinear controller.

External
Disturbances
Reference l Real
Output + Output
Plant Signal

Signal

Nonlinear
P Controller ’_>O_> Internal —>
+ + + Disturbances +
- - 5 + Noise

—

Disturbance

Observer < ?

Estimated Disturbances

Figure 1.2 Block diagram of the disturbance-observer-based nonlinear control.

Until now, assorted types of DOs have been used to construct composite controllers for the
field-oriented controlled AC motor drive systems, including the frequency-domain DO [34], the
unknown input observer [35], the generalized Pl observer [36], the extended state observer (ESO)
[37], the first-order sliding-mode observer (FOSMO) [38], the extended FOSMO [39], the super-
twisting sliding-mode observer (STSMO) [40] and the artificial neural network-based disturbance
observers (ANN-DOs) [41]-[50]. However, the composite controllers for some existing nonlinear
controllers such as the modified super-twisting sliding-mode (STSM) controller proposed in [51]
still need to be developed. Moreover, with respect to some existing compaosite controllers such as

the one proposed in [52], there are some issues that need to be tackled.

1.3 Main Contributions



Chapter 1 General Introduction

This thesis is dedicated to the development of novel composite controllers for a single-input

uncertain nonlinear system with relative degree one and their application to the construction of
robust FOC strategies for 2L-VSI-fed SynRM-VSD and 2L-VSI-fed SPMSM-VSD systems. The
main contributions of this thesis are summarized as follows:

1)

2)

A composite controller consisting of a standard STSM controller, a Hermite neural network-
based disturbance observer (HNN-DQ) and an error compensator is proposed for a single-input
uncertain nonlinear system with relative degree one and applied to the speed control loop of the
FOC strategy for the 2L-VSI-fed SynRM-VSD system. In such a composite controller, the
standard STSM controller is used to achieve the finite-time stabilization of the sliding variable
dynamics, the HNN-DO is used to compensate the lumped disturbance in the sliding variable
dynamics and the error compensator is used to compensate the approximation error of the
adopted HNN-DO. The rigorous stability analysis of the sliding variable dynamics with the
proposed composite controller is presented. Based on that, the learning laws for the connective
weights between the output neuron and the hidden neurons in the HNN-DO and the error
compensator are rigorously derived. Even though the HNN-DO is replaced by another type of
ANN-DO in this composite controller, such learning laws can still be used to update the
connective weights between the output neuron and the hidden neurons in the adopted ANN-DO
and its corresponding error compensator online. Besides the composite speed controller, two
composite current controllers, each of which consists of two standard STSM controllers and
takes the magnetic saturation effect into account, are also proposed for the current control loop
of the FOC strategy for the 2L-VSI-fed SynRM-VSD system. Rigorous stability analysis of each
current tracking error dynamics using the corresponding composite current controller is
presented. Comparative hardware-in-the-loop (HIL) tests between the proposed FOC strategy,
which uses the proposed composite speed controller and two composite current controllers, and
the classic STA-based FOC strategy, which uses a standard STSM speed controller and two
linear PI current controllers, for the 2L-VSI-fed SynRM drive system are performed to verify

the feasibility and the superiority of the former.

A composite controller consisting of a modified STSM controller and a second-order ESO is
proposed for a single-input uncertain nonlinear system with relative degree one and applied to
the speed control loop of the FOC strategy for the 2L-VSI-fed SPMSM-VSD system. In such a
composite controller, the modified STSM controller is used to achieve the finite-time
stabilization of the sliding variable dynamics and the second-order ESQO is used to compensate

the lumped disturbance in the sliding variable dynamics. The rigorous stability analysis of the



Chapter 1 General Introduction

3)

4)

sliding variable dynamics with the proposed composite controller is presented. Comparative
experimental tests among the standard STSM speed controller, the ESO-based standard STSM
speed controller, the modified STSM speed controller and the proposed composite speed
controller are performed on a suitably developed experimental test bench in the frame of the
FOC strategy for the 2L-VSI-fed SPMSM-VSD system. Experimental results validate the
feasibility and the superiority of this proposed composite speed controller.

A composite controller consisting of a sign function-based complementary sliding-mode (CSM)
controller and a STSMO is proposed for a single-input uncertain nonlinear system with relative
degree one and applied to the speed control loop of the FOC strategy for the 2L-VSI-fed
SPMSM-VSD system. In such a composite controller, the sign function-based CSM controller
is used to achieve the asymptotic stabilization of the output tracking error dynamics and the
STSMO is used to compensate the lumped disturbance in the output tracking error dynamics.
The rigorous stability analysis of the output tracking error dynamics with the proposed
composite controller is presented. Comparative experimental tests among the classic CSM speed
controller, three selected ElIman neural network (ENN)-based intelligent CSM (ENN-ICSM)
speed controllers, each of which is dependent on a ENN-based DO (ENN-DO) and an error
compensator, and the proposed composite speed controller are performed on a suitably
developed experimental test bench in the frame of the FOC strategy for the 2L-VSI-fed
SPMSM-VSD system. Experimental results validate the feasibility and the superiority of this

proposed composite speed controller.

A composite controller based on a classic model reference adaptive (MRA) controller and a
STSMO is proposed for a single-input uncertain nonlinear system with relative degree one and
applied to the speed control loop of the FOC strategy for the 2L-VSI-fed SPMSM-VSD system.
A stable first-order linear model is selected as the reference model to describe the desired output
trajectory. The proposed composite controller comprises three terms. The first term is the
stabilization term, which is dependent on known parameters of the system and the selected
reference model, for stabilizing the output tracking error dynamics asymptotically. The second
term is the disturbance compensation term, which is based on the STSMO, for compensating
the lumped disturbance in the output tracking error dynamics. The third term is the error
compensation term, which is updated online by an adaptive law, for confronting the estimation
error of the STSMO in practice. The rigorous stability analysis of the output tracking error
dynamics with the proposed composite controller is presented. Based on that, the adaptive law

for the error compensation term in the proposed composite controller is rigorously derived.
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Comparative experimental tests among three selected classic MRA speed controllers, three
radial basis function neural network-based MRA (RBFNN-MRA) speed controllers, each of
which is dependent on a RBFNN-based DO (RBFNN-DO), and the proposed composite speed
controller are performed on a suitably developed experimental test bench in the frame of the
FOC strategy for the 2L-VSI-fed SPMSM-VSD system. Experimental results validate the

feasibility and the superiority of this proposed composite speed controller.

Remark 1.1. In this thesis, to distinguish above-mentioned proposed composite controllers from
each other, the proposed composite controller consisting of a standard STSM controller, a HNN-DO
and an error compensator is named as the type-1 composite controller, the proposed composite
controller consisting of a modified STSM controller and a second-order ESO is named as the type-
2 composite controller, the proposed composite controller consisting of a sign function-based CSM
controller and a STSMO is named as the type-3 composite controller, and the proposed composite
controller consisting of a classic MRA controller and a STSMO is hamed as the type-4 composite

controller.

1.4 Scientific Publications

Journal Paper

[1] Y. -C. Liu, S. Laghrouche, A. N’Diaye, and M. Cirrincione, “Hermite neural network-based
second-order sliding-mode control of synchronous reluctance motor drive systems,” Journal of
the Franklin Institute, Accepted.

[2] Y. -C. Liu, S. Laghrouche, D. Depernet, A. Djerdir, and M. Cirrincione, “Disturbance-
observer-based complementary sliding-mode speed control for PMSM drives: A super-twisting
sliding-mode observer-based approach.” IEEE Journal of Emerging and Selected Topics in
Power Electronics, Accepted.

Journal Papers Submitted for Peer-Reviewing

[1] Y. -C. Liu, S. Laghrouche, D. Depernet, A. N’Diaye, A. Djerdir, and M. Cirrincione,
“Disturbance-observer-based speed control for SPMSM drives using modified super-twisting
algorithm and extended state observer.”

[2] Y. -C. Liu, S. Laghrouche, D. Depernet, A. Djerdir, and M. Cirrincione, “Super-twisting

sliding-mode observer-based model reference adaptive speed control for PMSM drives.”
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Conference Papers

[1] Y.-C.Liu, S. Laghrouche, A. N’Diaye, and M. Cirrincione, “Active-flux-based super-twisting
sliding mode observer for sensorless vector control of synchronous reluctance motor drives,”
in Proceedings of 7th International Conference on Renewable Energy Research and
Applications, pp. 402-406, Oct. 2018.

[2] Y. -C. Liu, S. Laghrouche, A. N’Diaye, S. Narayan, G. Cirrincione, and M. Cirrincione,
“Sensorless control of synchronous reluctance motor drives based on the TLS EXIN neuron,”
in Proceedings of 2019 IEEE International Electric Machines & Drives Conference, pp. 1737-
1741, May 2019.

[3] Y. -C. Liu, S. Laghrouche, A. N’Diaye, and M. Cirrincione, “Model predictive current and
capacitor voltage control of post-fault three-level NPC inverter-fed synchronous reluctance
motor drives,” in Proceedings of 2019 International Aegean Conference on Electrical
Machines and Power Electronics & 2019 International Conference on Optimization of
Electrical and Electronic Equipment, pp. 221-226, Aug. 2019.

[4] Y.-C.Liu, A.N’Diaye, S. Laghrouche, A. Djerdir, and M. Cirrincione, “ldentification of neural
network magnetic models of synchronous reluctance motors based on Levenberg-Marquardt
back-propagation algorithm and genetic algorithm optimization,” in Proceedings of 2019
International Conference on Innovation Energy, pp. 1-10, Oct. 2019.

1.5 Outline of the Thesis

This thesis is divided into eight chapters. The remaining chapters are organized as follows:

Chapter 2: At first, the practical dynamic models of the SPMSM and the SynRM in terms of the
rotor mechanical speed and two stator current components in the rotor reference frame are presented,
respectively. In the practical dynamic model of the SPMSM, the unmodeled dynamics, including
the inverter nonlinearities, the cogging torque, the rotor flux linkage harmonics and the current
measurement errors, the external disturbances consisting of the load torque and the friction torque,
and the parametric uncertainties comprising the variations of mechanical and electrical parameters
are taken into account. In the practical dynamic model of the SynRM, the unmodeled dynamics,
including the inverter nonlinearities and the current measurement errors, the external disturbances
composed of the load torque and the friction torque, and the parametric uncertainties consisting of
the variations of mechanical and electrical parameters are taken into account. Afterward, the

principles of the FOC strategies for these two considered VSD systems are briefly introduced.
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Finally, the descriptions of the HIL test bench and the experimental test bench are presented.

Chapter 3: Two model-based extended DOs and four model-free DOs for a single-input uncertain
nonlinear system with relative degree one are briefly reviewed. More specifically, the two model-
based extended DOs are the second-order ESO and the STSMO. Four model-free DOs include three
widely used feedforward neural network-based DOs (FNN-DOs), i.e., the three-layer perceptron-
based DO (TLP-DO), the RBFNN-DO and the HNN-DO, and a widely used recurrent neural
network-based DO (RNN-DO), i.e., the ENN-DO. Furthermore, regarding the derivation of the
learning laws for some parameters in above-mentioned model-free DOs, two widely used

approaches are introduced.

Chapter 4: The design and the rigorous stability analysis of the type-1 composite controller for a
single-input uncertain nonlinear system with relative degree one are presented. Afterward, based on
the practical speed dynamics of the SynRM, the type-1 composite controller is designed as a rotor
speed controller for the construction of a novel robust FOC strategy for the 2L-VSI-fed SynRM-
VSD system. Moreover, based on the practical current dynamics of the SynRM, two composite
current controllers, each of which consists of two standard STSM controllers, are designed for such
a robust FOC strategy, and related rigorous stability analyses are presented. The results of
comparative HIL tests between the proposed FOC strategy and the classic STA-based FOC strategy,
which is based on a standard STSM speed controller and two linear PI current controllers, for the

2L-VSI-fed SynRM drive system are presented and analyzed.

Chapter 5: The design and the rigorous stability analysis of the type-2 composite controller for a
single-input uncertain nonlinear system with relative degree one are presented. Afterward, based on
the practical speed dynamics of the SPMSM, the type-2 composite controller is designed as a rotor
speed controller for the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-
VSD system. The results of comparative experimental tests among the standard STSM speed
controller, the ESO-based standard STSM speed controller, the modified STSM speed controller
and the type-2 composite speed controller in the frame of the FOC strategy for the 2L-VSI-fed
SPMSM-VSD system are presented and analyzed.

Chapter 6: The design and the rigorous stability analysis of the type-3 composite controller for a
single-input uncertain nonlinear system with relative degree one are presented. Afterward, based on
the practical speed dynamics of the SPMSM, the type-3 composite controller is designed as a rotor
speed controller for the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-

VSD system. The results of comparative experimental tests among the classic CSM speed controller,
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three selected ENN-1CSM speed controllers and the type-3 composite speed controller in the frame
of the FOC strategy of the 2L-VSI-fed SPMSM-VSD system are presented and analyzed.

Chapter 7: The design and the rigorous stability analysis of the type-4 composite controller for a
single-input uncertain nonlinear system with relative degree one is presented. Afterward, based on
the practical speed dynamics of the SPMSM, the type-4 composite controller is designed as a rotor
speed controller for the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-
VSD system. The results of comparative experimental tests among the three selected classic MRA
speed controllers, three selected RBFNN-MRA speed controllers and the type-4 composite speed
controller in the frame of the FOC strategy for the 2L-VSI-fed SPMSM-VSD system are presented
and analyzed.

Chapter 8: Conclusions and perspectives for future work are presented.
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2

MODELING AND CONTROL OF SPMSM-
VSD AND SYNRM-VSD SYSTEMS

2.1 Introduction

The AC synchronous motor, as its name implies, is the AC motor that rotates synchronously with
the frequency of the stator current in the steady-state operation. Nowadays, among existing AC
synchronous motors, PMSMs are the most attractive AC synchronous motors for high-performance
VSD systems [1]-[4]. Since there is no field winding in the rotor and the permanent-magnet materials
are used to generate the rotor flux linkage, the PMSM has smaller mass and volume, higher
efficiency, torque and power densities compared with the induction motor and the switched
reluctance motor at the same power level. Such attractive features make the PMSM-based VSD
(PMSM-VSD) system popular and even dominant in many applications. However, there are some
shortcomings for the PMSM, and the most concerned one is the costs of the permanent-magnet
materials [5]. Generally speaking, the higher the strength of the adopted permanent-magnet materials
is, the larger the benefits enjoyed by the PMSM are. The neodymium-iron-boron (NdFeB) magnet
materials are the most widely used high-strength rare-earth permanent-magnet materials for PMSMs
[5]. It can be said that the commercial availability of such permanent-magnet materials makes it
possible to achieve the mass commercialization of PMSMs in domestic and industrial sectors. For
example, nearly all PMSMs used in existing commercial electrical vehicles adopt the NdFeB magnet
materials [6]. The price of the neodymium metal experienced a huge increase between the beginning
of 2010 and the middle of 2011, resulting in the significant rise of the costs of the NdFeB magnet
materials [6]. Although the price of the neodymium metal decreased quickly after reaching the peak,
the drastic variation of such a price have motivated many researchers from industry and academia
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to start to find powerful alternatives to the PMSM using the NdFeB magnet materials [6]. The
SynRM, which can date back to the 1920s [7], has been considered as a potential choice in recent
decades [5], [6], [8], [9]. This type of AC synchronous motor is equipped with a simple, windingless,
magnetless and salient-pole rotor structure. Such a rotor structure makes the SynRM enjoy the
advantages in terms of robustness and costs. However, the price we have to pay for obtaining these
attractive features is that the torque and the power densities of the SynRM are poorer than those of
the PMSM [5]. Therefore, before the advent of a breakthrough in the SynRM design, the PMSM
cannot be replaced by the SynRM in high-performance VSD systems [6]. On the other hand,
compared with the induction motor, the SynRM have some advantages, such as higher efficiency,
higher overload capacity and lower rotor losses. Hence, the well-designed SynRM has been deemed
as a powerful alternative to the induction motor in recent years, and have been successfully applied

in the water pumping system, the fan system and the compression refrigeration system [9]-[12].
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Reluctance Torque Assisted PMSM
Inset SPMSM IPMSM

Figure 2.1  Categorization of AC synchronous motors based on the torque generation

mechanism [13].

Up to now, various types of PMSMs have been proposed. They have the same stator structure
as the SynRM. To distinguish them from each other, the motor’s torque generation mechanism can
be selected as an index. In general, the torque generated by PMSMs consists of two terms: the
magnet torque and the reluctance torque [5], [13]. The former is proportional to the rotor flux linkage
and the latter is proportional to the difference between the direct-axis and the quadrature-axis
inductances, namely the rotor saliency. Different combinations of the magnet torque and the
reluctance torque in the motor’s torque correspond to different PMSMSs, as shown in Figure 2.1,
where the PMASYnRM denotes the permanent-magnet-assisted SynRM which is a type of IPMSM
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that the value of the reluctance torque is larger than that of the magnet torque [13]. From Figure 2.1,
it can be seen that the SPMSM only generates the magnet torque while the SynRM only generates

the reluctance torque.

This chapter focuses on modeling and control of 2L-VSI-fed SPMSM-VSD and 2L-VSI-fed
SynRM-VSD systems. Firstly, the mathematical models of the 2L-VSI considering the effects of
inverter nonlinearities are given. Afterward, the dynamic models of the SPMSM and the SynRM in
terms of the rotor mechanical speed and two stator current components in the rotor reference frame
are presented, respectively. As has been stated in Section 1.2, two considered VSD systems are
subject to various types of unmodeled dynamics, parametric uncertainties and external disturbances.
Their effects on the dynamic models of two considered motors have been taken into account. Next,
the principles of the FOC strategies for two considered VSD systems are briefly introduced. Finally,
the descriptions of the HIL test bench for the 2L-VSI-fed SynRM drive system and the experimental
test bench based on the 2L-VSI-fed SPMSM drive system are presented.

lQal_* l_{@ 1_{@ Ias /// \\\
Da1 Dp1 Dcy i 7

+ >
UdCD 0 1 b i l\ rWY\_.SII

= 1 CS
D.o Dp2 M /

TQaz sz_{@ ch_{@ AN - - 4

2L-VsI AC Synchronous Motor

Figure 2.2 2L-VSI-fed AC synchronous motor-based VSD system.

2.2 Modeling of the 2L-VSI

The 2L-VSI-fed AC synchronous motor-based VSD system is illustrated in Figure 2.2, where Uy is
the voltage of the DC electrical power supply, C denotes the DC-link capacitor, Q,, and D,,, for
allx €{a, b, c} andy € {1, 2, 3} denote each IGBT and freewheeling diode in the 2L-VSI,
respectively, i s, ips and i, are three-phase stator currents. It can be seen that each leg of the 2L-
VSl is equipped with two IGBTSs and two freewheeling diodes. There are two switching states in
each leg of the 2L-VSI.:

1) Qyqisonand Q,, is off.

2) Qyyisonand Q,, is off.
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Since the on-off condition of Q, is always opposite to that of Q,,, the switching function for
each leg of the 2L-VSI can be defined as

s _{1, if Q, on,Q,, off

) , X=a,b,c (2.1)
0, ifQ,off,Q,on

where S, denotes the switching function for the leg x.

According to (2.1), (S,, Sy, S;) has eight possible combinations corresponding to eight
switching states of the 2L-VSI. In practice, the 2L-VSI is continuously switched from one switching
state to another to generate the required three-phase output voltages, such that the operation of the
VSD system follows the implemented control strategy. However, there exist several nonlinearities
in the 2L-VSI, including the dead time, the turn-on/off time and the saturation voltage of the
controllable power semiconductor device, the diode forward voltage, the zero current clamping and
the parasitic capacitance [1]. The existence of such inverter nonlinearities introduces the distorted
voltage and current components to the output voltages provided by the 2L-VSI and the stator
currents of the AC synchronous motor fed by the 2L-VSI, respectively. In this thesis, the first four
aforementioned inverter nonlinearities are considered into the modeling of the 2L-VSI. Taking the
leg x of the 2L-VSI as an example, the effects of the considered inverter nonlinearities on the
switching sequence and the pole voltage can be described as Figure 2.3 [14], where u,., denotes the
pole voltage of the phase x, T represents the sampling period, T, and T, denote the applied and the

actual conducting time of Q,.;, respectively.
2.2.1 High-Frequency Model

In this subsection, the three-phase high-frequency model of the 2L-VSI, which is based on the
switching function, is derived. Owing to the discrete nature of the switching function, such a model
is also named as the discrete model of the 2L-VSI. At first, according to Figure 2.3, the relationship

between T, and T,y can be described as

Tx =Tx* + (Toff _Ton _Tdead )Sgn (ixs) (22)
where Tgeqq, Ton and T, ¢ denote the dead time, the turn-on time and the turn-off time for @4,
respectively, and sgn(-) represents the sign function expressed as

+1, ifz>0
sgn(z)=410, ifz=0 (2.3)
-1 ifz<0
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(@)

(b)

(©

(d)

()

Figure 2.3 Single-phase switching sequence and pole voltage of the 2L-VSI considering
inverter nonlinearities. (a) Applied switching sequence for leg x. (b) Actual switching sequence
for leg x with dead time. (c) Ideal phase x pole voltage. (d) Actual phase x pole voltage with
dead time and turn-on/off time. (e) Actual phase x pole voltage with all considered inverter

nonlinearities.

According to Figure 2.3, considering the effects of the saturation voltage of the IGBT and the

diode forward voltage, when i, is positive, i.e., i, flows to the load, u,,, can be calculated as

22

Qu (applied)

Qx2 (spplied)

[ [
| Ts |
< >
| |
[ 0 1 0 I
—
| ]
: 1 0 1
|

Qu (actual) ! 0 - 1 0
| | |
Qx (actual) : 1 0 - 1 :
| | |
| — - t-== Uy/2
- T
Uy (ideal) | X [
T ue
| | | |
r mm—— W ———— T——— U4/2
\o D |
(ixs > 0)
xs -—— —Uq4/2
| | | |
| ———+-—— Uy4/2
Uo - | |
(ixs <0) | | | FTTT —-Uq/2
| | | |
————————— Uq/2
(actual) : :
uX0 H | |
(is>0) | TE
| | | |
| | | |
| |
(actual) | ———7——— Ud/2
Uyxo (ixs < 0) | . |
| | | 1=~ ~Udl2
! ! ! !
- Dead time Turn-on time - Turn-off time

- Saturation voltage

Diode forward voltage



Chapter 2 Modeling and Control of SPMSM-VSD and SynRM-VSD Systems

Y% y if S, =1

sat’
u, = 2u (2.4)
_7d_udiode’ if Sx =0

where U, and Ug;04 denote the saturation voltage of the IGBT and the diode forward voltage,

respectively.

Moreover, when i, is negative, i.e., i, flows from the load, u,,, can be calculated as

U7d+Udiode, If SX :1
Uy = U . (2.5)
~S+Uue iFS,=0

Based on (2.4) and (2.5), u,, can be expressed as the following expression.

Uy, :(Udc _Usat +Udiode)(sx_%] Ljsa;;dlc)desgn(ixs) (26)
Remark 2.1. In some literature, the slope resistances of the IGBT and the freewheeling diode are
considered into the modeling of the pole voltage of the 2L-VSI. In practice, however, through some
popular parameter identification schemes, the obtained stator resistance of the AC synchronous
motor has included such slope resistances. In this thesis, therefore, the derivation of the 2L-VSI’s

model neglects the slope resistances of the IGBT and the freewheeling diode.

For the balanced three-phase loads, the three-phase output voltages of the 2L-VSI, which are

also the three-phase stator voltages of the AC synchronous motor, can be calculated as

Uy L 2 -1 -1|lu,
Uy, =3 -1 2 -1{uy, (2.7)
Ug -1 -1 2 |ju,

where u,,, up, and u, are three-phase stator voltages of the AC synchronous motor.
Substituting (2.6) into (2.7), u,s, ups and u.g can be expressed as

U, +U, ; i i
Bt S [5gn (i) -s9n i) -0 (. )]

uaS:ZSa_Sb_SCUd+283_Sb_s°
3 3
25,-S,-S 25,-S,-S U, +U, .
Upy = — 3a Uy +— 3a C(Udiode_Usat)_satTc“Ode[ZSgn(lbs)_Sgn( —sgn (i ] (2.8)
25.-S,-S, 2S.-S,-S,

U . .
u, =—=¢ 3a U, +—= 3a (Usioge ~Usat )~ %[ZSW iy ) =59 (i ) 59N (i ) ]

(Udiode - Usat ) -

The three-phase high-frequency model of the 2L-VSI is presented as (2.8). From this model, it

can be seen that the existence of U, and Ug;pqe introduces two types of distorted voltage
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components to each phase stator voltage. However, such an inverter model does not reveal the effect
of the existence of Tgeqq, Ton and Ty s ON the three-phase stator voltages.

2.2.2 Low-Frequency Model

In this subsection, the three-phase low-frequency model of the 2L-VSI, which is based on the duty
cycle, is derived. Since the duty cycle, which is an average value of the switching function in a
sampling period, is a continuous function, such a model is also named as the continuous model of
the 2L-VSI. At first, according to Figure 2.3, the applied and the actual duty cycles of Q,.; can be

expressed as

*

d :T_x*, d =d TOff _T _Tdead
TS

L L i 2.9
X X + T Sgn(lxs) ( )

S

X

where dy and d, represent the applied and actual duty cycles of Q,, respectively.

By replacing S, in (2.6) with d,., the low-frequency model of the pole voltage considering

inverter nonlinearities can be derived as

uxo :(Udc _Usat +Udi0de)(d: _%j—i_udeadsgn(ixs) (210)

where Ugeqq 1S €Xpressed as

To _Ton _Tea Usa +U iode
Udead :(Udc _Usat +Udi0de) i T el : 2 diod (211)

S

Substituting (2.11) into (2.7), the three-phase low-frequency model of the 2L-VSI is derived as

(2.12), where ul, ul,; and ul are the fundamental components of u,s, uy,s and ., respectively.

d 2 d;

2d; —d, —d; 2d; —d, —d; U . . .
U;S - 2 3b . Ud + 2 3b . (Udiode _Usat)+%[zsgn(las)_Sgn(lbs)_sgn(lcs)]
o, = 2=y, 4 2L Uy, —UL,) - 2 (2500 i) -s0n i) -s0n(i.)] 212)
2d; —d; - 2d; —d; -
3 3

U . . .
(Udiode _Usat ) + %[259"] (Ics ) _Sgn(las ) —sgn (Ibs ):I

In the derived low-frequency model of the 2L-VSI, the effects of all considered inverter
nonlinearities are taken into account. It can be seen that the existence of inverter nonlinearities
introduces two types of distorted voltage components to each phase stator voltage. For analyzing the
effects of these distorted voltage components on ub, ub  and ul,, the three-phase low-frequency
model of the 2L-VSI can be expressed as the following form.
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I d _ ,I* d1 d2

uas - uas + uas - uas + uas + uas
| 1* d 1* d1l d2

ubs = ubs + ubs = ubs + ubs + ubs (213)
| 1* d 1* di d2

ucs = ucs + ucs = ucs + ucs + ucs

where ud,, ug; and ug denote the total three-phase distorted stator voltage components, us, ub;

and uk: represent the ideal fundamental components of three-phase stator voltages expressed as
(2.14), udl, ufl and udl denote the first type of three-phase distorted stator voltage components
expressed as (2.15), ud2, u#? and ud? denote the second type of three-phase distorted stator voltage

components expressed as (2.16).
W 2d,—d, —d; W 2d, —d,—d; w2d;—d, —d,

Uy = 3 “Ug Uy = 3 “Uy Uy = 3 U, (2.14)
u:sl ZW(Udiode _Usat)
2d, —d’ —d’
ugsl : 3a . (Udiode _Usat) (215)
2d —d: —d;
ugsl = 3 : (U diode _Usat)

ul? = Yoers [ZSgn <) =59 (ips ) 590 (i, ) |

ul? =%[ngn(im)—sgn(ias)—sgn(ics)] (2.16)

ul? = U"Tee‘dpsgn(iCS )—sgn (i, ) — 59N (iy, ) |

Since ug has the same duty-cycle-based coefficient as uk, udl, udl and udl can be regarded
as the “amplitude losses” of three-phase stator voltages. As for u¢?, it is dependent on the poles of
three-phase stator currents. For the balanced three-phase stator currents, u4Z, ug? and ug? can be

expanded as Fourier series, i.e.,

us? =4Uﬂzlsin kot
VA
d2 dead 27
Z smk( t—?j, k=1,5,7,1113... (2.17)
d2 dead 2z
Z Slnk(a)t+?]

where w; denotes the frequency of the fundamental component of i,,.

According to (2.17), it can be concluded that the existence of u42, u%? and u4? introduces the
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first, the (6n — 1)th and the (6n + 1)th harmonic components in terms of w; (n =1, 2, 3,...)
to ubs, ub, and uls. Moreover, the amplitude of each voltage harmonic component is inversely

proportional to its harmonic order.

Combining (2.13) with (2.17), the three-phase low-frequency model of the 2L-VSI can be

rewritten as

ul _2d, -d, —d, _gb —d, (Ug +U gioge —Usat)+4u%2%sin kart
k
2d; —d; —d’ My, ol 2
W= 3 (Ud+Udiode—Usat)+%zgsmk(w,t—?j, k=15,7,11,13... (2.18)
2d; —d’ —d; W, 1. 2
b= 3 (U +U gioe —Usat)+%zklismk(wit+?)

2.3 Modeling of PMSM-VSD and SynRM-VSD Systems

The advent of the space-vector theory makes it possible to model the transient behavior of AC
synchronous motors and develop high-performance closed-loop control strategies for AC
synchronous motor-based VSD systems [4]. Such a theory uses the space vectors to describe the
spatial distribution of some physical quantities of AC synchronous motors, including the stator
voltage, the stator current and the stator flux linkage. These space vectors can be projected to
different reference frames to derive corresponding dynamic models of AC synchronous motors for

different purposes, such as the controller design and the observer design.
2.3.1 Reference Frame Transformation

The three-axis stator reference frame, the two-axis stator reference frame and the two-axis rotor
reference frame, which are commonly known as the abc frame, the «f frame and the dq frame,
respectively, are three widely used reference frames to describe dynamic models of AC synchronous
motors [1]. For a certain space vector rotating in the plane, it has different axes components in these
three reference frames. The abc frame is a static frame in which every two axes have 120<phase
difference. The of frame is also a static frame in which the a-axis is aligned with the a-axis of the
abc frame and perpendicular to the f-axis. Since the abc frame and the o frame are both static, the
components of the space vector in the axes of these two reference frame are AC components. As for
the dq frame, it rotates in the plane with the same angular speed as the considered space vector and

the d-axis is perpendicular to the g-axis. Therefore, the d- and g-axes components of the considered
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space vector are DC components.

In general, based on physical laws, the dynamic models of AC synchronous motors in the abc
frame can be derived. On the other hand, the dynamic models of AC synchronous motors in the af
frame or the dq frame are used to design controllers and observers. Therefore, transformation
matrices are required to achieve the reference frame transformation to obtain the required dynamics

models for the controller design and the observer design.

With respect to the transformation from the abc frame to the «f frame, two different
transformations are available. One is known as the amplitude-invariant transformation, or as often
called the Clarke’s transformation, the other is known as the power-invariant transformation, or as
often called the Concordia’s transformation. Since the former is more frequently used in the design
of the controller or the observer for VSD systems, only such a transformation is introduced in this

subsection.

(a) (b)

Figure 2.4 Distribution of the space vector components in three different reference frames.

(a) The abc frame and the of frame. (b) The of frame and the dq frame.

Considering a generic space vector v whose angular speed is w,, the distribution of its axes
components in three different reference frames are presented in Figure 2.4, where v, v, and v, are
a-, b- and c-axes components of v in the abc frame, respectively, v, and vz are - and B-axes
components of v in the af frame, respectively, v, and v, are d- and g-axes components of v in the
dq frame, respectively, and 6 denotes the phase difference between the d-axis and the a-axis. The
Clarke’s transformation in which v, and vz are calculated from v,, v}, and v, is described as

2 1 1 1
V =—|V,.——=V. ——=V_|, V,=—(V. -V 2.19
a 3[ a 2 b 2 cj g \/§( b c) ( )
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The inverse Clarke’s transformation in which v,, v, and v, are calculated from v, and vg is

described as
V,=V,, V, :%(—va + 3vﬂ), v, :%(—va —\/§vﬁ) (2.20)

The transformation from the abc frame to the dq frame is called the Park’s transformation. It

vy =E Vv, C0SO +V, COS(@—EEJ+VC cos(0+g7rj
3 3 3

vq:g —vasiné?—vbsin(&—gﬂ)—vcsin(wrgﬂj
3 3 3

The inverse Park’s transformation in which v, v, and v, are calculated from v, and v, is

can be described as

(2.21)

described as

V, =V, c0s8—V,sind

V, =V, COS(@—%ﬂ)—Vq sin(@—énj (2.22)

V, =V, cos(6’+gﬁj—vq sin(0+gﬁj
3 3

2.3.2 Classic Dynamic Models

With respect to the FOC strategies of AC synchronous motors, the controller design depends on the
dynamic models of AC synchronous motors in the dg frame. In this subsection, the classic dynamic
models of the SPMSM and the SynRM in terms of rotor mechanical speed and stator current
components in the dq frame are presented. Deriving such dynamic models is based on the following

assumptions.
1) Three-phase stator windings are symmetrical and the stator slotting effect is neglected.

2) The Magnetomotive force distributes sinusoidally and the rotor flux linkage harmonics are

neglected.
3) The saturation of the magnetic circuit, the core loss and the damping effect are neglected.
4) The temperature variation effect is neglected.

Taking the four-pole SPMSM and SynRM as examples, the locations of d- and g-axes of the
dqg frame for these two motors are presented in Figure 2.5. Since the SPMSM is a non-salient pole

AC synchronous motor and the permeability of permanent magnet materials is close to that of the
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air, the d-axis is aligned with the rotor flux linkage vector in the SPMSM. As for the SynRM, since
it is a salient pole AC synchronous motor, the d-axis is aligned with the direction of the maximum
permeability and the g-axis is aligned with the direction of the minimum permeability. Note that, in
the four-pole AC synchronous motor, the mechanical phase difference between the d- and g-axes is

45<such that the electrical phase difference between these two axes is 90<

(@) (b)
Figure 2.5 Locations of two axes in the dg frame for considered AC synchronous motors [3].
(a) SPMSM. (b) SynRM.

In the dq frame, the classic generic stator voltage equation for the SPMSM and the SynRM are

expressed as the following expressions [4].

i d A i d/lqs
Ug = Rlg + e N, Ug =Rl + pm +N, 0, A (2.23)

where u 4 and u,s denote the d- and g-axes stator voltage components of each considered motor,
respectively, 145 and A, represent the d- and g-axes stator flux linkage components of each
considered motor, respectively, R, n,, and w,, represent the stator resistance, the pole pairs and the

rotor mechanical speed of each considered motor, respectively.

In the dq frame, the classic stator flux linkage equations for the SPMSM and the SynRM are

expressed as the following expressions [4].

Lyigs SynRM Ao = Lol (2.24)

S

{Ldids + 4, SPMSM
Ags =

where i 4, and i, denote the d- and g-axes stator current components of each considered motor,
respectively, Ly and L, represent the synchronous inductances of each considered motor
and A,,, denotes the rotor flux linkage of the SPMSM.

The classic generic motion equation for the SPMSM and the SynRM is expressed as the
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following expression [4].

d;‘;m =T, -T, T, (2.25)

where T, T, and T; denote the motor torque, the load torque and the friction torque of each

considered motor, respectively, and J represents the rotor inertia of each considered motor.

With respect to the SPMSM, the synchronous inductances are usually considered to be equal
to each other. Therefore, assuming that L; = L, = L, for the SPMSM, the classic torque equation
for the SPMSM and the SynRM can be expressed as

3 .
_ Enp/lmlqs, SPMSM

Tezgnp(zdsuqs—zqsids): ; (2.26)
Enp(l_d—Lq)' i SYNRM

Idslqs
With respect to T of the SPMSM and the SynRM, its classic generic equation only considers
the viscous friction torque, i.e.,

T, =B,o

m~’m

(2.27)

where B,,, denotes the viscous friction coefficient of each considered motor.

Based on (2.23)-(2.27), the classic dynamic models of the SPMSM and the SynRM in terms
of igs, igs and w,, can be derived as (2.28) and (2.29), respectively.

. R, o1
Ids :—rlds‘l‘n [N +rud

p®m'gs s
R, . I | W/ 1
e =—r5|qS — N, @ g, ——‘;_ D+ U (2.28)
3n A
@ =—L"T1j 1T B

. na. L
ids = _slds + P Iqs +iuds
d Ld Ld
. R,. Nao,ly.
I :-L—S|qs -F - Lig, +LiuqS (2.29)
q q q
o (L-L) o 1o B,
Oy = Idslqs T T %
2J J J

It can be observed that unmodeled dynamics, parametric uncertainties and external
disturbances in the VVSD system, which are mentioned in Section 1.2, are neglected in the classic

dynamic models of the SPMSM and the SynRM, resulting in the mismatch between the derived and
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the actual lumped disturbances in the speed and current tacking error dynamics. On the other hand,
regarding many types of nonlinear speed/current controllers used in the FOC strategies of SPMSM-
VSD and SynRM-VSD systems, in theory, the selection of controller gains is dependent on the
boundary of the derived lumped disturbance in the speed or the current tacking error dynamics.
Therefore, if unmodeled dynamics, parametric uncertainties and external disturbances are not
considered into the derived lumped disturbances in the speed and the current tacking error dynamics
of the SPMSM and the SynRM, many types of nonlinear speed/current controllers used in the FOC
strategies of SPMSM-VSD and SynRM-VSD systems cannot accomplish desired tracking
performance in theory. It motivates the derivation of the practical dynamic models of the SPMSM
and the SynRM considering various types of unmodeled dynamics, parametric uncertainties and

external disturbances.
2.3.3 Unmodeled Dynamics

In this thesis, the considered unmodeled dynamics contain the inverter nonlinearities, the current
measurement errors, the cogging torque and the rotor flux linkage harmonics. The effects of such

unmodeled dynamics on modeling of the SPMSM and the SynRM are presented in this subsection.

By applying the Park’s transformation to the low-frequency model of the 2L-VSI in the abc

frame presented in (2.18), the low-frequency model of the 2L-VSI in the dq frame is derived as
Ugs = Ugs +Ug = Uy +Ug + U7, Ul = Ug +US = Ugg + UG +Ug. (2.30)

where u};, and ués are the fundamental components of u,, and u,g, respectively, ul; and ué*s
represent the ideal fundamental components of u,s and ug, respectively, ud; and uf,'s denote the
total d- and g-axes distorted stator voltage components, respectively, u4? and ugsl are two DC
components that represent the first type of d- and g-axes distorted stator voltage components,
respectively, u4? and ugsz denote the second type of d- and g-axes distorted stator voltage

components, respectively, which are expressed as

L2 =4Uﬂ{sin6+ i {sin[k(a)etwté)—ﬂ N sin[k(wet+5)+§}}}

o k-1 k+1

k=6n

n=123.. (2.31)

% k-1 k+1

k=6n

492 :Mﬂ{_mm i {cos[k(a)etm)_a] B COS[k(a)et+5)+5]}}’

where w, = n,wy, denotes the rotor electrical speed and & is the phase difference between the g-

axis of the dg frame and the stator current vector.
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According to (2.30) and (2.31), the considered inverter nonlinearities introduce the DC
component and the 6nth harmonic component in terms of w, (n =1, 2, 3,...) to u}, and ués.
Furthermore, the amplitude of each voltage harmonic component is inversely proportional to its

harmonic order.

Based on the above analysis, the effects of the inverter nonlinearities on u,4s and u,, of the
SPMSM and the SynRM can be described as
Ug =Ug + AUy + Y Uy sin(Bkayt), Uy =ug +Aug + > U, cos(6kat) (2.32)
k=1 k=1
where ugg and ug, denote the ideal d- and g-axes stator voltage components of each considered
motor, respectively, Augg and Aug, represent the d- and g-axes DC distorted stator voltage
components of each considered motor, respectively, Ug, and U,, denote the amplitudes of the d-

and g-axes 6nth distorted stator voltage harmonics of each considered motor, respectively.

In general, with respect to i, i, and i.s, only two of them are measured by current sensors
and the rest is calculated based on the fact that the sum of i, i) and i ¢ is equal to zero. Each
measured stator current is converted into the voltage signal by a current sensor at first. Then, the
obtained voltage signal is transformed into the digital form in the hardware controller through the
low-pass filter and the analog-to-digital converter [15]. The current errors caused by this
measurement process can be classified as the current offset error and the current scaling error [15].
The former is caused by the imbalanced supply voltage of the current sensor and the inherent DC
offset in the analog device adopted in the measurement process, the latter is resulted from the
measured signal scaling due to the use of the analog-to-digital converter [15]. Considering these two
types of current errors, igs and i, of the SPMSM and the SynRM can be expressed as

g =g + A, + Ay, g =g + Al + Al (2.33)

qs

where i;¢ and iz, denote the actual d- and g-axes stator current components of each considered
motor, respectively, Aig; and Aig, represent the d- and g-axes current offset error components of
each considered motor, respectively, which are expressed as (2.34), Aig; and Aig, denote the d- and
g-axes current scaling error components of each considered motor, respectively, which are expressed
as (2.35) [1], [15].

Aig =1 sin(o,t+6,), Aig =1,c0s(a,t+36,) (2.34)

where I, and §, denote the amplitude and the initial phase angle of the d- and g-axes current offset

error components of each considered motor, respectively.

Aig =15 +1sin(2o,t+5,), Aig, =17 +1,c03(2a,t +5,) (2.35)
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where 1¢ and I,‘} denotes the DC current error components caused by the current scaling error of each
considered motor, I; and &, represent the amplitude and the initial phase angle of the sinusoidal

current error components caused by the current scaling error of each considered motor, respectively.

According to (2.33)-(2.35), the current measurement errors introduce the DC component, the
first and the second harmonic component in terms of w, to iys and i,s of the SPMSM and the
SynRM.

The cogging torque is generated by the interaction between the rotor flux linkage created by
the permanent-magnet materials and the stator anisotropy caused by the stator slotting [16].
Therefore, such a type of pulsating torque does not exists in the SynRM. In general, the cogging
torque of the SPMSM can be expressed as the following expression [17].

T, =Z& sin(kQa,t + ¢y, ) (2.36)
k=1
where T, denotes the cogging torque, A, and ¢, are the amplitude and the initial phase angle of the

kth harmonic component of the cogging torque, respectively, Q is the number of stator slots

The long-time operation of the SPMSM-VSD system makes the SPMSM operate at relatively
high temperature, which affects the strength of the NdFeB magnet materials [5]. Moreover, in
practice, there exist 6nth harmonic components in terms of w, (n=1, 2, 3 ...) in the rotor flux
linkage in the dg frame [18]. Therefore, A,, can be expressed as the following expression in the dq
frame [18].

A = D Ay COSBKa, t (2.37)
k=0

where 4,,,; is the amplitude of the kth harmonic component of the rotor flux linkage.
2.3.4 Parametric Uncertainties

In practice, the mechanical and electrical parameters in the dynamic models of the SPMSM and the
SynRM are time-varying rather than constant. The variations of these parameters have significant
effects on modeling of the SPMSM and the SynRM.

The values of J and B, are usually calculated based on the results of relevant measuring
experiments. Nevertheless, regarding each of these two mechanical parameters, there always exists
the error between calculated and actual values. Therefore, these two mechanical parameters can be

described as

J=J,+A) (2.38)
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B =B, +AB (2.39)

where Jo and AJ denote the rated value and the measurement error of the rotor inertia, respectively,
B0 and AB,,, denote the rated value and the measurement error of the viscous friction coefficient,

respectively.

It is well known that the stator resistance of the AC motor is sensitive to the temperature [19].
In a certain temperature range, its value is proportional to the temperature [19]. Therefore,

considering the temperature effect, R, can be described as
R, =R, + AR, (2.40)

where R, and AR, denote the rated value and the variation of the stator resistance, respectively,
As shown in (2.24), since the magnetic saturation effect is neglected, the stator flux linkage
versus current characteristics of the SPMSM and the SynRM are linear. However, in many
applications, these two AC synchronous motors operate with high level of magnetic saturation,
making the stator flux linkage versus current characteristics become nonlinear. The magnetic
saturation effect on the AC synchronous motor can be classified as the self-saturation effect and the
cross-saturation effect [20]. Since the latter has a slight effect on the SPMSM, it is neglected by the
dynamic model of the SPMSM in this thesis. As for the SynRM, these two types of magnetic

saturation effects have to be taken into account [21].

Considering the self-saturation effect, L, and Lq of the SPMSM are nonlinear functions in

terms of the stator current component in the same axis, i.e.,

Ld = Ld(ids): Ls +ALd (ids)' Lq = Lq(iqs):Ls +ALq(iqs) (241)
where ALg (iqs) and AL, (ig4s) represent the variations of the d- and g-axes synchronous inductances
of the SPMSM, respectively.

With respect to the SynRM, considering the self- and cross-saturation effects, A5, and 4, are

nonlinear functions in terms of is; and i, i.e.,
Ag = A (g 1) = Ly (i igeNige Ay = Aiq i »ige) = L i s i )i (2.42)
where Lg (igs, iqs) and Lg (igs, [gs) are usually named as the apparent inductances of the SynRM.
Moreover, A5, and 4,4 can be linearized at the operating point, i.e., [22]
Ag = Lyg (igerige )gs + Ly (s 1o igs s Aq = Lig (i g Vige + Lg (i )i (2.43)

where Lgyg(igs igs) + Lag(las igs) » Lqa(las:igs) and Lgq(igs, iqs) denote the incremental

inductances of the SynRM, which can be calculated as
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aisd Aisd iq =constant ! aisc{ Aisq isg =constant (2 44)
Oy A, Oy A4,
qd aisd Aisd igq =constant " aisq Aisq isg =constant

Defining Lgg, Lgo, Lados Lago» Lgao @nd Lyqo as rated apparent and incremental inductances of
the SynRM for a certain combination of i, and i, the apparent and incremental inductances of the
SynRM can be expressed as

Ly (igsr1gs) = Luo + ALy (i ie) s Ly (i) = Lo + AL, (i, i)
Lg (i rigs) = Lygo + Alyq (igs1s) s Lo (igs1gs) = Ligo + Algg (i i (2.45)
Lga (i rige) = Logo + ALy (i ie) s Lo (s ige) = Lo + Algq (isge)

where ALd (ids: iqs)a ALq (ids: iqs)i Ade (ids: iqs): Aqu (ids: iqs)i Aqu(ids' iqs) and Aqu (idsr iqs)

denote the variations of apparent and incremental inductances of the SynRM.
2.3.5 External Disturbances

The load torque and the friction torque are two types of external disturbances considered in this
thesis. The former depends on the characteristics of the mechanical load and has a significant impact
on the dynamic performance of the VSD system. As for the latter, it has highly nonlinear
characteristics in practice and can result in the steady-state errors and the limit cycles in the VSD
system [23]. Until now, some static models, including the Karnopp model and the Armstrong’s
model, and dynamic models, such as the Dahl model, the Bristle model, the Bliman-Sorine model
and the LuGre model, have been proposed to formulate the friction torque [23]. Among them, the
LuGre model proposed in [24] is the most widely used one in the design of high-performance speed

controllers for the VSD system [25]-[27]. Therefore, such a model is adopted in this thesis.
According to the LuGre model, T; can be formulated as
T, =B,9+B9+B,w, (2.46)

where B, and B; are the averaged stiffhess and the damping coefficient of bristles, respectively, and
9 is an intermediate variable describing the average deflection of the bristles between two contact
surfaces, whose dynamics can be expressed as the following expression [24].

d=w el

" o9(w,)

where g(w,,) is a nonlinear function describing the Stribeck effect, which is expressed as

(2.47)
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g (0,) =T, +(T, ~T,)e /) (2.48)

where T, is the Coulomb friction torque, T is the static friction torque, and wj is the Stribeck speed.
2.3.6 Practical Dynamic Models

With respect to the SPMSM-VSD system, considering the above-mentioned unmodeled dynamics,
parametric uncertainties and external disturbances, the practical stator voltage and motion equations

can be derived as (2.49) and (2.50), respectively.

* - di - * -
Uy =Ry + L, dﬁ[‘S —n o, L +UgT, Uy =Ry +n @ A, +uF (2.49)

dig .
+L,—+n a, Ll
dt

p~m s gs p~’m=s’ds p~’m”*m0 q
J, dd% — gnp/lmoiqs ~T, -B,,0, +T* (2.50)

where ud?, uf,”’ and TZPrepresent the d- and g-axes disturbance voltages and disturbance torque,

respectively, which are expressed as

u® = AR,i,, +AL, (ids)% 0,0, AL (i i + &5 (2.51)
dp - - diqs - - = p
ug” = ARi,, +AL, (IqS)W + N0, | AL (i )ig + kz_llﬂmk cos6ka,t |+&; (2.52)
TS =iy D" A COS6Ka,t —(By 9+ B3+ AB, @, ) — AJ d“t’m +e (2.53)
k=1

where 5 and g4 denote the unmodeled dynamics in the d- and g-axes stator voltage equations of
the SPMSM, respectively, and £ represents the unmodeled dynamics in the motion equation of the
SPMSM.

Based on (2.49) and (2.50), the practical dynamic model of the SPMSM in terms
of igs, igqs and w,, can be derived as

Iy = I:esoi +Nn o i +1u*+p
ds L ds L ds d

p%mlgs

. R, - I | I 1 .

I =— LSO ige —npa)mlds—”Toa)m s +pp (2.54)
3n 4

@, =—L2 0 —iTL— " @, + O

"2, ¢,

where pf = —ug” /L , pb = —udP /Ls and pf, = TP /3o denote the lumped disturbances in the
lgs= Lgs~ and wy,-dynamics of the SPMSM, respectively.
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With respect to the SynRM-VSD system, considering unmodeled dynamics, parametric
uncertainties and external disturbances which are mentioned in Section 2.3.3-Section 2.3.5, the

practical stator voltage and motion equations can be derived as (2.55) and (2.56), respectively.

. di,  di, .
Ug = Rsolds + deO d_:+ quO d_:_ npa)m LqOIqs + ugs
di di (2.55)
Ugs = Ryol +qu0i+L 0 —2 4+ N @, Ly iy +US
S s0°gs dt qq dt pm S q
do, 3 -
g =5 (Lo = Luo )iesles =T = Bpoy, +T,° (2.56)

where u5, uf}s and T4Srepresent the d- and g-axes disturbance voltages and disturbance torque of
the SynRM, respectively, which are expressed as

S _ AR, + AL (i) 3% 4 AL (i A AL, (igs i )i + &5 2.57
Uy = shas T Alyg (Ids'lqs E_'_ dq(lds’lqs)a_npa)m q(lds’lqs)lqs_'_gd ( . )
s i, o dig L
u,;” =ARi, +AL, (|ds,|qs)W+ALqq (|ds,|q5)¥+ N, @, AL, (i, 15 )ig ++&, (2.58)

d“zm +&5  (259)

T = gnp (AL (igs»igs) = ALy (igs i) ) isies — (Bo9+ Bud + AB @, ) — AJ

where &5 and eg denote the unmodeled dynamics in the d- and g-axes stator voltage equations of the

SynRM, respectively, and 3, represents the unmodeled dynamics in the motion equation of the
SynRM.

Based on (2.55) and (2.56), the practical dynamic model of the SynRM in terms
of iy, igs and w,, can be derived as

. Loy o« . . Ligo / = . .
Iy = I\jl_q(uds - Rsolds + npa)m LqO qs)_M_q(uqs - Rsolqs - npa)m LdOIds ) + IOdS
0 0
i=- Laao (g = Roglgs + 1,0, Lygls ) + Luao (U3 = Roolgs =Ny Lyglies ) + 204 (2.60)
q Mo P q0°q Mo q q P q
3n, (L, — L
d)m = p( - qO)idsiqs_iTL_%wm-i-paS)
23, 3,1,

where My = LyaoLaqo — LagoLgao . P = T/ Jo denotes the lumped disturbance in the wy, -
dynamics of the SynRM, p3 and pg represent the lumped disturbances in the igs- and ig,-

dynamics of the SynRM, respectively, which are expressed as

L

L, L, L
S qq0 , . dS dq0 | dS S qd0 . dS dd0 ,,dS
=——u,;" +—Uu_’, = u,” —————u 261
Pa M, ‘ M, P M, ‘ M, I ( )
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Uq
ldsr Udsr +-I I‘+
Reference e ~A\ u S
+ Stator 2r ST =
Current . ——> PWM ——>
Calculation |qsr CEt qur P, 4 3s
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Controller |qs 3s <

Omr

- D Speed
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Figure 2.6 Block diagram of the field-oriented control strategy.

2.4 Field-Oriented Control Strategy

The FOC strategy for the AC synchronous motor-based VSD system follows a principle akin to the
control of a separately excited DC motor. It is designed using the dynamic model of the AC
synchronous motor in the dq frame and requires Park’s transformation and its inverse form to
achieve the reference frame transformation, which is based on the rotor mechanical
position 6, usually measured by the built in incremental encoder. As for w,y,, it is usually calculated
from 6,,, by the digital differentiator and the low-pass filter implemented in the adopted hardware
controller. Moreover, as has been stated in Section 1.1, the FOC strategy adopts the cascaded control
structure composed of the speed control loop and the current control loop. Since the dynamics of the
current control loop is much faster than that of the speed control loop, the rotor speed controller and

two stator current controllers are designed separately.

With respect to the FOC strategies for SPMSM-VSD and SynRM-VSD systems, in the speed
control loop, the rotor speed controller is designed to make w,,, track its reference w,,,. Moreover,
it can be used to generate the reference torque such that the reference d- and g-axes stator current
components ige- and i, can be indirectly calculated from it for a certain purpose or
generate i, such that i4q, can be directly set by the designer. In the current control loop, two stator
current controllers are designed to make i4s and i track igg, and i, respectively, and provide the
reference stator voltage d- and g-axes components ug,- and u,,,. Based on them, a pulse-width

modulation (PWM) algorithm is implemented for the voltage-source inverter adopted in the VSD
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system. The block diagram of the FOC strategy is illustrated in Figure 2.6, where § =
[Sa: Sps Sl &s = [ias, ipss les] and g = [ugsr, Upsrs Uesr]-
In this thesis, the FOC strategy is selected as the main control strategy to integrate with the

composite controllers presented in the following chapters.

2.5 HIL and Experimental Test Benches

In this thesis, the proposed composite controller-based FOC strategy for the SynRM-VSD system is
tested in the HIL test bench, which is a cost-effective real-time verification platform as described in
Figure 2.7. In this test bench, there are two dSPACE DS1104 Research and Development Boards:
one is used as the hardware controller to implement the tested FOC strategy, the other is employed
as the emulator to emulate the 2L-VSI-fed SynRM-VSD system. Moreover, the sampling period of
each Research and Development Boards is different from each other.

Control Algorithm System Model

Data Monitoring Data Monitoring

Host Computer 1 Host Computer 2

Measured Signals

Control Signals

> ’i‘ % 1% 4
dSPACE-based Controller dSPACE-based Emulator

Figure 2.7 Description of the HIL test bench.

The proposed composite controller-based FOC strategies for the SPMSM-VSD system are
tested in the experimental test bench illustrated in Figure 2.8. In this test bench, two identical three-
phase SPMSMs are mechanically coupled. One operates at the speed mode as the tested motor, the
other operates at the torque mode as the load motor. Each motor is connected to a Texas Instruments
High Voltage Motor Control and PFC Developer's Kit in which a Texas Instruments floating-point
DSP TMS320F28335 and a 1 kW 2L-VSI are used in the experimental tests. Two adopted 2L-VSls
are supplied by the same DC power source. The rotor mechanical position of each SPMSM is

measured by a 2500 pulses per revolution built in incremental encoder. Furthermore, the parameters
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of each SPMSM are listed in Table 2.1. Regarding the DSP, T is set to 100 ps, and the PWM
switching frequency is set to 10 kHz with the dead time of 2 ps. The DSP software Code Composer
Studio is used to accomplish the real-time data acquisition of the measurable variables and their

visualization.

Figure 2.8 Description of the experimental test bench. (a) DC voltage source. (b) Two
coupled SPMSMs. (c) Two TMDSHVMTRPFCKITSs.

Table 2.1 Parameters of the SPMSM

Parameter Value
Rated power (W) 400
Rated current (A) 2.8
Stator resistance (Q2) 2.35
Stator inductance (mH) 6.5
Rotor flux linkage (Wb) 0.065
Rated speed (rpm) 3000
Rotor inertia (kg-m?) 0.00007
Viscous friction coefficient (N-m-s/rad) 0.0015
Rated torque (N-m) 1.27
Pole pairs 4
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2.6 Summary

In this chapter, the effects of the considered unmodeled dynamics, parametric uncertainties and
external disturbances on modeling of the SPMSM and the SynRM are presented. Based on them,
the practical dynamic models of these two considered motors in terms of rotor mechanical speed
and stator current components in the dq frame are derived. Then, the principles of the FOC strategies
for SPMSM-VSD and SynRM-VSD systems are briefly introduced. Finally, the HIL test bench used
to test the control strategy for the 2L-VSI-fed SynRM-VSD system and the experimental test bench
adopted to test the control strategy for the 2L-VSI-fed SPMSM-VSD system are described.
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3

SELECTED MODEL-BASED AND MODEL-
FREE DISTURBANCE OBSERVERS

3.1 Introduction

As mentioned in Section 1.2, there are various types of DOs for constructing composite controllers.
Based on whether or not the system model is used in the DO design, the existing DOs can be
classified into two categories: the model-based DOs and the model-free DOs. With respect to the
former, as their name implies, the designs of these DOs are based on the system model. Among the
existing model-based DOs, the extended DOs have gained much attention [1]-[8]. For the
constructions of such DOs, unmodeled dynamics, parametric uncertainties and external disturbances
in the system are lumped together, and the lumped disturbance is regarded as an augmented state to
be estimated [1], [2]. Therefore, the extended DOs require minimum information of the system.
Owing to this attractive feature, the extended DOs have been widely used in the DOC of AC motor
drive systems [2]-[8]. The existing extended DOs can be divided into linear and nonlinear extended
DOs. For the DOC of AC motor drive systems, the ESO and the extended sliding-mode DO are the
most popular linear and nonlinear extended DOs, respectively. There are two widely used extended
sliding-mode DOs for the DOC of AC motor drive systems. One is the extended FOSMO, and the
other is the STSMO [6]-[8]. The extended FOSMO is based on the first-order sliding-mode (FOSM)
algorithm, which can guarantee the finite-time convergence of the state estimation error to the origin
in theory. In this sliding-mode algorithm, the discontinuous sign function with a large gain is used
to achieve the disturbance estimation. In practice, however, the implementation of the discontinuous
sign function with a large gain in the hardware controller yields severe chattering. There are two

popular methods to overcome this drawback. One is to add a low-pass filter to the observer, and the
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other is to use a continuous function, such as the saturation function, the sigmoid function and the
hyperbolic tangent function, to replace the sign function in the observer. However, the price we pay
for the chattering alleviation is the reduction of the disturbance estimation accuracy. The STSMO is
designed using the standard super-twisting algorithm (STA), which is a continuous sliding-mode
algorithm [9]-[11]. Compared with the FOSM algorithm, the standard STA is able to significantly
alleviate the chattering in practice without sacrificing the disturbance estimation accuracy. Therefore,
compared with the extended FOSMO, the STSMO is more suitable for the DOC of AC motor drive

systems.

With respect to the model-free DOs, since ANNSs are able to provide excellent input-output
mapping ability without requiring the system model, ANN-DOs are the most popular choices to
construct the model-free DO-based composite controllers for AC motor drive systems. Until now,
various types of ANN-DOs with different activation functions and different structures have been
proposed for the DOC of AC motor drive systems [12]-[27]. Among them, the ANN-DOs with
single hidden layer are dominant. Based on whether or not the feedback loop is adopted in ANN-
DOs, the existing ANN-DOs with single hidden layer can be divided into FNN-DOs with single
hidden layer, each of which does not use any feedback loop, and RNN-DOs with single hidden layer,
each of which adopts at least one feedback loop. The former can be regarded as static functions and
the latter can be deemed as dynamic systems due to the use of feedback loops. Therefore, the RNN-
DOs can store and process the temporal information and provide more powerful input-output
mapping ability.

The speed/current tracking error dynamics of the SPMSM or the SynRM can be regarded as a
single-input uncertain nonlinear system with relative degree one. In this chapter, the designs and the
rigorous stability analyses of two extended DOs, i.e., the second-order ESO and the STSMO for a
single-input uncertain nonlinear system with relative degree one are presented. Next, the structures
of three widely used FNN-DOs with single hidden layer, i.e., the TLP-DO, the RBFNN-DO and the
HNN-DO, and a widely used RNN-DO with single hidden layer, i.e., the ENN-DO for a single-input
uncertain nonlinear system with relative degree one are presented. Moreover, two widely used
approaches for deriving the learning laws, which are adopted to update some parameters in these
ANN-DOs online, are introduced.

3.2 Problem Statement

A single-input uncertain nonlinear system with relative degree one expressed as (3.1) is considered
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in this chapter.

(3.1)

{)‘(za(x,t)+b(x,t),u

y=X
where x € R represents the state variable, u € R denotes the control law, y € R represents the

controlled output, a(x, t) and b(x, t) # 0 are smooth uncertain functions expressed as
a(x,t)=a, +Aa(xt), b(xt)=b,+Ab(x,t) (3.2)

where a,, > 0 and b,, > 0 are the known parts of a(x,t) and b(x,t), respectively, Aa(x,t)
and Ab(x, t) are bounded uncertainties of a(x, t) and b(x, t), respectively, for vx € Rand t € [0,

).
Combing (3.1) with (3.2), the x-dynamics can be rewritten as

>'<=(an +Aa(x,t))+(bn +Ab(x,t))y=bn/¢+an +Aa(x,t)+Ab(x,t)
Px(xvt) (33)

=b s+ p, (xt)

where p, (x, t) denotes the lumped disturbance in the x-dynamics.

Assumption 3.1. p, and its time derivative p, are bounded as |p,| < LY and |p,| < L%,
respectively, for positive constants L and L5.

The task of the DO designed for the system (3.3) is to estimate p,.

3.3 Two Extended DOs

The designs and the rigorous stability analyses of the second-order ESO and the STSMO for the
estimation of p, will presented in this section.

The designs of the extended DOs for the estimation of p,, are based on the extended x-dynamics.
Based on (3.3), selecting p, as an augmented state variable, the extended x-dynamics can be derived
as

(3.4)

X

{z; =b,u+12;
Z.2 :px

where z¥ = x and z5 = p, are state variables of the extended x-dynamics.

3.3.1 ESO
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From (3.4), the second-order ESO for the estimation of p,, is designed as

{Aexl n,LH‘Zez +ﬁl(z
ZeZ = ﬂz(zl - 2el)

where zJ; =X and ZJ, = p, denote the estimated state variable and lumped disturbance,

(3.5)

respectively, §; and 8, are the positive constant gains of the second-order ESO.

Based on (3.4) and (3.5), the state estimation error system for the second-order ESO can be

obtained as

el ﬂl el
(3.6)
{ = e2 - ﬂz el

where e}y = z{ — 2}, and e}, = zi — ZJ, represent state estimation errors.

According to (3.6), the transfer function between g, and p,. can be expressed as

L - (3.7)
px ST+ ﬂls + ﬂZ
where s denotes the Laplace operator.

From (3.7), it can be seen that the characteristics of the second-order ESO-based lumped
disturbance estimation is the same as that of a second-order low-pass filter. Thus, the state estimation
performance of the second-order ESO depends on the values of 8; and S,. In order to tune these two
parameters, a simple yet effective method presented in [28] is adopted in this thesis. In this method,
the values of 3, and S, are selected such that the second-order ESO has two identical negative real

poles. Toward this end, 8, and 3, are selected as

B=2a, B,=a; (3.8)

such that characteristic polynomial of (3.7) is expressed as

s°+Bs+p, =(s+a)b)2 (3.9)
where wy, is the bandwidth of the second-order ESO.

Regarding the second-order ESO, in general, with the growth of the bandwidth, namely the
value of wy, not only the rate of convergence improves, but also the noise sensitivity increases. Thus,
the value of w,, should be selected to trade off the state estimation performance and the noise

rejection ability.

Lemma 3.1 [29]. Considering the state estimation error system (3.6), suppose p, and p, are

bounded. Then, for any positive w,,, there are two positive constants L% and L} such that e}; and
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e}, satisfy the following conditions in a finite time.

<L,

X

€. e, <L, (3.10)

Considering the state estimation error system (3.6), from Assumption 3.1 and Lemma 3.1, it

can be concluded that ¢, is bounded. Thus, the following assumption can be stated.

Assumption 3.2. 7, is bounded as |éJ,| < L% for a positive constant L%.
3.3.2 STSMO
From (3.4), the STSMO for the estimation of p, is designed as

{2;(1 =bu+ 23 + Kl 27 =25 |sgn(zy -2 (3.11)

2%, =k, sgn(z’ — 2%)

where z} =X and ZJ; = p, denote the estimated state variable and lumped disturbance,

respectively, k; and k., are the positive constant gains of the STSMO.

Based on (3.4) and (3.11), the state estimation error system for the STSMO can be described
as the following form.

2 X X X X
€= _kl € Sgn(esl) +€,

(3.12)
é:z = _kz Sgn(ezl) + Z;

where el = z¥ — 2¥ ande);, = z5 — ZZ, represent state estimation errors.

Theoretically, the finite-time convergence of e; and e, to the origin can be guaranteed by the
following Theorem.

Theorem 3.1. Considering the state estimation error system (3.12) and |25| = |p,| < L%,

if k, and k, are selected as (3.13), eX; and eZ, will converge to the origin in a finite time.

kl2 + 4('—2)2

k,>2, k
TP

(3.13)

Proof. At first, a new state vector is introduced as follow:

g=[6. &] =[Jlebonter, €] (3.14)

The time derivative of &along the trajectories of the system (3.12) is calculated as
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1
13k
&l |

A

1
é= 21 H|§l|z - (A§+Bz//) (3.15)
0

lal

v
B

For the system (3.12), the Lyapunov candidate function Vsra is selected as follows [30].

Vora =& P& (3.16)
where P is a positive definite symmetric matrix expressed as
kZ+4k, -
I L (3.17)
2| -k 2

Since P is a positive definite symmetric matrix, the following inequality holds.

mm{ }"5” <VSTA— max{ }”5” (318)

where A4,,,;,{P} and A,,,,,{P} represent the minimum and maximum eigenvalues of P, respectively,

and ||+]|, denotes the Euclidean norm of a vector.

The time derivative of Vsra along the trajectory of the &-dynamics is calculated as

.
1] |ATP+PA PB| ¢
(e T[Reen e ] 519
Gllw] | BP0 Jlw
The time derivative of Vsra along the trajectory of the &dynamics is calculated as
T
1] |ATP+PA PB| ¢
A =_[ } { ; }{ } (3.20)
Iz B'P 0 Jlw
Since |z5| < L3, the following inequality holds.
¢ =& () <& L) (3.21)

Based on (3.20) and (3.21), the following matrix inequality holds

. LI[ETTAP+PA PBI[E] ., 0
VSTAS_ T 1 L2 B
IélﬂwH B'P O}MH’K( : W}

ZLFI ATP+PA+(LX)’C PB [5} (322)
Ifll B'P -1 lw '

Y
“ el

Where C = [(1) 8] and Q can be expressed as the following expression [31].

50



Chapter 3 Selected Model-Based and Model-Free Disturbance Observers

Q=—(A"P+PA+(L;)’C +PBB'P)

= —%kf £k, —2(L) K24k, (3.23)

1
2 K4k, k-2

Since k4 and k, are selected as (3.13), based on the principle of the Schur complement of a
matrix, Q is a positive definite symmetric matrix. As a result, the following inequality holds.

v'ms—émfs—éamm QUL < ¢ \WVern (3.24)

where 4,,i,{Q} represents the minimum eigenvalue of Q and 'is a positive constant expressed as

é,z /lmin {Q} Z’min{P} (325)

P { P}

On the basis of (3.24) and the comparison principle [32], e, and eZ, will converge to the origin

in a finite time. The proof is completed. [

Since eZ, will converge to the origin in a finite time, the following assumption can be stated.

Assumption 3.3. e; is bounded as |e;| < L for a positive constant L.

3.4 Selected ANN-DOs

In this section, the structures of three widely used FNN-DOs with single hidden layer, i.e., the TLP-
DO, the RBFNN-DO and the HNN-DO, and the ENN-DO, which is a widely used RNN-DOs with
single hidden layer, for the estimation of p, are introduced. Moreover, with respect to the derivation
of the learning laws for some parameters in these ANN-DOs, two widely used approaches are

introduced.

3.4.1 Three FNN-DOs

The structure of a FNN-DO with single hidden layer for the estimation of p, can be described as
Figure 3.1. It consists of the input layer, the hidden layer and the output layer. In the input layer,
there are N neurons corresponding to N input signals. In the hidden layer, there are M neurons, and
each of them uses an activation function to achieve signal processing. In the output layer, one neuron
is adopted and its output signal is the estimated p,., which is a weighted sum of output signals of
hidden neurons. The TLP-DO, the RBFNN-DO and the HNN-DO have the same structure as
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presented in Figure 3.1. The main difference among them is the activation function in each hidden

neuron.

l¢ »le »le N|
< > h

< I >l
Input Layer Hidden Layer = Output Layer

Figure 3.1 Block diagram of a FNN-DO with single hidden layer.

1.00

0.75

—0.50

0.25

(a) (b)

Figure 3.2 Activation function in each hidden neuron of the TLP-DO. (a) The logistic function.

(b) The hyperbolic tangent function
3.4.1.1 TLP-DO

The TLP-DO uses the logistic function expressed as (3.26) or the hyperbolic tangent function
expressed as (3.27) as the activation function in each hidden neuron.
1

L(o)=—2 3.26

((0) l+e™® (3:26)
eaS(/7 _ e’afiﬂo

T(0)=2 = (3.27)
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where a4, a, and a; are three positive constants.

When a; = a, = a3 = 1, the logistic function and the hyperbolic tangent function in the

interval [—10, 10] are illustrated in Figure 3.2.

As presented in Figure 3.1, the signal propagation and the activation function of each layer of
the TLP-DO are described as follows.

Input Layer: In this layer, regarding the jth input neuron (j = 1, 2, ..., N), the signal
propagation can be described as

yPm=x"(), j=12,..,N (3.28)

where y”(n) is the output signal of the jth input neuron at the nth instant, x*'(n) is the input

signal of the jth input neuron at the nth instant.

Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., M), the signal

propagation can be described as

X2 (n) = iw"@ MyPn), i=12,...M (3.29)
Y2 =Lx?M) or yP(m=Tx (") (3:30)

where x®(n) and y®(n) represent the input and output signals of the ith hidden neuron at the nth
instant, respectively, Wiﬁl) (n) denotes the connective weight between the ith hidden neuron and the
jth input neuron at the nth instant.

Output Layer: In this layer, the output signal is p,., which can be calculated as
M
Ay = Y2 (n) = 2 WP (n)y? (n) (3.31)
i=1

where y®(n) represents the output signal of the output neuron at the nth instant, W,®(n) denotes
the connective weight between the output neuron and the ith hidden neuron at the nth instant.

Remark 3.1. In the TLP-DO, N, M, W,{’(n) and w® () (i=1,2,..,M,j=1,2,...,N) need
to be determined. In general, N and M are set in advance, while w;{”(n) and w,*’(n) are updated
online by the learning laws [12].

3.4.1.2 RBFNN-DO

The RBFNN-DO usually uses the Gaussian function as the activation function in each hidden neuron.

The Gaussian function with single input signal is written as
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G(p)=e", ¢ :% (3.32)

where § and c are the width and the center of the Gaussian function, respectively.

When ¢ = 0 and § = 2, the Gaussian function with single input signal in the interval [-10, 10]

is illustrated in Figure 3.3.

0.75

00.50

0.25

Figure 3.3 Gaussian function with single input signal.

As presented in Figure 3.1, the signal propagation and the activation function of each layer of
the RBFNN-DO are described as follows.

Input Layer: In this layer, like the TLP-DO, the signal propagation of the jth input neuron ( j
= 1,2,...,N) can be described as

yO(n) =x®(n), j=12..,N (3.33)

Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., M), the signal

propagation can be described as

()
x? (n) = Z[y’ (2)52 ] i=12,..,M (3.34)
Y@ (n)=e " (3.35)

where §;; and c;; represent the width and the center of the Gaussian function in the ith hidden neuron
for the jth input neuron, respectively.

Output Layer: In this layer, like the TLP-DO, the output signal is g,,, which can be calculated

as

5=y (M) = YW My (n) (3.36)
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Remark 3.2. In the RBFNN-DO, N, M, 6, ¢;;and WP ) (i = 1,2,....,M,j=1,2,...,N) need

J
to be determined. In general, N, M, &;; and c;; are set in advance [13]-[15]. As for W, (n), itis updated
online by the learning laws.

3.4.1.3 HNN-DO

The HNN-DO uses the Hermite function, which is derived from the Hermite polynomials, as the
activation function in each hidden neuron.

Figure 3.4 First six Hermite functions.

The Hermite polynomials {H, (¢)}n=o, Which is defined in the interval (—oco, o0), can be
expressed by the following so-called Rodrigues' formula.

nge? A" oo _
H,(¢)=(1"e dgo”(e ), n=012,. (3.37)

Based on (3.37), a useful recurrence relation for the calculation of each H,, (¢) can be derived
as

Ho(9)=1 H,(p)=2p, H, (9)=2¢H ,(¢)-2(n-1)H,,(¢), n>2 (3.38)

Although {H,, (¢)}n=, are orthogonal with regard to the weight function k(¢) = e~?°, they
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are not orthonormal. Regarding the polynomial-based activation functions in the hidden layer of
FNNSs, the orthonormal polynomials are preferred [33]. Toward this end, based on {H,, (¢)}y=o, the

Hermite functions {h,,(¢)}n=o, Which are orthonormal functions, are derived as follows [33]-[35].

2

hn<¢>=ﬁm<¢>e‘?

The first six Hermite functions in the interval [—10, 10] is illustrated in Figure 3.4.

(3.39)

As presented in Figure 3.1, the signal propagation and the activation function of each layer of
the HNN-DO are described as follows.

Input Layer: In this layer, like the aforementioned two FNN-DOs, the signal propagation of the

jthinput neuron (j = 1,2,..., N) can be described as

yO(n) =x®(n), j=12..,N (3.40)

Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., M), the signal

propagation can be described as

x@ (n) :ZN:ygl)(n), i=12,..,M (3.41)
y?(n) =h (x?(n)) (3.42)

Output Layer: In this layer, like the aforementioned two FNN-DOs, the output signal is g,
which can be calculated as

M
P, =Y (n) = D> WP (n)y? (n) (3.43)
i=1
Remark 3.3. In the HNN-DO, N, Mand W® ) (i = 1,2,....,M,j = 1,2,...,N) need to be

determined. In general, N and M are set in advance, while W, ® (n) are updated online by the
learning laws. Among three FNN-DOs presented in this subsection, the parameters that need to be
determined in the HNN-DO is minimum.

3.4.2 ENN-DO

The ENN-DO is one of the most widely used RNN-DO for the DOC of AC motor drive systems.
The structure of such a model-free DO for the estimation of p, is illustrated as Figure 3.5 [16]-[19].
It consists of the input layer, the hidden layer, the context layer and the output layer. In the input
layer, there are N neurons corresponding to N input signals. In the hidden layer, there are M neurons,

each of which selects a logistic function as an activation function. Moreover, different from the
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FNN-DOs presented in Section 3.4.1, each hidden neuron of the ENN-DO receives not only output
signals of all input neurons but also output signals of all context neurons. In the context layer, there
are also M neurons, each of which receives the output signal of a certain hidden neuron and then
feed it back to all hidden neurons with one-step delay. In the output layer, like the FNN-DOs
presented in Section 3.4.1, one neuron is adopted and its output signal is the estimated p,., which is

a weighted sum of output signals of hidden neurons.

Context Layer

Input Layer

Figure 3.5 Block diagram of the ENN-DO.

As presented in Figure 3.5, the signal propagation and the activation function of each layer of
the ENN-DO are described as follows.

Input Layer: In this layer, like the FNN-DOs presented in Section 3.4.1, the signal propagation
of the jth input neuron (j = 1,2, ..., N) can be described as

yOn)=x®m), j=12..,N (3.44)

Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., M), the signal

propagation can be described as

X (n) = ZN]cDi}“ (n)y®(n) + i y?(n), i=12,..,M (3.45)
y2(n) = L(x? () (3.46)

where y(n) represents the output signal of the ith context neuron at the nth instant, & ()

denotes the connective weight between the ith hidden neuron and the jth input neuron at the nth
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instant.

Context Layer: In this layer, regarding the ith context neuron (i = 1, 2,..., M), the signal

propagation can be described as
yOMm) =xP ) =y?(n-1), i=12,..,M (3.47)

where xi(3)(n) is the input signal of the ith context neuron at the nth instant, and yl-(z)(n —1) isthe
output signal of the ith hidden neuron at the (n—1)th instant.

Output Layer: In this layer, the output signal is p,, which can be calculated as
M
A=Y () =2 0P (n)y? (n) (3.48)
i=1

where y*(n) represents the output signal of the output neuron at the nth instant, @ (n) denotes
the connective weight between the output neuron and the ith hidden neuron at the nth instant.

Remark 3.4. Inthe ENN-DO, N, M, ®{’(n) and @) (i = 1,2,...,M,j = 1,2,...,N) need
to be determined. In general, N and M are set in advance, while ®{’(n) and ®(*(n) are updated
online by the learning laws.

3.4.3 Learning Law Derivation

In each aforementioned ANN-DO, there are some parameters that need to be updated online by the
learning laws. The derivation of these learning laws has to take into account the stability issue of the
composite controller-based tracking control system. Toward this end, there are two widely used
approaches for deriving these learning laws. One is the Lyapunov synthesis approach, and the other
is the hybrid approach. The former uses the Lyapunov stability analysis of the tracking control
system to derive the learning laws for all parameters that need to be updated online. As for the latter,
only the learning law for the connective weights between the output neuron and the hidden neurons
are derived by the Lyapunov stability analysis of the tracking control system, and the learning laws
for other parameters that need to be updated online are derived from other algorithms such as the

well-known back-propagation (BP) algorithm.

In above-mentioned two approaches, the Lyapunov stability analysis of the tracking control
system is used to derive the learning laws for the connective weights between the output neuron and
the hidden neurons. Therefore, the derived learning law is related to the controller used by the
tracking control system. Since the aforementioned ANN-DOs have the same output layer structure,
the learning laws for the connective weights between the output neuron and the hidden neurons in

each aforementioned ANN-DO are the same for a certain controller.
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3.5 Summary

In this chapter, two model-based extended DOs, i.e., the second-order ESO and the STSMO, and
four model-free DOs, i.e., the TLP-DO, the RBFNN-DO, the HNN-DO and the ENN-DO for a
single-input uncertain nonlinear system with relative degree one are presented. At first, the designs
and the rigorous stability analyses of the second-order ESO and the STSMO are given. Afterward,
the structures of the TLP-DO, the RBFNN-DO, the HNN-DO and the ENN-DO are presented.
Finally, two widely used approaches for deriving the learning laws, which are adopted to update

some parameters in these model-free DOs online, are introduced.
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4

TYPE-1 COMPOSITE CONTROLLER:
DESIGN AND APPLICATION

4.1 Introduction

With respect to the single-input uncertain nonlinear system with relative degree one, the sliding-
mode controller is one of the most promising robust nonlinear controllers. In theory, it can
completely reject the bounded lumped disturbance, which consists of unmodeled dynamics,
parametric uncertainties and external disturbances in the system [1]. In general, the first step of
designing a sliding-mode controller is to select the sliding variable based on the control objective.
Afterward, a sliding-mode control law is designed to make the selected sliding variable converge to
the origin, commonly known as the sliding surface, in a finite time, and keep it at the origin thereafter,
such that the control objective is accomplished in a finite time in the presence of unmodeled
dynamics, parametric uncertainties and external disturbances. For the classic sliding-mode
controller, it is based on the FOSM algorithm. As mentioned in Section 3.1, the implementation of

such a sliding-mode algorithm in the hardware controller results in severe chattering in practice.

To alleviate the chattering, several modified sliding-mode algorithms have been proposed [1],
[2]. Among them, the second-order sliding-mode (SOSM) algorithms, which can guarantee the
finite-time convergence of the sliding variable and its time derivative to the origin in a finite time,
is an approach to chattering alleviation that has gained much attention in the sliding-mode control
community in recent decades [1]-[4]. Amongst the existing SOSM algorithms, the standard STA is
a unique absolutely continuous SOSM algorithm that can be applied to the relative degree one

system and only require the information of the sliding variable. Because of such attractive features,
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the standard STSM controller, which is based on the standard STA, has found wide applications [5]-
[18]. The nonlinear correction terms of the standard STA are dependent on the bounded sign function.
In other words, the standard STSM controller is based on the bounded function-based feedback
regulation mechanism. As has been stated in Section 1.2, the use of such a feedback regulation
mechanism results in a trade-off problem between the tracking performance and the disturbance
attenuation during the selection of controller gains, and the development of a composite controller

is an effective method to tackle such an issue.

In recent years, some composite controllers combining a standard STSM controller with a
model-based or model-free DO have been proposed. For example, the composite controller
combining a standard STSM controller with a ESO [14]-[16], the composite controller combining a
standard STSM controller with a STSMO [17], and the composite controller combining a standard
STSM controller with a RBFNN-DO [18]. For the last-mentioned composite controller, although its
performance has been verified by simulation results, the presented Lyapunov stability analysis for
the tracking control system is not rigorous in theory. It means that the derivation of the learning
laws for the connective weights between the output neuron and the hidden neurons in the adopted
RBFNN-DO is also not rigorous in theory. Therefore, from a theoretical viewpoint, the rigorous
stability analysis for the composite controller combining a standard STSM controller with an ANN-
DO and the rigorous derivation of the learning laws for the connective weights between the output

neuron and the hidden neurons in the adopted ANN-DO still need to be explored.

In this chapter, the type-1 composite controller, which consists of a standard STSM controller,
a HNN-DO and an error compensator, is proposed for a single-input uncertain nonlinear system with
relative degree one. In such a composite controller, the finite-time stabilization of the sliding variable
dynamics is guaranteed by the standard STSM controller, the lumped disturbance in the sliding
variable dynamics is compensated by the HNN-DO, and the approximation error of such an ANN-
DO is compensated by the error compensator. The rigorous stability analysis of the sliding variable
dynamics with the type-1 composite controller is presented. On the basis of that, the learning laws
for the connective weights between the output neuron and the hidden neurons in the HNN-DO and
the error compensator are rigorously derived. In fact, such learning laws are suitable for any type of
ANN-DO, including the MLP-DO, the RBFNN-DO and the ENN-DO, and its corresponding error

compensator used in the standard STSM controller-based composite controller.

After the rigorous theoretical analysis of the proposed type-1 composite controller, such a
controller applies to the construction of a novel robust FOC strategy for the 2L-VSI-fed SynRM-

VSD system. In such a FOC strategy, the proposed type-1 composite controller serves as the rotor
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speed controller for the robust rotor speed tracking control. Moreover, based on the current dynamics
of the SynRM in the dq frame, each of which is a nonlinear system in terms
of iys and igs considering the magnetic saturation effect, two composite current controllers, each of
which is composed of two standard STSM controllers, are designed to achieve the robust stator
current tracking control. Rigorous stability analysis of each current tracking error dynamics using
the corresponding composite current controller is presented. Finally, the results of the comparative
HIL tests between the proposed FOC strategy and the classic STA-based FOC strategy proposed in
[19], which is based on a standard STSM speed controller and two linear PI current controllers, for
the 2L-VSI-fed SynRM-VSD system are presented and analyzed.

4.2 Type-1 Composite Controller Design

4.2.1 Problem Statement

Considering the single-input uncertain nonlinear system with relative degree one presented in (3.1),

the sliding variable can be designed as

S=Y, Y (41)

where v, is the reference output for the considered system.
Assumption 4.1. s, is bounded and y, is known.

Based on (3.1) and (4.1), the s;-dynamics can be derived as
S =Y —y=Y,—a(xt)-b(xt)u (4.2)
Combing (4.2) with (3.2), the s;-dynamics can be rewritten as
s =Y, —(a, +Aa(xt))—(b, + Ab(x,t)) i

=—b,u+y, —a,—Aa(xt)-Ab(xt)u (4.3)

Ps(xvt

=—b,u+ p, (x,t)

where p(x, t) denotes the lumped disturbance in the s,-dynamics.

Assumption 4.2. p, and its time derivative p, are bounded as |pg| < Lj and |ps| < L3, respectively,
for positive constants L and L3.

The control objective is to let s; converge to the origin in a finite time.
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Input Layer Hidden Layer Output Layer

Figure 4.1 Block diagram of a HNN-DO in the type-1 composite controller.
4.2.2 HNN-DO Design

The HNN-DO used in the type-1 composite controller is illustrated in Figure 4.1. It can be seen that
there are one input neuron, five hidden neurons and one output neuron in such an ANN-DO. The

signal propagation and the activation function of each layer are described as follows.

Input Layer: In this layer, s, is selected as the input signal. Thus, the output signal of the input
neuron can be expressed as

¥ () =X (n) =s,(n) (4.4)
where s; (n) is the sliding variable at the nth instant.

Hidden Layer: In this layer, regarding the ith hidden neuron (i =1, 2,..., 5), the signal

propagation can be described as
xP()=yP(n), i=12,..,5 (4.5)
¥ (n) =h (x? (n) (4.6)

Output Layer: In this layer, the output signal is the estimated lumped disturbance in the s,-

dynamics, which can be calculated as
5
P =¥ (M) =2 W2 (My? (), 1=12,...5 4.7
i=1

where pyyy is the estimated lumped disturbance from the HNN-DO, W,¥(n) denotes the
connective weight between the output neuron and the ith hidden neuron at the nth instant.

Based on the universal approximation property of the ANN, there is an optimal estimated
lumped disturbance pj;yy for the HNN-DO such that
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Ps = ﬁ;NN + & :Wh(z)*r (n) y(Z) (M) + & (4.8)

where Wi2"(n) = W, (), W3, WS ), WS ), W' m]" and y@ @) = (),
v m), yPm), yPm), y& m)]" are the optimal output weight vector and the output signal vector
of the hidden layer of the HNN-DO, respectively, ey is the minimum approximation error of the
HNN-DO.

Assumption 4.3. Wh(f)*(n) and g,y are constant in each sampling period.

Remark 4.1. In the HNN-DO, all elements in the output weight vector W) = [W, ),
WP m), WP m), WP m), w,Pm)]" need to be updated online. To maintain the stability of the
tracking control system, the learning laws for these connective weights are derived from the
Lyapunov synthesis approach.

4.2.3 Controller Design

To achieve the control objective, the type-1 composite control law p, is designed as

1
M = b_(/uSTA +Y,+ ycl) (4.9)

n

where ugr4, yn and y., are the standard STA for the finite-time stabilization of the s;-dynamics, the
output signal of the adopted HNN-DO for the compensation of the lumped disturbance in the s;-
dynamics and the output signal of the error compensator for the compensation of the approximation

error of the adopted HNN-DO, respectively, which are expressed as

psrn =K\ lsi] san(s,) + k5 [ son(s, et (4.10)
Yo =W,AT(n)y® (n) (4.11)
Y =&y (4.12)

where k< and kSt are the positive constant gains, e, is the estimated approximation error of the
adopted HNN-DO.

Remark 4.2. If y, = y.; = 0, the type-1 composite control law is converted to the standard STSM
control law.

Remark 4.3. In the type-1 composite control law, €., is updated online. To maintain the stability of

the tracking control system, the learning law for €., is derived by the Lyapunov synthesis approach.
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Substituting (4.8) and (4.9) into (4.3), the closed-loop s;-dynamics with the type-1 composite

control law is expressed as
8, =k fls son(s,) — ks [ sgn(s, )dt W, 2T (n) y @ (n) - &, + p,
= —kflx/HSQH(Sl) - kgljsgn(sl)dt _Wh(Z)T (n) y(Z) (n) ~&a "'\Nh(Z)*T (n) y(Z) (n) T Ennn (4-13)
=k ffs.| san(s,) —ks* [ sgn(s, )it + W, (n) y (n) +
where W2 ) = w@ m) — wPm) = [WPm), Pm), wPm), w2m), w2 m]" and
EUNN = EHNN — Ec1-
The following Theorem can be used to derive the learning laws for Wf) and 4.
Theorem 4.1. Considering the system (4.13), if the learning laws for Wf) and g, are designed as
(4.14) and (4.15), respectively, the origin is a globally asymptotically stable equilibrium point.

W@ =nks'sgn(s,) y? (4.14)

Eq =1,K5'saN(s,) (4.15)

where ., and 1, are positive learning rates.

Proof. At first, the system (4.13) is converted to the following equivalent system.

{s} =k s s0n(5) + 4 + WY 4 8y .16
¢ =—k;" san(s,)
For the system (4.16), the Lyapunov candidate function V. is selected as follows
cl 1 2 1 - (2)T\x7 (2) 1 ~2
V,, =k; |sl|+§(/ﬁl +2—Wh W, + 5 S (4.17)

cl c2

Considering Assumption 4.3, V.., along the trajectories of the system (4.16) can be obtained as

. . ) .01 - - 1. .
V,, =k5'sgn (31)51 + i ——WITWSE - — &, &

cl c2
= k;lsgn (31)(_klcl \/|31| sgn(s,) + & "‘V\Nlh(Z)T y® + Enn )
. 1 o 1. .
_¢1k21 sgn(s,) - _Wh(Z)TWh(Z) &y éa (4.18)
cl 7702
= _klclkzclxl |51| + kZCngn (51 )Wh(Z)T y(Z) + k2Cngn (Sl ) En ~ i\/\7h(2)TV\./h(2) - i Ennéa
cl c2

cly, ¢ \ / c 1. .. ~ C 1 .

= —kllkzl\/m + W7 {k;sgn (s,)y?®-—w?® } + & [kzlsgn (s,)- 77_801}
cl c2

68



Chapter 4 Type-1 Composite Controller: Design and Application

Substituting (4.14) and (4.15) into (4.18), V., can be expressed as
V,, = —kkst fls,] <0 (4.19)
Since V., is negative semidefinite, the following inequality can be derived.
Voo (5 (1), (1) Wi (1), Gy (1)) < Vg (51(0),4.(0), W, (0), £ (0)) (4.20)

According to (4.20), s;(t), ¢1(t), W (t) and &,y (t) are bounded. Based on (4.19) and
(4.20), the following function is defined.

Oy (1) = kK5 5] < Vi (5, (1), (1) WP (1), Zyy (1)) (4.21)
Since V1 (s1(0), ¢1(0), W (0), &y (0)) is bounded and Vey (s1(6), ¢1.(8), W, (©), Euwn (©)

is a non-increasing bounded function, the following inequality can be derived.
lim [ Q4 (7)d7 <0 (4.22)

Since tlgg fot Quun (D)dt existsand Qpyy () is a uniformly continuous function, according
to Barbalat’s Lemma [20], tlim Quyn () = 0 holds. It means that tlim s1(t) = 0 holds. Therefore,

the origin is a globally asymptotically stable equilibrium point of the system (4.13). The proof is
completed. [ ]

The system (4.13) can be converted to another equivalent system described as

§ =k fls|san(s,)) + ¢,

) ) (4.23)
@, =—k; sgn(s,)dt + p;
where pg, is expressed as
d, -~ . -
- W(Z)T (2) +& - (2)TW (2) +W(2)T - (2) -
Psa dt( oY HNN) y h ho Y o1 (4.24)

= _nclkglsgn (Sl) y(Z)T y(2) -’_\/\Nlh(Z)T y(Z) - nczkglsgn (sl)

Assumption 4.4. s, is bounded.

Since Wff), s; and $; are bounded, based on (3.38), (3.39) and (4.6), it can be concluded that
y@ and y® are bounded. Thus, ps, is bounded.

Assumption 4.5. pg, is bounded as |ps,| < L3 for a positive constant L3.

The following Theorem can be used to select k$t and k$* for accomplishing the control

objective.

Theorem 4.2. Considering the system (4.23) and |p;| < LS, if kSt and kS? are selected as (4.25),
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s; will converge to the origin in a finite time.

cly2 s\2
>z, ks K ALY (4.25)
4(k*-2)

Proof. It can be observed that the system (4.23) has the same structure as the system (3.12). Since
ps1 1S bounded as |pg,| < L3 , the inequalities (4.25) can be obtained from (3.13) by replacing
ky, k, and L% with k§1, kS and LS, respectively. Therefore, according to Theorem 3.1, it can be
concluded that, with k£t and k$?* selected as (4.25), s; will converge to the origin in a finite time.
The proof is completed. [

4.3 Application

In this section, a novel robust FOC strategy based on the type-1 composite speed controller and two
composite current controllers for the 2L-VSI-fed SynRM-VSD system is presented. The designs of
the type-1 composite speed controller and two composite current controllers are based on the
practical dynamic model of the SynRM presented in (2.60). In this FOC strategy, i, iS a constant
set in advance and i, is generated by the type-1 composite speed controller. Finally, the results of
comparative HIL tests between the proposed FOC strategy and the classic STA-based FOC strategy
for the 2L-VSI-fed SynRM-VSD system are presented to demonstrate the superiority of the former.

4.3.1 Type-1 Composite Speed Controller Design

The speed tracking error e,,; for the field-oriented controlled SynRM-VSD system is defined as

o - (4.26)

wl mr m

Since the dynamics of the current control loop is much faster than that of the speed control loop,
it can be considered that is = igs- and iys = g in the rotor speed controller design. Therefore,
based on (2.60) and (4.26), the e,,{-dynamics can be expressed as
s 3np(|‘d0 — qu)_

1_ B, .
. _ _ (1)
€1 = Oy + TL + O = P 2] s Iqsr —Fo1 brunllqsr (427)
0 0 0

p((Jll) bcunl

€Y

wl

where b, is a constant and p,. denotes the lumped disturbance in the e,,;-dynamics.

Selecting e, as the sliding variable, the type-1 composite speed control law i;ﬁr is designed

as
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a1
Iqslr = _(/'lswl + yha} + ycwl) (428)

bwnl

Where tg,1, Yne1 and ye,,1 are the standard STA for the finite-time rotor speed tracking control, the
output signal of the adopted HNN-DO for the compensation of the lumped disturbance in the e, -
dynamics and the output signal of the error compensator for the compensation of the approximation

error of the adopted HNN-DO, respectively, which are expressed as

/uswl = k(f)]]-. \/ ewl| Sgn(ewl) + k((z:)lZJ.Sgn(ewl)dt (429)
Yoo =Wao" Vi (4.30)
yC(ul = gcml (431)

where k& and k£ are the positive constant gains, w2 = w2, w&, w2, we, w7
and y@ = [y®, y@  y& 3@ 3@ T are the output weight vector and the output signal
vector of the hidden layer of the adopted HNN-DO, respectively, €., iS the estimated

approximation error of the adopted HNN-DO.

Remark 4.4. If y,., = yc1 = 0, the type-1 composite speed control law is converted to the
standard STSM speed control law.

The structure of the HNN-DO used in the type-1 composite speed controller is illustrated in
Figure 4.1. e, is selected as the input signal of the HNN-DO and the learning laws for

w® and e, are designed as

w

Wh((i) = ngj)lkgLZSgn (e(ul) yr(i)) (432)
éC(ul = 77((::2)2 k(f)lZSgn (ea)l ) (433)

where n¢L, and n¢l, are positive learning rates.

Substituting (4.28) into (4.27), the closed-loop e, -dynamics with the type-1 composite speed

control law is expressed as

é{ul = _lLlS[,Ul - th - ycwl + pc(z)l]? = _k(f)]i \j ew1| Sgn(ewl) - krf)l2 J'sgn(ewl)dt _Wh(j)T ylgfu) - gcwl + prf)lil?
sy (4.34)

= _k:)ll \' ea)l Sgn(ewl) - k;)12 Isgn(ewl)dt + pz(ozl)

Assumption 4.6. p) and its time derivative 5 are bounded as [p?| < LSk and [pP)| < LSh,
respectively, for positive constants LS, and LSL,.
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—) Learning Law (4.3397
y(:wl
¢e—)»| Error Compensator
-cl
€l MHsol + 1 |qcsr
— ) Standard STA g
ba)nl
Yh
—> HNN-DO °
— P Learning Law (4.32)

Figure 4.2 Block diagram of the type-1 composite speed controller.

Considering Assumption 4.5, based on Theorem 4.1 and Theorem 4.2, it can be concluded that,
with the type-1 composite speed control law (4.28) as well as learning laws (4.32) and

(4.33), e,,; Will converge to the origin in a finite time if k$} and k&), are selected as

RPN (1 e (59

The block diagram of the type-1 composite speed controller is shown in Figure 4.2.

4.3.2 Composite Current Controller Design

Two current tracking errors e and e, for the field-oriented controlled SynRM-VSD system are

defined as

8y =iy —1 e =i . —i (4.36)

dsr ds ? q qsr as

It can be considered that ugzs = ugg, and ugs = ug, in the stator current controller design.

Therefore, according to (2.60) and (4.36), the e4- and e4-dynamics can be expressed as

*

é ——quO[u* (Rl —N @ L, )]+qu°[u (Ryi +n o Loi )] +iy — o3
d = a4 LYdsr — \Msolds 7 Mp®mtqolgs N Lasr T \Msolgs p%mbdo'ds dsr — Md
M, M, —_—

Ben bgn o

(4.37)

Loqo . » Lo , « )
Z_Mq_qo(udsr _bdn) +M_qo(uqsr _bqn) + 04
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—(Rygigs + N, Ldolds)]Jri'qsr

qsr s0°qgs

L,
eq '\jldo [udsr (RSO ds npa)m LqO gs )] ddO [U
0

%/_/
b b oY (4.38)

L . L .
= '\jl_do (udsr - bdn) - ﬁ (uqsr - bqn) + pél)

0 0

where p{" and p{" denote the lumped disturbance in the e,- and e, -dynamics, respectively.

Assumption 4.7. There are four positive constants L5}, L5, LC and LC such that p(l) and p(l) and
their time derivatives p{" and p{” are bounded as |p(1)| <19, |p(1)| <1, |pl0] <
L% and |pf11)| < L, respectively.

Selecting e; and e, as the sliding variables, two composite current control laws ug,, and

Ugsr are designed as
u;sr = bdn + deo/"d + quO:uq ! u;sr = bqn + quoﬂd + quO/uq (439)

where p; and u, are two standard STSM control laws expressed as

1y = kiifleg|san(ey ) + kg5 [san(e, )dt (4.40)
1y =kt fleglsan(e, ) + ke [ san(e, )t (4.41)

where k33, kg5, kST and kS5 are the positive constant gains.
Substituting (4.39) into (4.37) and (4.38), the closed-loop e;- and e, -dynamics with the
proposed composite current control laws are expressed as
= —kﬁ\/asgn(ed )—kS, Isgn(ed )t + pf?
= k¢ \le, I san(e,) - k°1jsgn(e )dt + o

Considering Assumption 4.7, based on Theorem 3.1, it can be concluded that, with the proposed

(4.42)

composite current control laws expressed as (4.39), e, and e, will converge to the origin in a finite

time if k31, kg5, kST and kS5 are selected as

KD 45" sy oo (k) +4(L)
cl ! q1>’ q2> cl
4(kdl - 2) 4(kq1 - 2)

The block diagram of the composite current controllers are shown in Figure 4.3.

kit>2, k3> (4.43)

73



Chapter 4 Type-1 Composite Controller: Design and Application

lgs —
|qs _> bdn
(12 _>

Lado

€q Standard STA Hd
> (4.40)

I—qu

& " Laqo
> Standard STA
(4.41)
Lgqo
!ds >
Iqs _) bqn
M >

Figure 4.3 Block diagram of the proposed composite current controllers.

4.3.3 HIL Test Results

The HIL test bench described in Section 3.5 is used to perform comparative tests between the
proposed FOC strategy and the classic STA-based FOC strategy for the 2L-VSI-fed SynRM-VSD
system. In the HIL tests, the sampling frequencies of the hardware controller and the emulator are
set to 5 kHz and 10 kHz, respectively. In the emulator, the three-phase low-frequency model
presented in (2.12) is used to describe the 2L-VSI, and the following dynamic model modified from
(2.60) is adopted to describe the SynRM.

. L L

ids :ﬁ(uflis - Rsids + npmeq.qs)_ﬁ(uths - Rsiqs - npa)deids)

. L . . L . .

i =—Mi’(u(',s —Ryiy, + npa)qulqs)+ﬁ(u['!S ~Ryigs = N0, Lyi ) (4.44)
3n (L -L ) 1 1

. p d q). -

O = 2] Idslqs J TL _FTf

Whel’e M = dequ - ququ.

To describe the magnetic saturation effect of the SynRM in the emulator, the apparent
inductance model proposed in [21], which can approximate the values of Ly and L, for different
combinations of i;s and i4 in a wide range, is adopted. According to such a model, Ly and L, can

be formulated as

L (s e ) = Lo (i) = Ly (e ) o (ige ), Ly (i) = L (i) — Ly (e ) L (i) (4.45)

where
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. -4 -2 - -4 -2
LdO(Ids) = CdO + Cdl/(lds + Cdzlds + Cd3)’ LqO(Iqs) = CqO + qu/(lqs + qulqs + Cq3)
Ldl(ids) = Cd4/(i§s + Cd5idzs + Cd6)1 qu(iqs) = Cq4/(i:s + CqSiqzs + qu) (446)

LdZ(ids) :1_V(qui§s +1)’ Lq2 (iqs) :1_V(quiqzs +1)
Based on (2.42), (2.43), (2.44) and (4.45), the incremental inductances can also be formulated.

For the hardware controller, it not only generates d;, dj, and d; based on the principle of the
space vector modulation for the 2L-VSI in the emulator but also samples i, iy, i.s and 6,, from
the emulator. The implementation of the field-oriented controlled 2L-VSI-fed SynRM-VSD system
is illustrated in Figure 4.4. The parameters of the SynRM are presented in Table 4.1 [23]. The
specifications of the 2L-VSI are shown in Table 4.2. [23]. The adopted apparent inductance model
of the SynRM is illustrated in Figure 4.5, where the parameters are presented as follow: ¢z, =
0.0391, cqp = 454, cg3 = —12.9, cqy = 1329, c45 = 19.9, ¢4 = —13, cg7 = 795, cgq
= 0.0133, c4; = 0.01, ¢4 = 0571, c43 = 0, cq4 = 58, cq5 = 0.825, c46 = 0, cq7 =
63.8, cqq = 0.0833 [21]. With respect to the proposed FOC strategy, the parameters of the
composite speed controller are selected as Lao = Lq (0,0), Lo = Lq(0,0), k54 = 100, k&L, =
200, nSY, = 100, n¢l, = 0.1, and the parameters of two composite current controllers are
selected as Lgzy = L4(0,0), Lgo = Lq(0,0), Lgao = Lgq(1,1), Lago = qu(l,l), Lgao =
Lga(11), Lggo = Lgq(11), k§1 = k&I = 5000, k33 = ki3 = 20000. With respect to the
classic STA-based FOC strategy, the parameters of the standard STSM speed controller are selected
as Lgg = Lq(00), Ly = Lg(0,0), k&3 = 100, kG, = 200, and the parameters of two linear
PI current controllers are the same as each other, i.e., the proportional gain is selected as 30 and the

integral gain is selected as 4000.

ree————_——_——— — — — — — —l _—

Hardware Controller | Emulator 1
o

U +‘| |'+

Two Stator _Sr\ or U; Duty Cycle | d* = |

» Cgr:{(rrgelgrs U:sr ¥ 3s —>1 Calculation |:|:> ~ |

A A A
s v
Controller iqs 2 s <<
T Onmr
- (20 Speed

| Rotor Speed
| Calculation

Figure 4.4 Implementation of the field-oriented controlled 2L-VSI-fed SynRM-VSD system in
HIL tests.
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Table 4.1 Parameters of the SynRM

Parameter Value
Rated power (W) 1100
Rated current (A) 6.3
Stator resistance (Q2) 1.05
Rated speed (rpm) 1500
Rotor inertia (kg-m?) 0.0208
Viscous friction coefficient (N-m-s/rad) 0.00268
Rated torque (N-m) 4.8
Pole pairs 2

Table 4.2 Specifications of the 2L-VSI

Parameter Value
DC-bus voltage (V) 200
Switching period (us) 100
Turn-on time (us) 13
Turn-off time (us) 13
Dead time (us) 2.0
Saturation voltage (V) 1.6
Diode forward voltage (V) 15

(a) (b)
Figure 4.5 Apparent inductance model of the SynRM. (a) Lq (ias, igs). (0) Lq (ids, igs)-

Regarding the implementation of standard STA in the hardware controller, the sign function is
usually replaced by a continuous function, including the saturation function and the hyperbolic

tangent function, to further alleviate the chattering in practice [13], [16]. Therefore, in this chapter,
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the sign function in each standard STA-based controller is replaced by the following saturation

function in HIL tests.

z )
—, flzl<I1
sat(z)=111 ! |Z|

sgn(z), if |z|>11

(4.47)

where IT denotes the boundary layer that is set to 1.0 in HIL tests.

In the first test, the values of wy,,, izsr, AJ and AR are set to 1000 rpm, 5 A, 0 and 0,
respectively. The value of T;, declines from 4.8 N-m to 0 N-m at first, and then the value of T steps
tenfold by raising the value of B,, to ten times. Figure 4.6 presents the rotor mechanical speed
responses of the proposed FOC strategy and the classic STA-based FOC strategy, while the stator
current responses of these two tested FOC strategies are illustrated in Figure 4.7. It can be seen that,
in comparison with the classic STA-based FOC strategy, the proposed FOC strategy can achieve
smaller maximum tracking error and shorter settling time for the speed and current tracking control

under the sudden change of external disturbances.

In the second test, the values of Ty, i;g-, AJ and AR, are set to 2.4 N'm, 5 A, 4J, and O,
respectively. The value of w,,,,- steps from 1000 rpm to 1500 rpm at first, and then it is back to 1000
rpm. The rotor mechanical speed responses and the stator current responses of two tested FOC
strategies are presented in Figure 4.8 and Figure 4.9, respectively. It can be observed that, in the
presence of the rotor inertia uncertainty, the proposed FOC strategy can accomplish smaller
overshoot and shorter settling time for the speed and current tracking control under the sudden

change of the reference rotor mechanical speed, compared with the classic STA-based FOC strategy.

In the third test, the values of w,,,-, Ty, izs- and AJ are set to 1000 rpm, 2.4 N'm, 5 A and 0,
respectively, while the value of AR, steps from 0 to 2R,. The stator current responses of two tested
FOC strategies are shown in Figure 4.10. It can be seen that the proposed FOC strategy is able to
achieve smaller variations of d- and g-axes stator current components compared with the classic
STA-based FOC strategy.
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Figure 4.6 Rotor mechanical speed responses for the first test. (a) Classic STA-based FOC

strategy. (b) Proposed FOC strategy.
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Figure 4.7 Stator current responses for the first test. (a) Classic STA-based FOC strategy. (b)
Proposed FOC strategy.
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Figure 4.8 Rotor mechanical speed responses for the second test. (a) Classic STA-based
FOC strategy. (b) Proposed FOC strategy.
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Figure 4.9 Stator current responses for the second test. (a) Classic STA-based FOC strategy.
(b) Proposed FOC strategy.
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Figure 4.10 Stator current responses for the third test. (a) Classic STA-based FOC strategy.
(b) Proposed FOC strategy.
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4.4 Summary

In this chapter, a novel composite controller named as the type-1 composite controller is proposed
for a single-input uncertain nonlinear system with relative degree one. The proposed composite
controller consists of a standard STSM controller, a HNN-DO and an error compensator. The
standard STSM controller is used to achieve the finite-time convergence of the sliding variable to
the origin. The HNN-DO is used to estimate and compensate the lumped disturbance in the sliding
variable dynamics for the disturbance attenuation ability improvement. The error compensator is
used compensate the approximation error of the adopted HNN-DO. The rigorous stability analysis
of the sliding variable dynamics with the type-1 composite controller is presented. Based on that,
the learning laws for the connective weights between the output neuron and the hidden neurons in
the adopted HNN-DO and the error compensator are rigorously derived. Moreover, with respect to
any composite controller combining a standard STSM controller with a ANN-DO for a single-input
uncertain nonlinear system with relative degree one, these derived learning laws can be used to
update online the connective weights between the output neuron and the hidden neurons in the

adopted ANN-DO and its corresponding error compensator.

With respect to the 2L-VSI-fed SynRM-VSD system, a novel robust FOC strategy is proposed.
In the speed control loop, the type-1 composite controller is designed as a rotor speed controller for
the robust rotor speed tracking control. In the current control loop, since each current dynamics of
the SynRM in the dq frame is a nonlinear system in terms of iy and i, considering the magnetic
saturation effect, two composite current controllers, each of which is composed of two standard
STSM controllers, are proposed to achieve the robust stator current tracking control. The rigorous
stability analysis for each current tracking error dynamics using the corresponding composite current
controller is presented. The results of the comparative HIL tests show that the SynRM-VSD system
using the proposed FOC strategy is able to accomplish better tracking performance and higher
robustness against disturbances/uncertainties in comparison with the SynRM-VSD system using the
classic STA-based FOC strategy, which is based on a standard STSM controller and two linear Pl

current controllers.
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5

TYPE-2 COMPOSITE CONTROLLER:
DESIGN AND APPLICATION

5.1 Introduction

As mentioned in Section 4.1, since the standard STSM controller, which is designed using the
standard STA, is based on the bounded function-based feedback regulation mechanism, a trade-off
problem between the tracking performance and the disturbance attenuation arises during the
selection of controller gains. To alleviate such a problem, the modified STA, which is developed
from the standard STA by adding the linear correction terms, is proposed [1], [2]. Until now, the
modified STSM controller, which is designed using the modified STA, has been used in some
applications, including the five-phase induction motor-based VSD system [3] and the unmanned

aircraft system [4].

Although the modified STSM controller can provide more powerful feedback regulation
mechanism than the standard STSM controller due to the use of the linear correction terms, selecting
the gains of the modified STSM controller still has to face the above-mentioned trade-off problem,
which may make it difficult for such a controller to provide satisfactory performance in some
applications. To deal with such an issue, the development of a composite controller combining a
modified STSM controller with a DO is an effective method. As mentioned in Section 3.1, the ESO
is the most popular linear extended DO for the DOC of AC motor drive systems. Up to now, the
ESO has been combined with assorted feedback control algorithms, including the proportional
control algorithm [5], [6], the robust control algorithm [7], [8], the predictive control algorithm [9],
[10], the feedback linearization algorithm [11], [12], the dynamic surface control algorithm [13],
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[14], the backstepping control algorithm [15], [16], the repetitive control algorithm [17], [18], the
first-order sliding-mode algorithm [19], [20], and the standard STA [21], [22], for constructing
composite controllers. However, to the best of the author’s knowledge, no published literature
investigates the composite controller combining a modified STA with an ESO; let alone the

application of this controller to the PMSM-VSD system.

In this chapter, the type-2 composite controller, which consists of a modified STSM controller
and a second-order ESO, is proposed for a single-input uncertain nonlinear system with relative
degree one. In such a composite controller, the modified STSM controller is used to stabilize the
sliding variable dynamics in a finite time and the lumped disturbance in the sliding variable
dynamics is compensated by the second-order ESO. The rigorous stability analysis of the sliding

variable dynamics with the type-2 composite controller is presented.

After the rigorous theoretical analysis of the proposed type-2 composite controller, such a
controller applies to the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-
VSD system. In such a FOC strategy, the proposed type-2 composite controller serves as the rotor
speed controller in the speed control loop and two linear PI current controllers are used in the current
control loop. To validate the effectiveness and the superiority of the type-2 composite speed
controller, based on the experimental test bench described in Section 2.5, comparative experimental
tests among the standard STSM speed controller, the ESO-based standard STSM speed controller,
the modified STSM speed controller and the type-2 composite speed controller in the frame of the

FOC strategy are performed. Finally, the experimental results are presented and analyzed.

5.2 Type-2 Composite Controller Design

Considering the single-input uncertain nonlinear system with relative degree one presented in (3.1),
the sliding variable s, is designed as (4.1) and its dynamics is presented in (4.3). The control

objective is to let s; converge to the origin in a finite time.
5.2.1 ESO Design

As mentioned in Section 3.3.1, the ESO design is based on the extended dynamics in which the
lumped disturbance is selected as an augmented state variable to be estimated. According to (3.3)
and (4.3), the relationship between the lumped disturbance in the x-dynamics and the lumped

disturbance in the s;-dynamics is expressed as
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=Y =P (5.1)

According to (5.1) and Assumption 4.1, the estimation of p is equivalent to the estimation
of p,.. It means that the second-order ESO designed as (3.5) can be directly used in the type-2
composite controller.

5.2.2 Controller Design

To achieve the control objective, the type-2 composite control law u., is designed as

1 e A
_(/UMSTA +Y - pEso) (5.2)

ILICZ = bn

where pyst4 1S the modified STA for the finite-time stabilization of the s;-dynamics, which is
expressed as (5.3), and pgsp is the estimated lumped disturbance from the adopted ESO for the
compensation of p,.

t
Hyista = kcz:ul + kchJ‘O /UzCZdT (5.3)

2 = pit s son(s,) + p%s,, 252 = pitsgn(s,)+ ps’s, (5.4)
where k2, k52, p§? and pS? are the positive constant gains.
Remark 5.1. If pggp in (5.2) is set to zero, the modified STSM control law is obtained.
Remark 5.2. If p52 in (5.4) is set to zero, the ESO-based standard STSM control law is obtained.

Remark 5.3. If both pggp in (5.2) and p$? in (5.4) are set to zero, the standard STSM control law is
obtained.

Substituting (5.2) into (4.3), the closed-loop s;-dynamics with the type-2 composite control
law is expressed as

c2 c2 t c2 o
—k; /ul —k; _[0/12 d7z — (o5 = Peso)
eEs0 (5.5)
= klczlu’.l. kzczj‘;/lzczdr_eEso
where ez, is the lumped disturbance estimation error of the ESO.

Considering Assumption 3.2, ég, is bounded as |égso| < LE for a positive constant L.

Lemma 5.1 [23]. Lety >0,z>0,1 > a; > 0, and b > 0. If a constant a, satisfies — + — =

ai az

1, the following inequality holds.
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yzzb—yal+ _ z% (5.6)
& &

Lemma5.2 [23]. Lety > 0,z > 0. If a; > a, > 0, the following inequality holds.

1 1

(yaz 4 7% )g > (yal + 74 )51 (57)

The following Theorem can be used to select k$?, k$%, p$? and ps? for accomplishing the

control objective.

Theorem 5.1. Considering the system (5.5) and |égzso| < L%, for two positive constants 1 and 7

satisfying (5.8), if k$?, kS2, pS? and pS? are selected as (5.9), s; will converge to the origin in a finite

time.
»n>y,>0 (5.8)
pr? >0, ps®>0, k> Ls (1+ ﬁ] ks? > % (5.9)
p (ki p )\ 7 P

Proof. The system (5.5) can be rearranged as

{S - klcz +¢3 _kcz |51|Sgn(51)_k102p2231+¢3

__kc2 _ A __kcz _kcz C2a _ A (510)
¢ =—k, /12 Ceso = K3 pl Sgn(sl) 2 P28, —€ggo

At first, the following state variable vector is defined.

A e ) e

my ] Lk - k% py \/»sgn + kCZ ps’s, —
For the system (5.10), the Lyapunov candidate function V., is selected as follows [2].
=) Ry + (1, + 72)ks " (s, |+ ps*[s:[") (5.12)

where R is a symmetric and positive definite matrix expressed as

ka 2 _ kCZ
R:l|:7/1(10)2 7/11 :| (513)
2| —rk nt7,

Based on (5.12), V,, is expressed as
=) Ry™ + @) R+ (7, +7,) ks (0 + p5°Js]) 8,50 (s, ) (5.14)

Combining (5.14) with (5.10), V., can be calculated as
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2,ls,|

c2
Ve, =—ksn; (71+72)(|0f2+DEZISll)Sgn(Sl)—71(k°2)2#1°277§2[ P +DEZJ

ls,|

2 cZ c2,c2 c2 c2,6c2
-7, p n + P, [+k, L+ e
1k1 [ (2,— z} 1 My 2(2'_ 2} W+ ESO]

c2
= Pt pg [ (2208 + k2 02 + (K2 202 — (4 72 K2 (12)? ]
2,/ls)|

c2
+77§2(71+7z)[—kf277§2[2p1 +p;’ ]+ Ks” 5 +eEso]

_71kf2(kzcz/11czﬂgz+ﬂ1 Eso)+77202(71+72)(k§2,u§2+éEso)
~(r+7,)ks (P2 + ps?[s,| )57 san (s,)
=—7,K; (77 )2[2p1|5| P; J_%klczﬂfzéEso+(71+72)(772CZ)2€'E50_7/1k1C2k202ﬂ1C2,uzcz
1
+(n+ 725K 1, = (v + 7, ) K5 (PE + P57 [s]) 75 san (s,)

= =7,k (75°)? { |S|+ pgz]_%kfzﬂfzéz+(71+72)77202é550
1

—rikike? (P s san (s,) + P, ) (pison (s, ) + ps’s,)

(7/1+7/2)7722k02(p1 Sgn(sl)+ P 51)_(71+72)kzcz(p1 +P; |51|)772CZSgn(51)

c2
:_72klcz(77262)2( P +png_%klczﬂlczéz+(71+7/2)77202éEso
N
_7/1k1czkzcz( \/_+ P, ) p1 +P; |51|)
=—7,K, (77 )2[ plcz +pgzj_%klczﬂfzéEso+(71+72)772é2
2,fls
—riki ks (P + ps? | \/»+p |s,|
7/2kcz (77 )

= — 7 KPS (157)° — vk a6, + (7 + 7, )15 6eso
2./

lsan(s,)

—nkfzkzcz(pl + P57 sy s?

(5.15)

Considering Lemma 5.1 and (5.9), lety = (n5%)?,z = L a; =05 a, =—-1and b =

Visal’
2(kS*pS? — LY), such that

~2(kg* Py~ L5) s

22 ZkCZpCZ—Lé 2
\/H (2 1 )772
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Combining (5.15) with (5.16) and considering the fact that |ézgo| < LT, the following

inequality can be obtained.

Veo —72k02 [ kcz - zcz P - :| AN (o
+y, K +(y +7,) 5| € —7/k°2kC2 P+ psls
1 ( 1172 | 2 || ESO| 1 ( 1 2 |1|) (5.17)
<}/2kc2 |: ka _ ka plcz :| 7/2k02 2 )2
+Layke? | (71"’72) - klczkzcz(pl +; |51|) ;

With respect to u$?, the following inequality holds.

p? lsifsan (s, )+ p5?s,| =|pifls.| + b5 [s.]| > pi?\fls.| (5.18)

Substituting (5.18) into (5.17), the following inequality can be derived.

c2 b

c C Cc X #1
c2—72k2p1 |:(k22p12_|-5) pe?
1

,U1CZ

— 7K P (157)° + Liyks?

- (ke - L

ke?ks? (5 + ps? s, )|t

p12 2(kczp12_|-§) 7722 _7zkf2p§2(ﬂzcz)2+|-§7/1klc2 /"12

c2

+Ls(n+ 72| |-
=l (s it - )
+Us (71 + 7,57 | = 7k ks (52 + ps?[s, )| s
=k [ 7k (o7 + 52[si]) — 7 (K7 P57 - L) - Lo || -
—akepr? 2(ks? gt - L) s
<k [ kg pE = 7, (RS2 P12 = L) = Lo || aa?| = 7aks 07 (7Y + s (7 + 72 |
—7 ki b 2(ks? oy = L ) s
S—kfz(k?pfz—Lé)(n—72)|ufz|—[yzk°2pf\/Z(kSz L) - Lé(Vﬁh)J ;2
S—kfzpfz(kﬁzpfz—%)(n—n)ﬁ—[nqm Z(Czpl_Ls)_L5(71+72):|
i 52

=22 |8 - 282 |ms?

According to (5.8) and (5.9), 452 and A52in (5.19) are two positive constants. Since R is positive

ke2ps2 (152)" + L (7 + 72 ) ms”

c2
7,

(5.19)

definite, based on (5.12), the following inequality can be derived.

IR LT

Ve < A {RY (1

:Amax{R} c2|?

(5.20)

)|

where Amax {R} represents the maximum eigenvalue of R, y is written as
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Cc Cc Cc Cc Cc Cc 1 Cc
= Ao (RY(BEY 20705 ST+ Y8 G0 ) 07+ 5050 520)

Based on Lemma 5.2, (5.8) and (5.9), the following inequality holds.

(V) z[(ﬂﬁz 8]+ 22202 ] -

c c c 2 c 2
2 (ﬂl 2)2 |Sl| + (AQZ)2 ’722 2 kczZ|51| + kaA’max {R} 7722 2 kaVCZ
where k., is a positive constant such that
c2\2 c2\2
K., <min 47) , %) (5.23)
X (R}

According to (5.22), the following inequality holds.

Vi, <=k Ve (5.24)

On the basis of (5.24) and the comparison principle [24], all trajectories of the system (5.10)
will converge to the origin in a finite time. It means that s; will converge to the origin in a finite
time. The proof is completed. [

5.3 Application

In this section, the type-2 composite speed controller, which is designed using the practical speed
dynamics of the SPMSM presented in (2.54), is applied to the construction of a novel robust FOC
strategy for the 2L-VSI-fed SPMSM-VSD system. In this FOC strategy, two linear Pl current
controllers are used as stator current controllers. Moreover, iy, is set to 0 and i, is generated by
the type-2 composite speed controller. The results of the comparative experimental tests among the
standard STSM speed controller, the ESO-based standard STSM speed controller, the modified
STSM speed controller and the type-2 composite speed controller in the frame of the FOC strategy
for the 2L-VSI-fed SPMSM-VSD system are presented to demonstrate the superiority of the type-2
composite speed controller.

5.3.1 Type-2 Composite Speed Controller Design

Since the dynamics of the current control loop is much faster than that of the speed control loop, it
can be considered that i;s = i, in the rotor speed controller design. Therefore, based on (2.54),

the w,,,-dynamics of the SPMSM can be rewritten as
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) B, 3N, Ao 1 b .
O =~ Jm O+ 2] Iqsr _J_TL TPy =782y b{unzlqsr * P2 (525)
0 0 0
%,—/ %/—/
apn2 byn2 Pw2

where a,,, and b,,,, are two constants and p,, denotes the lumped disturbance in the w,,-
dynamics.

Assumption 5.1. p_, and its time derivative p_, are bounded as |p_,| < L4 and |p_,| < L%,

respectively, for positive constants L% and LS2,.

According to the ESO design presented in Section 3.3.1, the ESO can be designed as (5.26) for
the estimation of p,,, where two positive constant gains 3, and ,,, are selected as (5.27) and the
time derivative of the lumped disturbance estimation error ég,, is bounded as |ég,, | < L% for a

positive constant LS%.

z‘\e =-a,, wm+bwn iCszr—i_zew + Po a)m_zew
{;\ wl wn2 A 2°q 2 ﬂ 1( 1) (526)
ZewZ = ﬂwZ (a)m - Zewl)
ﬂa}l = 2a)bm’ ﬁmz = a)tiu (527)

where Z,,1 = &, and Z,,, = P, denote the estimated rotor mechanical speed and lumped
disturbance, respectively, wp,, is the bandwidth of the ESO, and g2, is the type-2 composite speed

control law.

The speed tracking error e, for the field-oriented controlled SPMSM-VSD system is defined

as
€,, =Wy — @ (5.28)
Based on (5.25) and (5.28), the e,,,-dynamics can be expressed as
8,5 = By + 8,20y —Dolcer — P (5.29)
Selecting e, as the sliding variable, the type-2 composite speed control law igﬁr is designed
as

. 1 . N
I((,1:52r = _(;Usmz + awnza)m + Wy _pew) (530)

wn2

where ug,,- is the modified STA for the finite-time rotor speed tracking control, which is expressed
as (5.31), and p,,, is the estimated lumped disturbance from the adopted ESO for the compensation

of ps.

t
By = KEEuE + K [ phdT (5.31)
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Ius)i = pz)i ea)2| Sgn (ea)Z ) + pz)ZZea)Z ’ :us)é = pz)i Sgn (ewZ ) + pz)ZZewZ (532)
where k63, k3, pS34 and p3 are the positive constant gains.

Remark 5.4. If p,,, in (5.30) is set to zero, the modified STSM speed control law is obtained.

Remark 5.5. If p¢3 in (5.32) is set to zero, the ESO-based standard STSM speed control law is
obtained.

Remark 5.6. If both p,,, in (5.30) and p<3 in (5.32) are set to zero, the standard STSM speed control
law is obtained.

Modified STSM o2
a e 2 1 qsr
T >» i Control Law Heo > >
* (5.31) bon2
- N\
Peo
@m ESO
T > (5.26) ‘ bmn2

Apn2

Figure 5.1 Block diagram of the type-2 composite speed controller.

Substituting (5.30) into (5.29), the closed-loop e,,,-dynamics with the type-2 composite speed
control law is expressed as

. t ~
ea)2 == Z)ilu(fj - k;;J‘O y{f}édr - (p(uz - pew)
€Ew (533)
Cc Cc Cc t Cc
= _kwilu(ui - kwg -[O /uw22d 2 eEa)
Based on Theorem 5.1, it can be concluded that, with the type-2 composite speed control law

(5.30), e, Will converge to the origin in a finite time if k£, k$%, pS4 and pS3 are selected as

c2
2> Los K2 5 e (5.34)

c2
ol 2 2 .c2 2 £1+ Mj’ 2 c2
pZA\IZ(kZz Pt — LZ)S) Vo2 Po

where y,1 and y.» are two positive constants such that .1 > 7.

c2

P2 >0, p%2>0, Kk

The block diagram of the type-2 composite speed controller is shown in Figure 5.1.

92



Chapter 5 Type-2 Composite Controller: Design and Application

lgsr=0 Ug Ug
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+ +
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. —> +
|
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>/ i qsr
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Rotor Speed - - or
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N Omr
_ Om Speed
Calculation

Figure 5.2 Block diagram of the igs = 0 control strategy for the SPMSM-VSD system.

Table 5.1 Parameters of tested rotor speed controllers

Rotor speed controller Controller parameters Observer parameters
Standard STSM kE4 = 500, kS5 = 20000,
speed controller pé4 = 4, pf, = 0,11 =5
ESO-based standard ké4 = 500, kS5 = 20000, Bu,1 = 400,
STSM speed controller pé4 =4, pf% = 0,11 =5 B2 = 40000
Modified STSM k2 = 500, k3, = 20000,
speed controller psy = 4, p5 = 04,11 =5
Type-2 composite kS4 = 500, kS35 = 20000, Bo1 = 400,
speed controller psy = 4, p% = 04,11 =5 B2 = 40000

5.3.2 Experimental Results

The experimental test bench described in Section 2.5 is used to perform comparative experimental
tests among the standard STSM speed controller, the ESO-based standard STSM speed controller,
the modified STSM speed controller and the type-2 composite speed controller in the frame of the
FOC strategy in which i, is set to 0. Such a FOC strategy is commonly known as the i;s =
0 control strategy whose block diagram is illustrated in Figure 5.2, where the sinusoidal PWM
(SPWM) algorithm is adopted for the 2L-VSI. To further alleviate the chattering and the noise in
practice, for the implementation of each tested rotor speed controller in the DSP, the sign function

is replaced by the saturation function expressed as (4.47).
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Figure 5.3 Rotor mechanical speed responses and corresponding tracking errors for the first
test. (a) Standard STSM speed controller. (b) ESO-based standard STSM speed controller. (c)

Modified STSM speed controller. (d) Type-2 composite speed controller.

Parameters of four tested rotor speed controllers are presented in Table 5.1. With respect to two

identical linear PI current controllers, their parameters are selected based on the rated values of the

stator resistance and the stator inductance of the adopted SPMSM presented in Table 2.1. The
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proportional and integral gains of each PI stator current controller are set to 20.42 and 7379,

respectively.
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Figure 5.4 Rotor mechanical speed responses and corresponding tracking errors for the
second test. (a) Standard STSM speed controller. (b) ESO-based standard STSM speed

controller. (c) Modified STSM speed controller. (d) Type-2 composite speed controller.
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Table 5.2 Dynamic performance of tested rotor speed controllers in the first test

Rotor speed controller Overshoot (%) Settling time (ms)
Standard STSM speed controller 7.732 80
ESO-based standard STSM speed controller 6.894 36
Modified STSM speed controller 6.541 52
Type-2 composite speed controller 5.446 32

Table 5.3 Dynamic performance of tested rotor speed controllers in the second test

Maximum

Rotor speed controller tracking error (rpm) Settling time (ms)
Standard STSM speed controller 187.87 110
ESO-based standard STSM speed controller 148.47 14
Modified STSM speed controller 122.94 58
Type-2 composite speed controller 98.58 10

In the first test, the reference rotor mechanical speed increases from 500 rpm to 2500 rpm with
the acceleration of 100 rpm/ms and the load torque provided by the load motor is set to 0 N-m. The
rotor mechanical speed responses and corresponding tracking errors for four tested rotor speed
controllers are illustrated in Figure 5.3. The dynamic performance of four tested rotor speed
controllers are summarized in Table 5.2. Note that the tolerance band is chosen as + 25 rpm,
namely + 1 % of 2500 rpm, for the settling time calculation. It can be seen that, in the frame of the
FOC strategy, the standard STSM speed controller provides the highest overshoot and the longest
settling time among four tested rotor speed controllers. With the integration of the ESO, the ESO-
based standard STSM speed controller can achieve lower overshoot and the significant reduction of
the settling time compared with the standard STSM speed controller. In comparison with the
aforementioned two standard STA-based rotor speed controllers, the overshoot for the modified
STSM speed controller is able to reduce by 15.403 % (29.79 rpm) and 5.120 % (8.82 rpm),
respectively. Although the settling time of the modified STSM speed controller is shorter than that
of the standard STSM speed controller, it is much longer than that of the ESO-based standard STSM
speed controller. Regarding the type-2 composite speed controller, it can be observed that such a
rotor speed controller accomplish the smallest overshoot and the shortest settling time.

In the second test, the reference rotor mechanical speed is kept at 2500 rpm and the load torque
provided by the load motor steps from 0 to 0.6 N-m at 0.1 s. The rotor mechanical speed responses

and corresponding tracking errors for four tested rotor speed controllers are illustrated in Figure 5.4.
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The dynamic performance of four tested rotor speed controllers are summarized in Table 5.3 in
which the criterion for the settling time calculation is the same as the first test. It can be observed
that, among four tested rotor speed controllers, the use of the standard STSM speed controller results
in the highest maximum tracking error and the longest settling time. In comparison with such a rotor
speed controller, the ESO-based standard STSM speed controller can reduce both the maximum
tracking error and the settling time. Compared with these two standard STA-based rotor speed
controllers, the modified STSM speed controller can further reduce the maximum tracking error
whose value is about 82.804 % of that resulted by the ESO-based standard STSM speed controller.
Nevertheless, the settling time of the ESO-based standard STSM speed controller is still much
shorter than that of the modified STSM speed controller. With respect to the type-2 composite speed
controller, it can be seen that the maximum tracking error is 98.58 rpm, which is the lowest one
among four tested rotor speed controllers. Furthermore, the settling time of the type-2 composite

speed controller is also the shortest one among four tested rotor speed controllers.

5.4 Summary

In this chapter, a novel composite controller named as the type-2 composite controller is proposed
for a single-input uncertain nonlinear system with relative degree one. The proposed composite
controller comprises a modified STSM controller and a second-order ESO. The finite-time
convergence of the sliding variable to the origin is guaranteed by the modified STSM controller and
the second-order ESO is adopted to compensate the lumped disturbance in the sliding variable
dynamics for the disturbance attenuation ability improvement. The rigorous stability analysis of the

sliding variable dynamics with the type-2 composite controller is presented.

With respect to the 2L-VSI-fed SPMSM-VSD system, a hovel robust FOC strategy is proposed,
where a type-2 composite speed controller and two linear Pl current controllers are used.
Comparative experimental tests among the standard STSM speed controller, the ESO-based
standard STSM speed controller, the modified STSM speed controller and the type-2 composite
speed controller in the frame of the FOC strategy are performed on the experimental test bench
described in Section 2.5. Corresponding experimental results demonstrate that the type-2 composite
speed controller can achieve the minimum rotor speed transient variation and the fastest dynamic

response.
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6

TYPE-3 COMPOSITE CONTROLLER:
DESIGN AND APPLICATION

6.1 Introduction

Apart from the SOSM algorithm, the quasi-sliding-mode algorithm is another popular modified
sliding-mode algorithm to alleviate the chattering [1]. In such an algorithm, the discontinuous sign
function used in the FOSM algorithm is replaced by a continuous function, including the saturation
function, the sigmoid function and the hyperbolic tangent function. Therefore, the quasi-sliding-
mode algorithm is a continuous sliding-mode algorithm. Theoretically, however, the quasi-sliding-
mode controller, which is based on the quasi-sliding-mode algorithm, can only let the sliding
variable reach a small vicinity of the origin, namely the boundary layer, in a finite time, resulting in

the degradation of the tracking control performance [1].

To improve the tracking control performance, the complementary sliding-mode (CSM)
algorithm has been proposed [2]. In this sliding-mode algorithm, the saturation function is adopted
and two different sliding variables, i.e., the generalized sliding variable and the complementary
sliding variable, both of which are based on the control objective, are designed. In theory, the
tracking error of the classic CSM controller, which is based on the CSM algorithm, can be reduced
by half compared with that of the quasi-sliding-mode controller [2]. Nevertheless, like standard and
modified STSM controllers, the selection of the gains of the classic CSM controller has to face a
trade-off problem between the tracking performance and the disturbance attenuation since the CSM
algorithm is dependent on the feedback regulation mechanism. As has been stated in Section 1.2,

the development of a composite controller, which is based on the CSM algorithm and the DO, is an
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effective method to deal with such an issue.

ANN-DOs are the most popular DOs to construct composite controllers for the classic CSM
controller [3]-[9]. Up to now, the composite controller combining the CSM algorithm with an ANN-
DO, or as often called the ICSM controller, has found some applications [3]-[9]. In [3] and [4], the
ICSM controller using the Takagi-Sugeno-Kang-type fuzzy neural network has been proposed for
the speed control of the post-fault six-phase PMSM drive system and the synchronous control of the
dual linear motor servo system, respectively. In [5], a recurrent HNN-based ICSM position
controller has been proposed for the thrust active magnetic bearing system. In [6], regarding the
linear ultrasonic motor system, an ICSM position controller using the recurrent wavelet neural
network has been proposed. In [7], an ICSM controller using the recurrent neural fuzzy inference
network has been applied to the position control of the one-link robotic manipulator and the DC
motor drive system. Regarding the three-phase PMSM drive system, a RBFNN-based ICSM
(RBFNN-ICSM) controller and an ENN-ICSM controller have been proposed for the position
control in [8] and [9], respectively. Moreover, it has been experimentally demonstrated that the

tracking performance of the latter is better than that of the former [9].

In all above-mentioned ICSM controllers, the saturation function used in the classic CSM
controller is replaced by various types of ANN-DOs such that the asymptotic stabilization of the
tracking error dynamics can be achieved [3]-[9]. Since the ANN is able to approximate any function
of interest to any degree of accuracy as long as enough hidden neurons are used [10], each ANN-
DO used in an ICSM controller is usually equipped with quite a few hidden neurons and each of
them uses a complex activation function. In order to connect neurons in different layers effectively,
many connective weights, each of which is updated online by a unique learning law, exist in each
adopted ANN-DO. Moreover, since there exists a minimum approximation error in an ANN-DO in
theory, an error compensator has to be integrated into the ICSM controller. These significantly
increase the computational burden of a hardware controller to implement any one of ICSM
controllers.

As mentioned in Section 3.1, besides the model-free DO, the extended DO, which is a type of
model-based DO, is another popular choice to construct the composite controller. With respect to
the three-phase PMSM drive system, since the classic position, speed or current dynamics of the
PMSM is available and not complex, the extended DOs based on these dynamics have simpler
structure than the ANN-DOs used in the composite position, speed or current controllers for the
PMSM drive system. However, to the best of the author’s knowledge, no published scientific

literature investigates the composite controller combining the CSM algorithm with an extended DO;
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let alone the application of this controller to the PMSM-VSD system.

In this chapter, the type-3 composite controller, which is composed of a sign function-based
CSM controller and a STSMO, is proposed for a single-input uncertain nonlinear system with
relative degree one. In this composite controller, the sign function-based CSM controller is used to
stabilize the output tracking error dynamics asymptotically and the lumped disturbance in the
tracking error dynamics is compensated by the STSMO. The rigorous stability analysis of the output

tracking error dynamics with the type-3 composite controller is presented.

After the rigorous theoretical analysis of the proposed type-3 composite controller, such a
controller applies to the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-
VSD system. In this FOC strategy, the proposed type-3 composite controller is used as the rotor
speed controller in the speed control loop and two linear PI controllers serve as two stator current
controllers in the current control loop. To validate the effectiveness and the superiority of the type-
3 composite speed controller, based on the experimental test bench described in Section 2.5,
comparative experimental tests among the classic CSM speed controller, three selected ENN-ICSM
speed controllers and the type-3 composite speed controller in the frame of the FOC strategy are
performed. Finally, the experimental results are presented and analyzed.

6.2 Type-3 Composite Controller Design

6.2.1 Problem Statement

Considering the single-input uncertain nonlinear system with relative degree one presented in (3.1),
the output tracking error e,, is defined as

ey =Y. -y (61)
Based on (3.1), (3.2) and (6.1), the e,.-dynamics can be derived as

e, =Y, —X=Y, —(a, +Aa(x,t))— (b, + Ab(x,t)) u
=—b,u+y, —a, —Aa(xt)-Ab(xt)u (6.2)

pe(x:t)

= _bn;u + 0O, (X’t)
where p, (x, t) denotes the lumped disturbance in the e,-dynamics.

From (4.3) and (6.2), it can be seen that p,, is equal to ps.
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Assumption 6.1. p, and its time derivative p, are bounded as |p.| < L§ and |p.| < LS,

respectively, for positive constants L§ and LS.

The control objective is to let e, converge to the origin asymptotically.
6.2.2 STSMO Design

As an extended DO, the STSMO design is dependent on the extended dynamics where the lumped
disturbance is selected as an augmented state variable to be estimated. As mentioned in Section 5.2.1,
the estimation of p is equivalent to the estimation of p,.. Considering (5.1) and the equivalence

of p, and pg, the following expression holds
P.= yr — Pk (63)

Based on the above expression and Assumption 4.1, it can be said that the estimation of p,, is
equivalent to the estimation of p,.. Therefore, the STSMO designed as (3.11) can be directly used in
the type-3 composite controller.

6.2.3 Controller Design
According to [2], for the relative degree one system, the generalized sliding variable s, and the

complementary sliding variable s, are designed as (6.4) and (6.5), respectively.

s, =€, +4, ﬁ e dr (6.4)

t
s, =e,—4 | e,dr (6.5)

where 4, is a positive constant gain.

The time derivatives of s, and s, along the trajectory of the e,-dynamics can be calculated as
(6.6) and (6.7), respectively.

%=%+%g

=—bu+p, +A8, (6.6)
$.=6,—-Ae, =-butp —Ae (6.7)
According to (6.6) and (6.7), the following expression can be derived.

c

S =8, — A, (s, +5,) (6.8)

To achieve the control objective, the type-3 composite control law p5 is designed as
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1 .
Hes :b_(,ucsm + Y~ Psr ) (6.9)

n

where picgy is the sign function-based CSM algorithm for the asymptotic convergence of e, to the
origin, which is expressed as (6.10), and gy is the estimated lumped disturbance from the adopted
STSMO for the compensation of p,.

Hosw = A8y + A5 + Kk san(s, +s,) (6.10)
where k,, is a positive constant gain.

Substituting (6.9) into (6.2), the closed-loop e, -dynamics with the type-3 composite control

law is expressed as

6, =—A0, — 4,5, —k;san(s, +s.) - (o, — Psr)
y yoy Yy g Yy g c X
st (611)
=-A,8, — A5, —kysgn(sg +sc)—eST

where egr is the lumped disturbance estimation error of the STSMO.

Considering Assumption 3.3, esr is bounded as |esr| < L% for a positive constant LY. The
following Theorem can be used to select k,, for accomplishing the control objective.

Theorem 6.1. Considering the system (6.11) and |egr| < L%, for the positive constant 4,,, if k,, is

selected as (6.12), e,, will converge to the origin asymptotically.

k, > L (6.12)

y

Proof. The Lyapunov candidate function V5 is selected as
V., =%(s§ +52) (6.13)
Based on (6.8), (6.9), (6.11), (6.13), V3 can be calculated as
V., =58, +5, [s'g =2, (s +5, )]z(sg +5,)(85 =45,
= (s, +5.) (¢, + 4,8, - 4,5,)
= (s, +5.)(—A4,8, — 4,8, —k,sun(s, +5,) —e + 4,8, ~ 4,5, ) (6.14)
=—A,(s, +5, )2 - [kysgn (54 +5:)+es J(sg +5,)

=—4,(s, +Sc)z—ky|sg +5.|—eg (s, +5.)

Combining (6.14) and (6.12), the following inequality can be obtained.
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Vs <=4, (s, +5, )2 - ky|sgl +5, +|e5T||sg +5,
<2, (s, +5,) = (K, —L2)[s, +5, (6.15)
<-4, (s, +sc)2 <0

From (6.15), it can be concluded that V3 is negative semidefinite. Therefore, the following
inequality holds.

Ve (54 (1).5: (1)) <Via (s, (0).5.(0)) (6.16)

According to (6.16), s4(t) and sc(t) are bounded. Based on (6.15) and (6.16), the following
function is defined.

2 .
Qg (1) ==2, (5, (1) +5. (1)) <V (s, (1), (1)) (6.17)
Since V3(s4(0), sc(0)) is bounded and V5 (s, (), s¢(t)) is a non-increasing bounded function,

the following inequality can be derived.
) t
lim [ Qcqy (7)d7 <o (6.18)

Since th_}rg fot Qesy()dt exists and Qqgp (t) is a uniformly continuous function, according
to Barbalat’s Lemma [11], tlim Qesp () = 0 holds. It means that tlim (s4(t) +sc(t)) = 0 holds.

Thus, e,, will converge to the origin asymptotically. The proof is completed. [

Remark 6.1: In the type-3 composite control law, the use of the sign function is to guarantee the
asymptotic convergence of e,, to the origin in theory. In order to avoid severe chattering in practice,
the value selected for k,, should be small.

6.3 Application

In this section, the type-3 composite speed controller, which is designed using the practical speed
dynamics of the SPMSM presented in (2.54), is applied to the construction of a novel robust FOC
strategy for the 2L-VSI-fed SPMSM-VSD system. In such a FOC strategy, two linear PI current
controllers are used as stator current controllers. Moreover, iy, is set to 0 and i, is generated by
the type-3 composite speed controller. Besides the type-3 composite speed controller, the designs
and analyses of the classic CSM speed controller and the ENN-ICSM speed controller using the
ENN-DO proposed in [9] are also presented. Results of the comparative experimental tests among
the classic CSM speed controller, three selected ENN-ICSM speed controllers and the type-3
composite speed controller in the frame of the FOC strategy for the 2L-VSI-fed SPMSM-VSD
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system are presented to demonstrate the superiority of the type-3 composite speed controller.
6.3.1 Classic CSM Speed Controller Design

Considering the speed tracking error e,, expressed as (5.28), the generalized sliding
variable s,,, and the complementary sliding variable s, for the classic CSM speed controller are

designed as (6.19) and (6.20), respectively.

c3t
Sug =00 + A0 [ €,007 (6.19)

S,c =€, — A I; e,,dr (6.20)

@C

where A3 is a positive constant gain.
Based on the e,,-dynamics expressed as (5.29), the classic CSM speed control law i3, is

designed as

@=$%%+%J (6.21)

wn2

where . is the equivalent control term expressed as (6.22), and . is the disturbance attenuation

term expressed as (6.23).

Heg = @py + 8y @y + A€, + A0S (6.22)

0 “w2 w Sog
Hey =Kgs2E(S,0 +5,.) (6.23)

where k&3 is the positive constant gain.

Substituting (6.21) into (5.29), the closed-loop e,,,-dynamics with the classic CSM speed

control law is expressed as

6,0 = =408, = A575,5 —KGSAL(S,y +5,. )= P, (6.24)

w “w2 w S0g wl

The following Theorem can be used to select k&3

Theorem 6.2 [3]. Considering the system (6.24) and Assumption 5.1, for the positive constant A3,
if k3 is selected as (6.25), (Swg + Swc) Will converge to the boundary layer |swg +Spc| <Mina

finite time.

k03 > ch

ol — Tl

(6.25)

Remark 6.2. Since s,,g + S,c = 2€42, €,z Will be bounded as |e,,,| < T1/2 in a finite time with
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the classic CSM speed control law. However, the classic CSM speed controller cannot guarantee the

convergence of e, to the origin in theory [3].

Context Layer

Input Layer

Figure 6.1 Block diagram of the ENN-DO used in the ENN-ICSM speed controller.
6.3.2 ENN-ICSM Speed Controller Design

In [9], based on the three-phase linear PMSM servo system, it has been experimentally demonstrated
that the tracking performance of the ENN-ICSM controller is better than that of the RBFNN-ICSM
controller. Therefore, the ENN-ICSM speed controller is selected as a representative of the ICSM
speed controller to be compared in this chapter. Since the ENN-ICSM controller proposed in [9] is
used as the position controller rather the speed controller, the design of the ENN-ICSM speed

controller using the ENN-DO proposed in [9] is presented in this subsection.

The ENN-DO proposed in [9] is illustrated in Figure 6.1. There are two input neurons, nine
hidden neurons, nine context neurons and one output neuron in such an ANN-DO. The signal

propagation and the activation function of each layer are described as follows.

Input Layer: In this layer, two input signals are the normalized speed tracking error and its time

derivative. Thus, the output signals of two input neurons can be expressed as

yO () = x (n) = 22y () = 5@ () = L2 () (6.26)

rate a)rate

where e, (n) is the speed tracking error at the nth instant and w,4;. is the rated rotor mechanical
speed of the adopted SPMSM.
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Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., 9 ), the signal

propagation can be described as

9
X2 (n) =0 (NyP (N +dH M)y () + > y® (n), i=12,.,9 (6.27)
i=1
y? (n) =L (n)) (6.28)
where &) (n) and {})(n) denote two connective weights between the ith hidden neuron and two

input neurons at the nth instant.

Context Layer: In this layer, regarding the ith context neuron (i = 1, 2,..., 9), the signal

propagation can be described as

yOMm=xP()=y?(n-1), i=12..,9 (6.29)

Output Layer: In this layer, the output signal is the estimated lumped disturbance in the w,,-
dynamics, which can be calculated as

9
Pew = Y1(4) (n)= Zq)e(iZ) (n) yi(2) (n) (6.30)
i1

where pgyy IS the estimated lumped disturbance from the ENN-DO, c1>(2)(n) denotes the
connective weight between the output neuron and the ith hidden neuron at the nth instant.
Based on the universal approximation property of the ANN, like the HNN-DO presented in

Section 4.2.2, there is an optimal estimated lumped disturbance gy for the ENN-DO such that

P2 = bENN +épw = (De(Z)*T (n) y(z) () + &gy (6.31)

where @) = [0 '), oP*m),..., D" and yPm) = [yPm), »?m), ...,
yg(z) (n)]" are the optimal output weight vector and the output signal vector of the hidden layer of the
ENN-DO, respectively, egyy is the minimum approximation error of the ENN-DO.

Owing to the existence of ez, the error compensator has to be integrated into the ENN-ICSM
speed controller. Like the error compensator used in the type-1 composite speed controller, the error
compensator used in the ENN-ICSM speed controller is updated online and the relevant learning

law is derived by the Lyapunov synthesis approach.
Assumption 6.2. d)fj)*(n) and &y are constant in each sampling period.

Remark 6.3. In the ENN-DO, there are three weight vectors, i.e., two input weight vectors ®.(n)

= [0, @G @),... oG] and @H () = [@0,m), @G5, ..., o, m]", and the
output Welght vector ®P () = [@Pm), oP (), ..., q)fj))(n)]T need to be updated online. To
maintain the stability of the tracking control system, the learning law for cbfj)(n) is derived by the
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Lyapunov synthesis approach, while the learning laws for ?(n) and ®'.)(n) are derived by the

eil ei2

BP algorithm.

Based on the e,,-dynamics expressed as (5.29), selecting s,,4 and s, as the generalized and
complementary sliding variables, respectively, the ENN-ICSM speed control law ig3,, can be

designed as

i:;e = bi(lueq ~Yeo — ycwz) (632)

wn2

where y,,, and y.,, are the output signal of the adopted ENN-DO for the compensation of p,, and
the output signal of the error compensator for the compensation of the approximation error of the
adopted ENN-DO, respectively, which are expressed as

Yoo =@ y? (n) (6.33)

waZ = gch (634)
where €., is the estimated approximation error of the adopted ENN-DO.

Substituting (6.32) into (5.29), the closed-loop e, -dynamics with the ENN-ICSM speed

control law is expressed as

2 _ c3 c3 )T ,,(2)
ea)2 - _j’(o ew2 - /l(u Swg + (I)e y (n) + €Ccuz - pa)Z (635)

The following Theorem can be used to derive the learning laws for €., and &%,

Theorem 6.3. Considering the system (6.35), for the positive constant A3, if the learning laws
for e.,,; and @7 are designed as (6.36) and (6.37), respectively, (S,4 + Soc) Will converge to the
origin asymptotically.

Eavz = Mene (Sug * Sue ) (6.36)
D =175, (S, +5,) V7 (6.:37)
where &3, and n<3 ; are positive learning rates.

Proof. The Lyapunov candidate function Vg is selected as

1 1 . 1 gorgo
Ve = E(sj)g + sf,c)+ 2 ¥ 2 OISO (6.38)

=((2) _ 2)* 2) __ = (2 = (2 = (2T & —
where®? = 0@ — @ = [P, 32 . @1 and &yy = €zvn — Ecwz-
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Based on (6.19), (6.20), (6.38), Vyy Can be calculated as

Veun = SugSug + swc[ — 28 (Sug +5 )]
= (g +Sue ) (S0g = A4S, ) (6.39)

cS 03
= (swg + S(uc )(e(oz + ﬂ"w w2 /Ia) wc)

Based on (6.31), (6.35), (6.36) and (6.37), Vgyy Can be rewritten as

7 _ c3 c3 )T ,,(2) c3 c3
VENN _(S(og )( ﬂ’w 2 _//La) o] +(De y (n)+gcw2 _pa)Z +ﬂ“a) w2 _/’i’a) a)c)
1 1 - .
= 5 2T G (2)
3 SennCeo2 T T c3 (I)e (De
Cwe col
— 71,2 ()T (2) c3g c3g
- (Sa)g + Sa)c )((De y (n) + gch - (I)e (n) y (n) —Eenn T ﬂ’w g j’a) C )
1 1
= : 2T Gy(2)
5 fenonr — o O (6.40)
Cwe col
_ 03 2 HOTVD () _ 5 1. . 1 §orgp@
) Swg + ch - S(ug + Sa)c e y ( ) - gENN - TSENN ngZ T T3 e e

Cwe col

:—/1;3(5@9 +ch)2 _d’)e(Z)T |:<Swg +s ) (2)(n)+ 1 (D(Z)} e |:(Smg +5 )+ig }
ncwl ﬂcws

=22 (Syg + S0 )2 <0

It can be observed that (6.40) is equivalent to (6.15). Thus, following the same procedures
presented in the proof of Theorem 6.1, it can be demonstrated that (s, g + s,c) Will converge to

the origin asymptotically. The proof is completed. [

Remark 6.4. Since s, 4 + S,c = 2€42, €42 Will converge to the origin asymptotically with the
ENN-ICSM speed control law and the learning laws (6.36) and (6.37).

Since the learning laws for &, and o expressed as (6.36) and (6.37) can guarantee the
asymptotic convergence of e,, to the origin, based on the BP algorithm, the learning laws

for &Y (n) and @'} (n) are derived from the learning laws for &, and ®?.
At first, the e,,,-based cost function E, is defined as

E -Lle (6.41)

(4 2w2

Output Layer: The local gradient o, is defined as the following expression [10].

(6.42)

Gw(n) == l(4) (n)

o®

el !

With respect to the corresponding correction term ACD(Z) is defined by the so-called delta
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rule [10], i.e.,
oE, (n) oE, (n) oy;”(n)
A= G ()~ oy () 0@ () 7= (I () (643)
where y,,, is the positive learning rate for cbgf).
@ is updated online by
O? (n+1) =Y (n)+AD? (n) (6.44)

It can be seen that the learning law for d) derlved from the BP algorithm is dependent on a,,.
Based on the Euler method, the learning law for cI> ) derived from the Lyapunov synthesis approach
presented in (6.37) can be discretized as

D (n+1)=DF (n) =75, T, (S, + 5.0 ) ¥ () (6.45)

In order to guarantee the stability of the rotor speed control system in theory, the learning law
for rbfi) presented in (6.44) should be equivalent to that presented in (6.45). Thus, based on the
equivalence of (6.44) and (6.45), y,,1 and a,, can be expressed as (6.46) and (6.47), respectively.

Ver = MoaaTs (6.46)
0, =—(S0g +5,c) (6.47)

&) and o)

eil ei2’

Hidden Layer: With respect to @ based on the delta rule, the corresponding

correction terms A®Y and A®Y) are derived as

o GE, (M) OE,(n) v (n) oy () X (n)
AQ“)‘7ﬂwﬁ<f‘“%wnmw@<>ww>mﬁm) 6.48)
=72 (S0g 50 )L () Y@ (n)[ 1=y (n) [ %
)=y, 1) B0 () () 267 )
AR (1) =70 2t ) ro () &y (n) ox ()acbsa(m (6.49)

(5 ) () ()L ()0

® and oW

eil ei2?

where y,,» and y,, 3 are the positive learning rates for @ respectively.

Based on (6.48) and (6.49), ®¥ and oV

eil ei2

are updated online by (6.50) and (6.51),
respectively.

cDg;(n +1)= cbg};( )+Ac1>g};( ) (6.50)
@5, (n+1) = 0L, (n)+ADE (n) (6.51)
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4 y
ENN-DO =
Learning Laws
6.44), (6.50), (6.51
(6.44), (6.50), (6.51) ] at ¢
Equivalent j 3
e
_.wmr 928 Control Term Heq ! Al
¥ (6.22) ¥ ban2
/
Error Yea2
Compensator

Learning Law
(6.52)

Figure 6.2 Block diagram of the ENN-ICSM speed controller.

Similarly, with respect to the learning law for €., its discrete form can be expressed as
Eea (N+1) = 6,5 (N) =7, (S5 + 5, ) (6.52)
where y, = T¢nS3 . is the positive learning rate for ,,,,.
Remark 6.5. Since there are two input neurons and nine hidden neurons in the adopted ENN-DO,
nine logistic functions are used in the hidden layer and twenty-eight learning laws need to be

implemented in each sampling period of the hardware controller. Therefore, the implementation of

the adopted ENN-DO significantly increases the computational burden of the hardware controller.

The block diagram of the ENN-ICSM speed controller is shown in Figure 6.2.
6.3.3 Type-3 Composite Speed Controller Design

According to the STSMO design presented in Section 3.3.2, the STSMO for the estimation
of p,, can be designed as (6.53). Considering Theorem 3.1 and Assumption 5.1, two positive
constant gains k&3 and k&3 of the STSMO are selected as (6.54) such that the finite-time stability of
the state estimation error system is guaranteed and the lumped disturbance estimation error eg,, is

bounded as |eg,,| < LS, for a positive constant LS, .
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A -¢c3 A 3 A A
{stl =800, t+ bwnzlc(;sr + Ly T kscl |a)m ~Lgn |Sgn(a)m - stl) (6 53)
2\swz = k:23 Sgn(a)m - 2swl)
k03 2 + 4 LCZ 2
k252, ks Ka) +AL,) (6.54)

a(kg -2)

where Z;,, = &, and Z,,, = P, denote the estimated rotor mechanical speed and lumped
disturbance, respectively, igﬁre represents the type-3 composite speed control law.

Based on the e,,-dynamics expressed as (5.29), selecting s,,4 and s, as the generalized and
complementary sliding mode variables, respectively, the type-3 composite speed control

law g3, can be designed as

w1 A
Iqur = b (:uc(u _psa)) (655)

wn2

where p.,, denotes the sign function-based CSM control term expressed as (6.56), and g, is the

estimated lumped disturbance from the adopted STSMO for the compensation of p,,,.

Hep = Gy + B0 + A, , + A5, +KE3SGN (S, +5,, ) (6.56)

® “wg
where k&3, is the positive constant gain.

Substituting (6.55) into (5.29), the closed-loop e,,,-dynamics with the type-3 composite speed
control law is expressed as
éa)Z = _ﬂ’aCJBewZ - ﬂ'ac)gsa)g - kz)zsgn (Swg + Sa)c ) - (pa)Z - bsw)
(S —
&0 (6.57)
=5, = 2555 —K58N (S, + Sue ) —Es,y

© “w2 w “wg

Based on Theorem 6.1, it can be concluded that, for the positive constant 1S3, with the type-3
composite speed control law (6.55), e, Will converge to the origin asymptotically if k<>, is selected
as

c3 c3
ko, >L

wl

(6.58)

In the type-3 composite speed controller, p,,, is compensated by the STSMO, and the role of
the sign function is to guarantee the asymptotic stability of the e ,,-dynamics in theory, as discussed
in Remark 6.1. Therefore, the value selected for k2, should be small such that the implementation
of the type-3 composite speed controller in the DSP does not yield severe chattering phenomena in

practice.

The block diagram of the type-3 composite speed controller is shown in Figure 6.3.
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P! didt
v

- €3
@ mr €a2_ | CSM Control | Heo 1| losr
+ Term (6.56) + Bon2
A
1 N
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@Om STSMO
——
+ > (6.53)
- N
stl

Figure 6.3 Block diagram of the type-3 composite speed controller.

Table 6.1 Parameters of tested rotor speed controllers

Rotor speed Controller Observer Compensator
controller parameters parameters parameter
Classic CSM 1S3 = 220,
speed controller kS = 300,11 = 3
ENN-ICSM = 0.1,
263 = 220 Vo V. = 0.3
speed controller 1 Yoz = 0.1, y,3 = 0.1
ENN-ICSM = 0.2,
263 = 220 Vo V. = 0.3
speed controller 2 Yoz = 0.1, y,3 = 0.1
ENN-ICSM Yo1 = 04,
A8 = 220 @ e = 0.3
speed controller 3 Yoz = 0.1, y43 = 0.1
Type-3 composite 163 = 220, kS = 7000,
speed controller kS = 10 kS = 1200000

6.3.4 Experimental Results

The experimental test bench described in Section 2.5 is used to perform comparative experimental
tests among the classic CSM speed controller, three selected ENN-ICSM speed controllers with
different values of y,,;, and the type-3 composite speed controller in the frame of the FOC strategy
whose block diagram is illustrated in Figure 5.2. With respect to the construction of these tested

speed controllers, 75%, 125% and 75% of rated values of J, B,, and 4,,,, respectively, are used.
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The parameters of these speed controllers are listed in Table 6.1. Furthermore, in all tested FOC
strategies, the proportional and integral gains of each PI stator current controller are set to 20.42 and

7379, respectively.
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Figure 6.4 Rotor mechanical speed responses and corresponding tracking errors for the first
test. (a) Classic CSM speed controller. (b) ENN-ICSM speed controller 1. (c) ENN-ICSM speed
controller 2. (d) ENN-ICSM speed controller 3. (e) Type-3 composite speed controller.

Table 6.2 Dynamic performance of tested rotor speed controllers in the first test

Rotor speed controller Overshoot (%) Settling time (ms)
Classic CSM speed controller 5.440 58
ENN-ICSM speed controller 1 4.859 60
ENN-ICSM speed controller 2 4.448 68
ENN-ICSM speed controller 3 4.082 76

Type-3 composite speed controller 3.696 48

In the first test, the value of the load torque is set to O N-m, while the value of the reference
rotor mechanical speed is increased from 500 rpm to 2500 rpm with the acceleration of 50 rpm/ms.
The rotor mechanical speed responses and corresponding tracking errors for five tested rotor speed
controllers are shown in Figure 6.4. The dynamic performance of five tested rotor speed controllers
are summarized in Table 6.2. Note that the tolerance band is chosen as + 25 rpm, namely + 1%
of 2500 rpm, for the settling time calculation. It can be seen that, among all tested rotor speed
controllers, the use of the classic CSM speed controller results in the largest overshoot, i.e., 5.440 %
(136.01 rpm). Using the ENN-ICSM speed controller to replace the classic CSM speed controller
can reduce the value of the overshoot. Moreover, with the increase of the value of y,,, the value of
the overshoot is further reduced. However, it results in the growth of the settling time and the
appearance of undesired oscillations in the transient period, as shown in Figure 6.4(b)-(d). According
to Figure 6.4(e), among all test rotor speed controllers, the use of type-3 composite speed controller
generates the smallest overshoot, i.e., 3.696 % (92.41 rpm), which is only 67.94 % of the overshoot

resulted from the use of the classic CSM speed controller, respectively. Furthermore, compared with
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three selected ENN-ICSM speed controllers, the use of the type-3 composite speed controller does

not lead to the growth of the settling time and the appearance of the oscillation phenomenon.

Table 6.3 Dynamic performance of tested rotor speed controllers in the second test

Maximum o
Rotor speed controller ] Settling time (ms)
tracking error (rpm)

Classic CSM speed controller 315.30 34
ENN-ICSM speed controller 1 292.12 26
ENN-ICSM speed controller 2 274.05 32
ENN-ICSM speed controller 3 255.31 48
Type-3 composite speed controller 232.18 12
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Figure 6.5 Rotor mechanical speed responses and corresponding tracking errors for the
second test. (a) Classic CSM speed controller. (b) ENN-ICSM speed controller 1. (c) ENN-
ICSM speed controller 2. (d) ENN-ICSM speed controller 3. (e) Type-3 composite speed

controller.

In the second test, the value of the reference rotor mechanical speed is kept at 2500 rpm,
whereas the value of the load torque is stepped from 0 N-m to 1.0 N-m at 0.1 s. Figure 6.5 presents
the rotor mechanical speed responses and corresponding tracking errors for five tested rotor speed
controllers. Table 6.3 summaries the dynamic performance of five tested rotor speed controllers,
where the criterion for the settling time calculation is the same as the first test. It can be observed
that the maximum tracking error for the use of the classic CSM speed controller is 315.30 rpm,
which is the highest value in this test. Compared with such a rotor speed controller, the use of the
selected ENN-ICSM speed controller can reduce the maximum tracking error when the value of the
load torque steps. As illustrated in Figure 6.5(b)-(d), the maximum tracking errors for the three
selected ENN-ICSM speed controllers are 292.12 rpm, 274.05 rpm and 255.31 rpm, respectively,
when the value of the load torque is stepped from 0 N-m to 1.0 N-m. Nevertheless, similar to the
first test, the growth of the value of y,,; results in the increase of the settling time and the appearance
of the undesired oscillations in the transient period. Regarding the type-3 composite speed controller,
the corresponding maximum tracking error is 232.18 rpm, which is the lowest value in this test.
Moreover, in comparison with three selected ENN-ICSM speed controllers, the type-3 composite

speed controller reduces the settling time and avoids the undesired oscillations in the transient period.
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Table 6.4 Calculation time in each sampling period

Classic CSM Selected ENN-ICSM Type-3 composite
speed controller-based speed controller-based speed controller-based
FOC strategy FOC strategy FOC strategy
10.84 ps 29.72 s 12.44 us

In order to evaluate the implementation complexities of the classic CSM speed controller, the
selected ENN-ICSM speed controller and the type-3 composite speed controller, the calculation time
of the FOC strategy in each sampling period is chosen as the index. Table 6.4 shows such indexes
for FOC strategies using the classic CSM speed controller, the selected ENN-ICSM speed controller
and the type-3 composite speed controller. It can be seen that the use of the selected ENN-ICSM
speed controller or the type-3 composite speed controller to replace the classic CSM speed controller
in the FOC strategy inevitably increases the calculation time of the FOC strategy in each sampling
period. More specifically, compared with the FOC strategy using the classic CSM speed controller,
the calculation times of the FOC strategies using the selected ENN-ICSM speed controller and the
type-3 composite speed controller in each sampling period increases by 174.17 % and 14.76%,
respectively. Based on above analyses, it can be concluded that the type-3 composite speed
controller is more computationally efficient than the ENN-ICSM speed controller that uses the ENN-
based DO proposed in [9].

6.4 Summary

In this chapter, a novel composite controller named as the type-3 composite controller is proposed
for a single-input uncertain nonlinear system with relative degree one. The proposed composite
controller is composed of the sign function-based CSM algorithm and a STSMO. The asymptotic
convergence of the output tracking error is accomplished by the sign function-based CSM controller
and the STSMO is adopted to compensate the lumped disturbance in the output tracking error
dynamics for the disturbance attenuation ability improvement. The rigorous stability analysis of

output tracking error dynamics with the type-3 composite controller is presented.

With respect to the 2L-VSI-fed SPMSM-VSD system, a hovel robust FOC strategy is proposed.
In this FOC strategy, a type-3 composite speed controller and two linear Pl current controllers are
adopted. Comparative experimental tests among the classic CSM speed controller, three selected

ENN-ICSM speed controllers and the type-3 composite speed controller in the frame of the FOC
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strategy are performed on the experimental test bench described in Section 2.5. Corresponding
experimental results demonstrate that the type-3 composite speed controller can achieve the
minimum rotor speed transient variation and the fastest dynamic response. Moreover, compared
with the selected ENN-ICSM speed controller, the computational burden of the DSP to implement

the type-3 composite speed controller is lower.
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7

TYPE-4 COMPOSITE CONTROLLER:
DESIGN AND APPLICATION

7.1 Introduction

The adaptive control is a widely used nonlinear control technique for the single-input uncertain
nonlinear system with relative degree one. It can be regarded as a combination of a control law with
one or more online parameter estimators, commonly known as adaptive laws, which accomplish
online estimation of unknown parts in the control law [1], [2]. The types and combinations of control
laws and adaptive laws lead to a wide class of adaptive controllers. The MRA controller is one of
the most popular adaptive controllers. In general, the first step of designing the MRA controller is
to select a reference model to specify the desired output trajectory for the system. Afterward, to
make the actual output of the system follow such a trajectory, a control law is designed, where one
or more compensation terms updated online by the adaptive laws are used to deal with the unknown
parts of the system. Until now, MRA controllers have found wide applications [3]-[13]. However,
the classic MRA controller is based on the feedback regulation mechanism, which may not be able
to react fast enough for strong disturbances [14]. To overcome this limitation, the composite
controller combining the classic MRA controller with a DO can be developed.

For AC motor-based VSD systems, the ANN-DO is a popular choice to construct the MRA-
based composite speed controller [15]-[17]. However, as has been stated in Section 6.1, the
implementation of the ANN-DO significantly increases the computational burden of the hardware
controller, and the model-based extended DO is a better choice in terms of simplicity. As mentioned
in Section 3.1, the STSMO is one of the most popular nonlinear extended DO for the DOC of AC
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motor drive systems. However, to the best of the author’s knowledge, no published literature
investigates the composite controller combining a classic MRA controller with a STSMO; let alone

the application of this controller to the PMSM-VSD system.

In this chapter, the type-4 composite controller, which is composed of a classic MRA controller
and a STSMO, is proposed for a single-input uncertain nonlinear system with relative degree one.
A stable first-order linear model is selected as the reference model to describe the desired output
trajectory for the system. The proposed composite controller consists of three terms. The first term
is the stabilization term dependent on known parts of the system and the selected reference model.
The second term is the disturbance compensation term based on the STSMO. The third term is the
error compensation term updated online by an adaptive law, which is derived by the Lyapunov
synthesis approach. The rigorous stability analysis of the dynamics of the output tracking error
between the desired and actual outputs of the system with the type-4 composite controller is

presented.

After the rigorous theoretical analysis of the proposed type-4 composite controller, this
controller is applied to the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-
VSD system. In this FOC strategy, the proposed type-4 composite controller is used as the rotor
speed controller in the speed control loop and two linear PI controllers serve as two stator current
controllers in the current control loop. To validate the effectiveness and the superiority of the type-
4 composite speed controller, based on the experimental test bench described in Section 2.5,
comparative experimental tests among three selected classic MRA speed controllers, three selected
RBFNN-MRA speed controllers and the type-4 composite speed controller in the frame of the FOC

strategy are carried out. Finally, the experimental results are presented and analyzed.

7.2 Type-4 Composite Controller Design

7.2.1 Problem Statement

Considering the single-input uncertain nonlinear system with relative degree one presented in (3.1),

based on (3.3), the y-dynamics can be written as
y=bu+p,(xt) (7.1)
A stable first-order reference model for the system is selected as

y: :_ary: +ﬁryr (72)
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where y,- is the desired output of the system generated by the reference model, «,- and g, are two

positive constants determining the dynamic performance of the reference model.
The output tracking error between the desired and actual outputs of the system is defined as
&=y~ (7.3)
According to (7.1)-(7.3), the e,.-dynamics is expressed as
& =Y, —V=-ay + Y, ~bu-p, (74)

The control objective is to let e, converge to the origin asymptotically.
7.2.2 STSMO Design

From (7.4), it can be seen that the only unknown part in the e,.-dynamics is p,. Therefore, the
STSMO designed as (3.11) for the estimation of p,. can be directly used in the type-4 composite

controller.
7.2.3 Controller Design

To achieve the control objective, the type-4 composite control law p, is designed as

1 A
Hea :b_(:us = Pst _503) (75)

n

where u; is the stabilization term for the asymptotic convergence of e,, to the origin, which is
expressed as (7.6), psr is the estimated lumped disturbance from the adopted STSMO for the
compensation of p,., and .5 is the error compensation term for confronting of the estimation error
of the adopted STSMO.

Uy ==Y+ B, (7.6)

Substituting (7.5) into (7.4), the closed-loop e,-dynamics with the type-4 composite control

law is expressed as

e‘r S8 + Pgr T EG P =06 T EG €y (7 7)
=—a€ — 503

Where €C3 ES eST - €C3'
Assumption 7.1. egy is constant in each sampling period.

The following Theorem can be used to derive the adaptive law for .5 to accomplish the control
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objective.

Theorem 7.1. Considering the system (7.7), for the positive constant «,., if the adaptive law for .5 is

designed as (7.8), e, will converge to the origin asymptotically.
&g =18, (7.8)

where 7, is the positive constant gain.

Proof. The Lyapunov candidate function V., is selected as

v, —tery Lz (7.9)

Based on (7.7) and (7.10), V.3 can be calculated as

r-r

; . 1. . - 1. .
Vc4 =66 —— &35 =6 (arer + gc3)__gc3€c3

S S

L (7.10)
= _arerz - gcs (er + _écsj
UB
Combining (7.10) with (7.8), V., can be expressed as
V, =—a,e’ <0 (7.11)

From (7.11), it can be concluded that V., is negative semidefinite. Therefore, the following

inequality holds.
V. (e (t))<V.. (e (0)) (7.12)
According to (7.12), e,.(t) is bounded. Based on (7.11) and (7.12), the following function is
defined.
Qyen (1) = 87 (1) <V, (e, (1)) (7.13)
Since V4 (e, (0)) is bounded and V_, (e, (t)) is a non-increasing bounded function, the following
inequality can be derived.
lim [ Qe (7)d7 <0 (7.14)
Since tll_{g fot Qura(t)dt existsand Qur4(t) is a uniformly continuous function, according

to Barbalat’s Lemma [2], tlim Qura() =0 holds. It means that tlim e-(t) =0 holds.

Thus, e, will converge to the origin asymptotically. The proof is completed. [

126



Chapter 7 Type-4 Composite Controller: Design and Application

Remark 7.1. Different from the classic MRA controller, the type-4 composite controller uses the
adaptive law to update the compensation term for the estimation error of the STSMO rather than the

lumped disturbance in the output tracking error dynamics.

7.3 Application

In this section, the type-4 composite speed controller, which is designed using the practical speed
dynamics of the SPMSM presented in (2.54), is applied to the construction of a novel robust FOC
strategy for the 2L-VSI-fed SPMSM-VSD system. In such a FOC strategy, two linear PI current
controllers are used as stator current controllers. Moreover, iy, is set to 0 and i, is generated by
the type-4 composite speed controller. Besides the type-4 composite speed controller, the designs
and analyses of the classic MRA speed controller and the RBFNN-MRA speed controller proposed
in [16] are also presented. Results of the comparative experimental tests among three selected classic
MRA speed controllers, three selected RBFNN-MRA speed controllers and the type-4 composite
speed controller in the frame of the FOC strategy for the 2L-VSI-fed SPMSM-VSD system are

presented to demonstrate the superiority of the type-4 composite speed controller.
7.3.1 Problem Statement

According to (5.25), the w,,,-dynamics of the SPMSM can be rewritten as

d)m = ba)nziqsr - (awnza)m - pr) = b(onziqsr = Por (715)
%/—/

Por

where p,,,- denotes the lumped disturbance in the derived w,,-dynamics.

Assumption 7.2. p__and its time derivative p__are constant in each sampling period and bounded
as|p, | < LS and |p, | < LS, respectively, for positive constants LSy and LS.

A stable first-order reference model for all rotor speed controllers presented in this section is
selected as

@, =—atw, + o, (7.16)

mr r --mr

where w;,,,. is the desired rotor mechanical speed generated by the reference model, aSk. and BSE are

two positive constants determining the dynamic performance of the reference model.

The speed tracking error between the desired and actual rotor mechanical speeds is defined as

e =0 —o (7.17)
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According to (7.15)-(7.17), the e,,.--dynamics is expressed as
éwr = a)r:]r - a.)m (7 18)
= _aCAw* + C4a) - ba)nziqsr *+ Por .

or --mr or ~—mr

The control objective is to let e, converge to the origin asymptotically.
7.3.2 Classic MRA Speed Controller Design

On the basis of the e,,,.-dynamics expressed as (7.18) and the reference model expressed as (7.16),
the classic MRA speed control law igs, is designed as

.1 A
Iqs4rc zb_(,uws +pA) (719)

wn2

where u,,, is the stabilization term for the asymptotic convergence of e, to the origin, which is
expressed as (7.20), p, is the estimated lumped disturbance from the adaptive law for the
compensation of p,,,,

Hos = _a::rla)m + ﬂac;fa)mr (720)

Substituting (7.19) into (7.18), the closed-loop e,,,-dynamics with the classic MRA speed
control law is expressed as

8, =—ase, —pPy+p, =—0e +e, (7.21)

r or ~or wr ~or
where ey = por — Pa-

The following Theorem can be used to derive the adaptive law for 5, to achieve the control

objective.

Theorem 7.2. Considering the system (7.21), for the positive constant aSk., if the adaptive law

for p, is designed as (7.22), e, will converge to the origin asymptotically.

p'\A = na)AeaJr (722)

where 1,4 is the positive constant gain.

Proof. The Lyapunov candidate function V, is selected as

ey (7.23)
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Figure 7.1 Block diagram of the RBFNN-DO used in the RBFNN-MRA speed controller.

Based on (7.21) and (7.23), V, can be calculated as

. 1 A 4 1 A
Va=€,8, ———€0p =8, (_a;rewr +eA)__eApA

wr ~or

o . o (7.24)
= _a;‘rleir +€, [ea)r - _ﬁAJ
nwA
Combining (7.24) with (7.22), V, can be expressed as
V, =-ate?, <0 (7.25)

It can be observed that (7.25) is equivalent to (7.11). Thus, following the same procedures
presented in the proof of Theorem 7.1, it can be demonstrated that e,,,- will converge to the origin
asymptotically. The proof is completed. [

7.3.3 RBFNN-MRA Speed Controller Design

In [16], a RBFNN-MRA speed controller has been proposed for the five-phase PMSM-VSD system,
and it has been experimentally demonstrated that the tracking performance of such a speed controller
is better than that of the linear PI speed controller. Therefore, the RBFNN-MRA speed controller
proposed in [16] is selected as a representative of the composite speed controller combining a classic
MRA speed controller with an ANN-DO to be compared in this chapter.

The adopted RBFNN-DO is illustrated in Figure 7.1. There are two input neurons, fifty-one
hidden neurons and one output neuron in such an ANN-DO. The signal propagation and the

activation function of each layer are described as follows.
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Input Layer: In this layer, two input signals are the normalized rotor mechanical speed and the
normalized RBFNN-MRA speed control law [16]. Thus, the output signals of two input neurons can

be expressed as

@y (N)

rate

qsrb ( )

¥ (n)=x"(n) = y;' (n) =x"(n) = (7.26)

where w,,(n) and lqsrb (n) are the rotor mechanical speed and the RBFNN-MRA speed control law
at the nth instant, respectively.

Hidden Layer: In this layer, regarding the ith hidden neuron (i = 1, 2,..., 51 ), the signal

propagation can be described as

[m-cu]  [y¥m-c.]
25r21i 2é‘rzzi

x? (n) = . i=12,..,51 (7.27)

@ ()= (7.28)

where ¢,.q; and c¢,,; denote the centers for two Gaussian functions in the ith hidden neuron at the nth
instant, &,4; and &,,; represent the widths for two Gaussian functions in the ith hidden neuron at the
nth instant.

Output Layer: In this layer, the output signal is the estimated lumped disturbance in the w,,-

dynamics, which can be calculated as
Pree = Y1 (n) = ZWF‘” (n)y? (n) (7.29)

where pggr is the estimated lumped disturbance from the RBFNN-DO, W®(n) denotes the
connective weight between the output neuron and the ith hidden neuron at the nth instant.

Remark 7.2. In the RBFNN-DO adopted by the RBFNN-MRA speed controller proposed in [16],
the values of c¢,q;, ¢»i, 8,1; and 8,; are set in advance, and W,ﬁ”(n) is updated online by the
adaptive law.

On the basis of the e,,,.-dynamics expressed as (7.18) and the reference model expressed as
(7.17), the RBFNN-MRA speed control law qurb is designed as follow [16]:

w1
iggs = (Hos + V1) (7.30)

bwn 2

where y,., is the output signal of the adopted RBFNN-DO for the compensation of p,,,, which is

expressed as

Yeo =Wy (n) (7.31)
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where WP(n) = W), WP ),..., WHmI and y@m) = [P m), 320, ¥ ]
are the output weight vector and the output signal vector of the hidden layer of the RBFNN-DO,

respectively.

Adaptive
Law (7.33) \
\
Reference Yro
a -
mr l Model RBFNN-DO
(7.16)
+| on \ + ,
+ C
@n - €or Stabilization Hos 1| lasro
- > Term (7.20) + > > D on2

Figure 7.2 Block diagram of the RBFNN-MRA speed controller.

Substituting (7.30) into (7.18), the closed-loop e,,--dynamics with the RBFNN-MRA speed

control law is expressed as

6, =—ase, ~WITyOn)+p (7.32)

r wr ~or

The following Theorem can be used to derive the adaptive laws for W (n) for accomplishing
the control objective.

Theorem 7.3 [16], [18]. Considering the system (7.21), for the positive constant a S}, if the adaptive
law for WS) is designed as (7.33), e, will converge to the origin asymptotically.
WrEZ) =N oriCor yi( 2 anZWrgz) (7.33)

where n,,z1 and n,z, are two positive constant gains.

Remark 7.3. In the RBFNN-MRA speed controller, the construction of the disturbance
compensation term is achieved by the RBFNN-DO. The adaptive laws are employed for the online

update of the connective weights of the RBFNN-DO, rather than the estimation of p,,,.

Remark 7.4. From a practical point of view, the existence of the second term in the right side of
(7.33) leads to the fact that the low-pass filter rather than the pure integrator is adopted by each
adaptive law of the RBFNN-DO presented in [16].

The block diagram of the RBFNN-MRA speed controller is illustrated in Figure 7.2.
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7.3.4 Type-4 Composite Speed Controller Design

The design of the STSMO for the estimation of p,,, is dependent on the extended w,,-dynamics.
Based on (7.15), selecting —p,,,- @s an augmented state variable, the extended w,,-dynamics can be
derived as

HZ

{zrwl = bwnzlqsr + erz (7 34)
z w2 = _lb{ur

where z,.,1 = w,, and z,,, = —p,,,- denote two state variables of the extended w,,,-dynamics.

On the basis of the STSMO design presented in Section 3.3.2, the STSMO can be designed as
(7.35) for the estimation of p,,,.

{ rol — = bwnZ qsr rw2 + kC4 | m ra)l |Sgn(60 rwl) (735)

Z w2 = k;; Sgn(a)m - erul)
where Z,,1 = ®,, and Z,,, = —prsr represent the estimated two state variables of the
extended w,,,-dynamics.

Based on (7.34) and (7.35), the state estimation error system for the adopted STSMO can be

described as
= k&' \|eua| SONCE,0) +E,,
) rwl g ( rwl) (736)
r(u2 kc sgn(erwl) + Zra)Z
wheree,,; = w,;, — Oy ande,,, = —pur + Prs rEpresent two state estimation errors.

Considering Theorem 3.1 and Assumption 7.2, two positive constant gains k& and k&5 for the
STSMO are selected as (7.37) such that the finite-time stability of the state estimation error system

is guaranteed.

()" + (L5
4(ks’ -2)

On the basis of the e,,.-dynamics expressed as (7.18) and the reference model expressed as

kit >2, kS > (7.37)
(7.16), the type-4 composite speed control law igs, is designed as
H) 1 J
Iqsr = b_(:ua)s + Prst ~ Ecps ) (738)
wn2

where ¢.,,3 is the error compensation term for the estimation error of the adopted STSMO in practice.
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Adaptive
Law (7.40) \
a Reference N Error
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Figure 7.3 Block diagram of the type-4 composite speed controller.

Substituting (7.38) into (7.18), the closed-loop e,,,-dynamics with the type-4 composite speed
control law is expressed as

. _ c4 o —
ea)r - _awr ewr - prST + 80103 + pwr - _awr wr

c4

€t gcw3 - eI’Lu2
- (7.39)
= € —&

or ~or cw3
where &3 = €rw2 — Ecws-
Based on Theorem 7.1, it can be concluded that, for the positive constant a S}, with the type-4

composite speed control law (7.38), e,,- will converge to the origin asymptotically if the adaptive

law for €., is designed as

‘écw3 i/ (740)
where 1, is the positive constant gain.

The block diagram of the type-4 composite speed controller is shown in Figure 7.3.
7.3.5 Experimental Results

The experimental test bench described in Section 2.5 is used to perform comparative experimental
tests among three selected classic MRA speed controllers with different values of n,, 4, three selected
ENN-ICSM speed controllers with different values of n,g; and the type-4 composite speed
controller in the frame of the FOC strategy whose block diagram is illustrated in Figure 5.2. The
parameters of these rotor speed controllers are listed in Table 7.1. Note that, in accordance with [16],
both §,.4; and §,.,; are equal to 0.5, and the values of ¢,; and c,,; are evenly distributed between

—2 and 2. Furthermore, in all tested FOC strategies, the proportional and integral gains of each PlI
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stator current controller are set to 20.42 and 7379, respectively.

Table 7.1 Parameters of tested rotor speed controllers

Rotor speed controller

Parameters

Classic MRA speed controller 1

aft = 400, BS: = 400, n,, = 40000

Classic MRA speed controller 2

agh = 400, B5 = 400, 1, = 80000

Classic MRA speed controller 3

alh = 400, BSt = 400, n,, = 120000

RBFNN-MRA speed controller 1

ag;; = 400, ﬁg,‘ﬁ = 400,
Nwr1 = 9000, Nyr1 = 2, 6r1i = G = 0.5,
CTli == CTZi == _2 + 008(' - 1)

RBFNN-MRA speed controller 2

ag;; = 400, ﬁg,‘ﬁ = 400,
Ner1 = 13000, Nyr1 = 2, 6p1; = 62 = 0.5,
CTli == CTZi == _2 + 008(' - 1)

RBFNN-MRA speed controller 3

act = 400, L = 400,
Nwr1 = 17000, nyr1 = 2, 8p1; = G2y = 0.5,
Crii = Cppi = -2 + 008(| - 1)

Type-4 composite speed controller

alt = 400, BSL = 400,
kS = 6000, kS = 1000000, 5,s = 3000

Table 7.2 Dynamic performance of tested rotor speed controllers in the first test

Rotor speed controller Overshoot (%) Settling time (ms)
Classic MRA speed controller 1 3.933 44
Classic MRA speed controller 2 2.990 60
Classic MRA speed controller 3 2.696 66
RBFNN-MRA speed controller 1 2.515 40
RBFNN-MRA speed controller 2 2.166 50
RBFNN-MRA speed controller 3 1.839 58

Type-4 composite speed controller 1.462 36

In the first test, the value of the load torque is set to O N-m, while the value of the reference
rotor mechanical speed is increased from 500 rpm to 2500 rpm with the acceleration of 100 rpm/ms.

The rotor mechanical speed responses and corresponding tracking errors for seven tested rotor speed
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controllers are shown in Figure 7.4. The dynamic performance of seven tested rotor speed controllers
are summarized in Table 7.2. Note that the tolerance band is chosen as + 25 rpm, namely + 1%
of 2500 rpm, for the settling time calculation. It can be seen that the increase of the values
of 4 and n, 1 can reduce the overshoot for the rotor mechanical speed responses of the classic
MRA speed controller and the RBFNN-MRA speed controller, respectively. However, the price we
pay for the reduction of the overshoot is the growth of the settling time and the appearance of
undesired oscillations in the transient period. Compared with these two rotor speed controllers, the
proposed type-4 composite speed controller achieves the smallest overshoot and the shortest settling
time for the rotor mechanical speed response.
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Figure 7.4 Rotor mechanical speed responses and corresponding tracking errors for the first
test. (a) Classic MRA speed controller 1. (b) Classic MRA speed controller 2. (c) Classic MRA
speed controller 3. (d) RBFNN-MRA speed controller 1. (€) RBFNN-MRA speed controller 2. (f)
RBFNN-MRA speed controller 3. (g) Type-4 composite speed controller.
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Figure 7.5 Rotor mechanical speed responses and corresponding tracking errors for the

second test. (a) Classic MRA speed controller 1. (b) Classic MRA speed controller 2. (c) Classic
MRA speed controller 3. (d) RBFNN-MRA speed controller 1. (¢) RBFNN-MRA speed controller

2. () RBFNN-MRA speed controller 3. (g) Type-4 composite speed controller.

In the second test, the value of the applied reference rotor mechanical speed is kept at 2500

rpm, and the value of the load torque steps from 0 N-m to 0.6 N-m at 0.04 s. The rotor mechanical

speed responses and corresponding tracking errors for seven tested rotor speed controllers are shown

in Figure 7.5. The dynamic performance of seven tested rotor speed controllers are summarized in

Table 7.3 in which the criterion for the settling time calculation is the same as the first test. It can be

observed that, with the increase of the value of n,, 4 and n,,g1, the maximum tracking error for the
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classic MRA speed controller and the RBFNN-MRA speed controller decrease, respectively.
Nevertheless, similar to the first test, the price we pay for the reductions of the maximum tracking
error is the growth of the settling time and the appearance of undesired oscillations in the transient
period. Among all tested rotor speed controllers, the proposed type-4 composite speed controller

achieves the shortest settling time and the smallest maximum tracking error.

Table 7.3 Dynamic performance of tested rotor speed controllers in the second test

Maximum
Rotor speed controller tracking error (pm) Settling time (ms)
Classic MRA speed controller 1 174.63 18
Classic MRA speed controller 2 164.07 30
Classic MRA speed controller 3 145.59 64
RBFNN-MRA speed controller 1 158.02 20
RBFNN-MRA speed controller 2 147.09 28
RBFNN-MRA speed controller 3 135.65 46
Type-4 composite speed controller 125.26 14

Table 7.4 Calculation time in each sampling period

Classic MRA Selected RBFNN-MRA Type-4 composite
speed controller-based speed controller-based speed controller-based
FOC strategy FOC strategy FOC strategy
10.81 ps 93.59 us 12.18 us

In order to evaluate the implementation complexities of the classic MRA speed controller, the
selected RBFNN-MRA speed controller and the type-4 composite speed controller, the calculation
time of the FOC strategy in each sampling period is chosen as the index. Table 7.4 shows such
indexes for FOC strategies using the classic MRA speed controller, the selected RBFNN-MRA
speed controller and the type-4 composite speed controller. It can be seen that, compared with the
classic MRA speed controller-based FOC strategy, the calculation times of the FOC strategies using
the selected RBFNN-MRA speed controller and the type-4 composite speed controller in each
sampling period rise by 765.77 % and 12.67 %, respectively. Therefore, the implementation of the
RBFNN-DO presented in [16] significantly increases the computational burden of the DSP, such
that it may be difficult for the corresponding RBFNN-MRA speed controller-based FOC strategy to

incorporate the schemes for other purposes, such as the rotor position observation and the inverter
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nonlinearity effect compensation. Moreover, the type-4 composite speed controller is more

computationally efficient than the selected RBFNN-MRA speed controller.

7.4 Summary

In this chapter, a novel composite controller named as the type-4 composite controller is proposed
for a single-input uncertain nonlinear system with relative degree one. The proposed composite
controller is composed of a classic MRA controller and a STSMO. A stable first-order linear model
is selected as the reference model to describe the desired output trajectory for the system. There are
three terms in the proposed composite controllers. The first term is the stabilization term dependent
on known parts of the system and the selected reference model for stabilizing the dynamics of the
output tracking error between the desired and actual outputs of the system asymptotically. The
second term is the disturbance compensation term based on the STSMO for compensating the
lumped disturbance in the dynamics of the output tracking error between the desired and actual
outputs of the system. The third term is the error compensation term updated online by an adaptive
law, which is derived from the Lyapunov synthesis approach, for confronting the estimation error
of the STSMO in practice. The rigorous stability analysis of the dynamics of the output tracking
error between the desired and actual outputs of the system with the type-4 composite controller is

presented.

With respect to the 2L-VSI-fed SPMSM-VSD system, a hovel robust FOC strategy is proposed.
In this FOC strategy, a type-4 composite speed controller and two linear Pl current controllers are
adopted. Comparative experimental tests among three selected classic MRA speed controllers, three
selected RBFNN-MRA speed controllers and the type-4 composite speed controller in the frame of
the FOC strategy are performed on the experimental test bench described in Section 2.5.
Corresponding experimental results demonstrate that the type-4 composite speed controller can
achieve the minimum rotor speed transient variation and the fastest dynamic response. Moreover,
compared with the selected RNFNN-MRA speed controller, the computational burden of the DSP

to implement the type-4 composite speed controller is lower.
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8

CONCLUSIONS AND PERSPECTIVES

Conclusions

Combining a feedback controller with a well-designed DO is an effective way to improve the
robustness of such a controller-based closed-loop tracking control system against the unmodeled
dynamics, parametric uncertainties and external disturbances. In this thesis, four novel composite
controllers, each of which combines a nonlinear feedback controller with a DO, are proposed for a
single-input uncertain nonlinear system with relative degree one for the disturbance attenuation
ability improvement and applied to the construction of novel robust FOC strategies for 2L-VSI-fed
SynRM-VSD and 2L-VSI-fed SPMSM-VSD systems.

The first proposed composite controller is named as the type-1 composite controller. Such a
composite controller consists of a standard STSM controller, a HNN-DO and an error compensator.
The standard STSM controller is used to achieve the finite-time convergence of the sliding variable
to the origin. The HNN-DO is used to compensate the lumped disturbance in the sliding variable
dynamics. The error compensator is used to compensate the approximation error of the adopted
HNN-DO. The rigorous stability analysis of the sliding variable dynamics with the type-1 composite
controller is presented. On the basis of that, the learning laws for the connective weights between
the output neuron and the hidden neurons in the HNN-DO and the error compensator are rigorously
derived. Besides the HNN-DO and its corresponding error compensator, these learning laws are
suitable for any other type of ANN-DO and its corresponding error compensator used in a standard
STSM controller-based composite controller. After the rigorous theoretical analysis, the type-1
composite controller is applied to the construction of a novel robust FOC strategy for the 2L-VSI-

fed SynRM-VSD system. In this FOC strategy, the type-1 composite controller is used as a rotor
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speed controller for achieving the robust rotor speed tracking control. The type-1 composite speed
controller is design using the practical speed dynamics of the SynRM considering unmodeled
dynamics, parametric uncertainties and external disturbances. Since the magnetic saturation effect
makes each practical current dynamics of the SynRM become a nonlinear system in terms of two
stator current components in the rotor reference frame, two composite current controllers, each of
which is composed of two standard STSM controllers, are proposed to achieve the robust stator
current tracking control. Each composite current controller is designed using the corresponding
practical current dynamics of the SynRM considering unmodeled dynamics, parametric
uncertainties and external disturbances. Rigorous stability analysis for each current tracking error
dynamics using the corresponding composite current controller is also presented. Comparative HIL
tests between the proposed FOC strategy and the classic STA-based FOC strategy for the 2L-VSI-
fed SynRM-VSD system, which is based on a standard STSM speed controller and two linear Pl
current controllers, are performed. The results of HIL tests demonstrate that the proposed FOC
strategy can accomplish better tracking performance and higher robustness against disturbances/

uncertainties.

The second proposed composite controller is named as the type-2 composite controller. Such a
composite controller consists of a modified STSM controller and a second-order ESO. The modified
STSM controller is used to stabilize the sliding variable dynamics in a finite time. The second-order
ESO is used to compensate the lumped disturbance in the sliding variable dynamics. The rigorous
stability analysis of the sliding variable dynamics with the type-2 composite controller is presented.
After the rigorous theoretical analysis, the type-2 composite controller is applied to the construction
of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-VSD system. In this FOC strategy, the
type-2 composite controller is used as a rotor speed controller for achieving the robust rotor speed
tracking control. The type-2 composite speed controller is designed using the practical speed
dynamics of the SPMSM considering unmodeled dynamics, parametric uncertainties and external
disturbances. As for the current control loop of this FOC strategy, two linear Pl controllers are
adopted. Comparative experimental tests among the FOC strategy using the standard STSM speed
controller, the FOC strategy using the ESO-based standard STSM speed controller, the FOC strategy
using the modified STSM speed controller and the proposed FOC strategy using the type-2
composite speed controller are performed. Experimental results demonstrate that, among four tested
FOC strategies, the proposed FOC strategy using the type-2 composite speed controller can achieve

the minimum rotor speed transient variation and the fastest dynamic response.

The third proposed composite controller is named as the type-3 composite controller. Such a

composite controller consists of a sign function-based CSM controller and a STSMO. The sign
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function-based CSM controller is used to stabilize the output tracking error dynamics asymptotically.
The STSMO is used to compensate the lumped disturbance in the output tracking error dynamics.
The rigorous stability analysis of the output tracking error dynamics with the type-3 composite
controller is presented. After rigorous theoretical analysis, the type-3 composite controller is applied
to the construction of a novel robust FOC strategy for the 2L-VSI-fed SPMSM-VSD system. In this
FOC strategy, the type-3 composite controller, which is designed using the practical speed dynamics
of the SPMSM considering unmodeled dynamics, parametric uncertainties and external disturbances,
is used as a rotor speed controller for achieving the robust rotor speed tracking control, and two
linear PI controllers are adopted as two stator current controllers. Comparative experimental tests
among the FOC strategy using classic CSM speed controller, three FOC strategies, which use three
selected ENN-ICSM speed controllers, respectively, and the proposed FOC strategy using the type-
3 composite speed controller are performed. Experimental results demonstrate that: 1) among five
tested FOC strategies, the proposed FOC strategy using the type-3 composite speed controller can
achieve the minimum rotor speed transient variation and the fastest dynamic response; and 2) the
type-3 composite speed controller is more computationally efficient than the selected ENN-ICSM

speed controllers.

The fourth proposed composite controller is named as the type-4 composite controller. Such a
composite controller consists of a classic MRA controller and a STSMO. A stable first-order linear
model is selected as the reference model to generate the desired output trajectory for the system. The
type-4 composite controller comprises three terms. The first term is the stabilization term, which is
based on the known parts of the system and the selected reference model, for the asymptotic
convergence of the output tracking error between the desired and actual outputs of the system to the
origin. The second term is the disturbance compensation term, which is dependent on the STSMO,
for compensating the lumped disturbance in the dynamics of the above-mentioned tracking error.
The third term is the error compensation term, which is updated by an adaptive law online, for
confronting the estimation error of the STSMO in practice. The rigorous stability analysis of the
dynamics of the above-mentioned tracking error with the type-4 composite controller is presented.
Based on that, the adaptive law for the error compensation term is derived. After rigorous theoretical
analysis, the type-4 composite controller is applied to the construction of a novel robust FOC
strategy for the 2L-VSI-fed SPMSM-VSD system. In this FOC strategy, the type-4 composite
controller, which is designed using the practical speed dynamics of the SPMSM considering
unmodeled dynamics, parametric uncertainties and external disturbances, is used as a rotor speed
controller for achieving the robust rotor speed tracking control, and two linear Pl controllers are

adopted as two stator current controllers. Comparative experimental tests among three FOC
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strategies, which use three selected classic MRA speed controllers, respectively, three FOC
strategies, which adopt three selected RBFNN-MRA speed controllers, respectively, and the
proposed FOC strategy using the type-4 composite speed controller are performed. Experimental
results demonstrate that: 1) among seven tested FOC strategies, the proposed FOC strategy using
the type-4 composite speed controller can achieve the minimum rotor speed transient variation and
the fastest dynamic response; and 2) the type-4 composite speed controller is more computationally
efficient than the selected RBFNN-MRA speed controllers.

Future Work

For future work, the following research topics will be taken into account:

1) A comparative study between the composite controller combining a standard STSM controller
with an ANN-DO and the composite controller combining a standard STSM controller with a
model-based extended DO.

2) Applying four proposed composite controllers to the current control loop of the FOC strategy
for the 2L-VSI-fed SPMSM-VSD system to further improve the robustness of the FOC strategy
against the unmodeled dynamics, parametric uncertainties and external disturbances in the stator

current dynamics

3) Developing a novel magnetic model for the SynRM.
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