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Abstract

Speed-Sensorless Torque Control of Induction Motors for Hybrid Electric Vehicles

Tianjun Fu

Hybrid Electric Vehicles (HEVs) are exciting new additions to the car markets since
they combine the best features of conventional and electric cars to improve
environmental performance and reduce fuel consumption. HEVs get their driving power
from both an internal combustion engine and an electric motor. Many researches have
demonstrated the induction motor is one of the right electric motor candidates for the

most HEVs due to its low cost, robustness and low maintenance.

The objective of this research work is to develop a new speed-sensorless control
method for induction motors to optimize torque response and improve robustness in order
to meet the requirement of HEV applications. The proposed new control method is based
on Sliding-Mode Control (SMC) combined with Space Vector Modulation (SVM)
technique. The SMC contributes to the robustness of induction motor drives, and the
SVM improves the torque, flux, and current steady-state performance by reducing the
ripple. The Lyapunov direct method is used to ensure the reaching and sustaining of
sliding-mode and stability of the control system. A sliding-mode observer is proposed to
estimate the rotor flux and speed. Computer simulation results show that the proposed
control scheme owns very good dynamic characteristics, high accuracy in torque tracking

to various reference signals and strong robustness to external load disturbances.
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Chapter 1

Literature Review and Objectives

Environmental issues and oil crisis compel to develop clean, efficient vehicles for
urban transportation. The Electric Vehicle (EV) is the first consideration for its zero
emissions. However, the source of energy and battery technologies level in EVs hindered
the EVs development. From 1990s, a number of auto industries have started to develop
Hybrid Electric Vehicles (HEVs) to overcome the battery and range problem of pure
electric vehicles [1]. Now HEVs are becoming an increasingly popular alternative to
conventional vehicles due to the potential for lower energy consumption and lower
pollutant emissions [2-7]. The power train of a HEV combines both the Internal
Combustion Engine (ICE) of a conventional vehicle and the electric motor of an EV, so

the HEV owns the benefits of the EV with the features of a gas combustion engine.

Many researches have been done on modeling, control and monitoring of HEV power
systems [8-12]. As a result of these researches, the induction motor is considered as the
right electric motor candidate for the most HEVs due to its low cost, robustness and low

maintenance.

1.1 HEV background

According to the statistic data of greenhouse gas emission, 13.4% of Canada’s total
emissions are due to transportation sources mainly from vehicles. America and Europe

issued emissions legislation for passenger cars [13], and the standards are becoming

1



stringent. As consumers and the government continue to demand increased fuel economy
and reduced emissions from their vehicles, auto manufactures are increasingly exploring
new technologies to meet this demand. One solution under consideration is that of HEVs.
Compared with the conventional ICE vehicles, the HEV has significant fuel economy and

lower emissions [14-17].

In a HEV system, the ICE and the electric motor are optimally controlled to increase
fuel efficiency. When powerful acceleration is needed, the high-output electric motor and
the ICE generate optimum power. Therefore, the vehicle output is efficiently improved,
and the vehicle can have smooth, seamless and powerful running performance. The
acceleration sensation comparison of the Toyota HEVs (THS Il and Prius) and a

conventional vehicle is shown in Figure 1.1.

Areslerotion sensation 50km/h —» B0km/h

Good Shock-free &
responsivensss [ zeamiess

Acceleration (G)

2 41 Camry with 4-speed
automatic transmission

2 3 4 5 ] {seconds)
Elapsed tima

Figure 1.1: HEVs’ acceleration sensation [18]

Currently, the following three major types of hybrid system are being used in the
hybrid vehicles: series, parallel, and series/parallel hybrid systems. The most common
types of HEV are the parallel and the series/parallel types. A series/parallel HEV system

is shown in Figure 1.2.
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Figure 1.2: Series/parallel HEV system [18]

A parallel HEV control system scheme is shown as Figure 1.3.
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Figure 1.3: A HEV control system scheme [19]
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1.2 Induction motor control for HEV applications

Motors are the “work horses” of HEV drive systems. In a HEV, an electric motor
converts electrical energy from the energy storage unit to mechanical energy that drives
the wheels of the vehicle. Unlike a traditional vehicle, where the engine must “ramp up”
before full torque can be provided, an electric motor provides full torque at low speeds.
This characteristic gives the vehicle excellent “off the line” acceleration. Important
characteristics of a HEV motor include good drive control and fault tolerance, as well as

low noise and high efficiency [12]. Other characteristics include flexibility in relation to

voltage fluctuations and, of course, acceptable mass production costs.

Currently, front-running motors for HEV applications mainly include Permanent

Magnet Synchronous Motors (PMSMs) and Switched Reluctance Motors (SRMs). Table

1.1 shows the electric motors currently used in some HEVs [20-24].

Table 1.1: Electric motors used in HEVs

Electric Motor
HEV Model Manufacturer Power | Voltage Speed
Type

(kW) V) (rpm)
Escape Ford PMSM 70 400max | 3000-5000
Prius Toyota PMSM 50 500max | 1200-1540
Civic Honda PMSM 10 144 2500-4000

Insight (CVT) Honda PMSM 9.7 144 2000
Getz Hyundai PMSM 12 144 6000max
LEV AXcess (Australia) | SRM 50 250max | 6000max
ECOmmodore | Holden (Australia) | SRM 35 250max | 6000max




The PMSM is popular for it has high power density, high efficiency and comparatively
easier control. However, the magnetic materials used in the PMSM are expensive, and the
PMSM produces torque only when it is running at synchronous speed [1]. The SRM is a
promising candidate for its simple construction, fault tolerant operation, low cost, and
capability of operating over a wide speed range at constant power [1, 12]. However, the
disadvantages of a SRM are its high audible noise, high torque ripple and low motor
efficiency. Thanks to the advances in power electronic devices and the advent of Digital
Signal Processing (DSP) technology. The fast, reliable and cost-effective control of
induction motors is being developed now. Over the past five years, the area of induction
motor control has continued to expand because of the following advantages of induction

motors:

e Simple structure

e Rigidness

e Maintenance free operation
e Relatively low cost

e High transient torque capacity

Many researches [8-12] have proved the induction motor is one of the right electric

motor candidates for the most future HEVs.

1.3 The challenges of induction motor control

Despite their benefits, induction motors have one major drawback, which is that their

speed is determined by the frequency of the power supply. The reason for this can be



better understood when the operating principle of the motor is studied. Unlike DC
motors, the dynamics of an induction motor is nonlinear and of high order. It is difficult
to obtain decoupled control of the torque and flux producing components of the stator
current. The issue is further complicated because there is no direct access to rotor
quantities such as rotor flux and currents, the electric rotor variables are not measurable,
and the physical parameters are most often imprecisely known. Therefore, the control of

induction motors represents a theoretical and technical challenge problem.

1.4 The speed-sensorless induction motor control approaches

1.4.1 The conventional control methods

The control of the induction motor has attracted much attention in the past few
decades; especially the speed-sensorless control of induction motors has been a popular
area due to the low system cost and the strong robustness. The V/Hz control for induction
motors is the simplest control method, and it is still widely used in industrial applications.
However, the V/Hz control is normally used in the applications that don’t require precise
speed control, and it does not offer torque control or high torque values at low speed. The
Field Oriented Control (FOC) is a simple method used in control of induction motor
drives because of its intrinsic PI controllers. The classical FOC has simple structure of
controller. It is constructed by four PI regulators [25], two of which are used for current
signals regulation while another two of which are used for voltage signals regulation. The
Nonlinear State Feedback Control (NSFC) system is introduced by A. Benchaib et al.
[26]. The FOC is reinterpreted as a state feedback transformation into a control system of

simpler structure, in which flux amplitude dynamics and torque dynamics are both linear.

6



Therefore, the input-output decoupling controls for induction motor can be obtained by
using multiple PI controllers. The main drawbacks of FOC are the sensitivity of the
performance to the system parameters variations and inadequate rejection of external
disturbances and load changes [27, 28]. The Direct Torque Control (DTC) was proposed
by M. Depenbrock [29] and 1. Takahashi [30] in 1985. The DTC is an entirely different
approach to induction motor torque control that was developed to overcome FOC’s
relatively poor transient response and reliance on induction motor parameters. Classical
DTC is a popular torque control method for induction motors; therefore it is widely used
in the area of the EV’s motor control. Unfortunately the classical DTC algorithm has
some significant limitations. It is difficult to distinguish between small and large
variations in reference values. Also the variation of flux and torque over one sector is
considerable. Another problem is that adapting classical DTC to the confines of a DSP’s
sampling period can significantly deteriorate its performance. Conventional Sliding-
Mode Control (SMC) is a robust control because the high gain feedback control input
suppresses the influence of the disturbances and uncertainties [31]. Due to SMC
technique’s strong robustness, and simple hardware/software implementation by means
of power inverter, it has attracted much people’s attention in electric drive systems, and is

one of prospective control methodologies for induction motor drives [32].

Various SMC techniques for induction motors have been proposed in many literatures.
The linearization method used in SMC techniques was suggested in References [26, 27,
33]. Linear reference models or input-output linearization techniques were used to control
the dynamics of the nonlinear system. A fuzzy technique combining the SMC method

was developed in References [28, 34]. The SMC acts in a transient state to enhance the
7



stability, while fuzzy techniques are used in the steady state to reduce chattering. In
References [35 - 37], the Lyapunov direct method is used to ensure the reaching and
sustaining of the sliding mode. These SMC methods result in a good transient
performance, sound disturbance rejection, and strong robustness in control system.
However, the chattering is a problem in SMC and causes the torque, flux, and current
ripple in the systems. In Reference [36], sliding-mode concepts were used to implement
Pulse Width Modulation (PWM). This implementation method is simple and efficient by
mean of power inverter since both implementation of SMC and PWM imply high-
frequency switching. However, this method causes severe ripple in the torque signal due
to the irregular logic control signals for inverter. To overcome this problem, an rms
torque-ripple equation was developed in Reference [38] to minimize torque ripple. In
Reference [39], a DTC is combined with Space Vector Modulation (SVM) techniques to
improve the torque, flux, and current steady-state waveforms through ripple reduction.
Although the torque ripple can be reduced by using these methods, the robustness of
control systems is hard to be ensured. Thus, a new control method combining SMC with
SVM techniques proposed in this thesis is the potential candidate for ensuring the

robustness of control systems and meanwhile reducing the torque ripple.

1.4.2 Observer design methods

In the past, several observer design methods for speed-sensorless control of induction
motors have been proposed [40, 41]. Magnetic-Salience-Based methods [42, 43] are very
promising for standstill and low-speed operation. Their main disadvantage is the need for

high precision voltage and current measurements. Also, these methods require a proper



motor design. Model-Reference Adaptive Systems (MRASs) [44-47] are methods that
have a good performance over a large speed range. Their disadvantage is the large
influence of parameter deviation at low speed and standstill operation. Also, the use of PI
controllers with complicated gains creates difficulties in their implementation using a
DSP or microcontrollers. The extended Kalman filter [48-50] has been used as the most
appropriate solution for speed-sensorless drives for several years. Unfortunately, this
stochastic observer has some inherent disadvantages, such as the influence of the noise
characteristic, the absence of design and tuning criteria. The current harmonic spectral
estimation method [51] estimates the rotor speed from current harmonics. Since the
current harmonics arise from rotor mechanical and magnetic saliencies, they are
independent of motor parameters, and their magnitudes are also independent of the
source frequency. This method seems to have a very good performance at low speed,
even at 1Hz, but it needs a complicated hardware/software setup for measuring and
filtering the currents. Artificial intelligence methods [52] that use artificial intelligence
techniques such as fuzzy logic and neural networks are very promising candidates to be
robust to parameter deviation and measurement noise. However, they need long
development period and the expertise in several artificial intelligence procedures.
Sliding-mode control theory, due to its order reduction, disturbance rejection, and strong
robustness, 1s one of the prospective control methodologies for electrical machines. The
sliding-mode observer for speed-sensorless control proposed in References [25, 36, 53]
has been proved being strong robust and accurate torque tracking, and having a very good
transient performance over the full speed range. Thus it is one of prospective observers

for induction motor drives.



1.4.3 PWM techniques

PWM has been studied extensively during the past decades. For a long period, carrier-
based PWM methods were widely used in most applications. The earliest modulation
signals for carrier-based PWM are sinusoid wave signals. The use of an injected zero-
sequence signal for a three-phase inverter [54] initiated the research on nonsinusoidal
carrier-based PWM [55-58]. Different zero-sequence signals lead to different non-
sinusoidal PWM modulators. Compared with sinusoidal three-phase PWM, nonsinusoidal
three-phase PWM can extend the linear modulation range for line-to-line voltages. With
the development of microprocessors and DSP techniques, the SVM technique has
become one of the most important PWM methods for the Voltage Source Inverter (VSI).
It uses the space vector concept to compute the duty cycle of the switches. It simplifies
the digital implementation of PWM modulations. An aptitude for easy digital
implementation and wide linear modulation range for output line-to-line voltages are the
notable features of SVM [55, 59]. Thus, the SVM becomes a potential technique for the

VSIL

1.5 Research objectives

The objectives of this research work are defined as:
1) Develop a robust and accurate flux/speed observer.

Speed sensor decreases the reliability of a drive system and increases its price;
furthermore, it is not desirable for an electric motor drive after a speed sensor failure. A
common trend in motor control is to eliminate them and use a rotor speed observer to

calculate the speed. It is known that the rotor flux is needed for the implementation of
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torque or speed control. Unfortunately, the rotor flux cannot be measured directly. If the
angle speed is available, the flux can be estimated with a second-order observer and its
convergence is guaranteed for any speed. However, if no information about the
mechanical variables is acquired, the design of the observer is no longer a trivial problem.
In order to achieve the objective of sensorless control of induction motors, it is necessary
to design a flux/speed observer to estimate the flux and speed simultaneously based on
the measurement of the stator currents and voltages, and then design a corresponding

controller to guarantee that the real torque or speed tracks the desired torque or speed.
2) Develop an efficient PWM method for an inverter.

The PWM technique is used to generate the required voltage or current to feed the
motor. This method is increasingly used for AC drives with the condition that the
harmonic current is as small as possible and the maximum output voltage is as large as
possible. An efficient PWM method should achieve the following aims: wide linear
modulation range; less switching loss; less Total Harmonic Distortion (THD) in the

spectrum of switching waveform; and easy implementation with less computation time.

3) Find reliable control solutions for induction motor to meet HEV system

requirements.

Important characteristics of a HEV motor include good drive control and fault
tolerance, as well as low noise with high efficiency, flexibility in relation to voltage
fluctuation and acceptable mass production costs. The induction motor is one of the right
electric motor candidates for the most HEVs because of its low cost, robustness and low

maintenance. However, unlike the traditional industrial setting, in which the induction
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motor operates mostly at steady state, the HEV applications require high performance
control to obtain fast transient responses and energy efficiency. A good induction motor
control system for the HEV application should result in a fast transient performance,

disturbance rejection, small torque ripple and strong robustness.

1.6 Overview of the thesis

The thesis is organized as follows. The dynamic model of induction motors is given in
Chapter 2, and the sliding-mode observer is analyzed and developed in Chapter 3. SVM
techniques in induction motor drives are discussed in Chapter 4. Details of control
system design are described in Chapter 5, while the simulation results are presented in
Chapter 6. Finally, conclusions and recommendations for future work are given in

Chapter 7.
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Chapter 2

Induction Motor Modeling

2.1 Introduction to induction motors

Three-phase induction motors are rugged, cheap to produce and easy to maintain. They
can run at a nearly constant speed from zero to full load. Their design is relatively simple
and consists of two main parts, a stationary stator and a rotating rotor. There are two main
classes of the induction motor differing in the way how their rotors are wound. The rotor
windings in a conventional wound rotor are similar to the stator windings and are usually
connected in a uniformly distributed Wye (also known as Star) [60]. The squirrel cage
motor has a very different arrangement from this. A cage rotor consists of bare aluminum
bars that are short circuited together by being welded to two aluminum end rings. No
current supply is needed from outside the rotor to create a magnetic field in the rotor.
This is the reason why this motor is so robust and inexpensive. The motor used in this

thesis is a three-phase squirrel cage induction motor.

The structure of a squirrel cage induction motor is shown in Figure 2.1. In an induction
motor, the alternating currents from the three-phase source flow through the stator
windings producing a rotating stator flux. The speed of rotation of this field is determined
by the number of poles in the motor and the frequency of power supply. The field induces
a voltage in the rotor bars, which leads to a large circulating current. Because the induced

rotor current is in the presence of the rotating magnetic field, it is subject to Lorentz’s

13



force. The sum of the Lorentz forces on the rotor bars produces a torque that drives the

rotor in the direction of the rotating field.

Terminal Box

Termimals

o Bagior Tron

Stator Winding

Holler
Bearing

s - Bhori-Cireuit
Rotor Cage with Ring
Rator Bars

Figure 2.1: Squirrel cage induction motor cross section

When the field is first generated, the rotor is at rest. It rapidly accelerates to keep up
with the rotating flux. As the rotor speed increases, the rotor bars are not cut as much by
the rotating field, so the voltage in the rotor bars decreases. If the rotor speed equals to
the flux speed, the rotor bars will no longer be cut by the field and the rotor will start to
slow down. This is why induction motors are referred to as being asynchronous motor
because the rotor speed never equals the synchronous speed [60]. The difference between

the stator and rotor speed is called slip speed.

2.2 Definitions of space vectors

The usage of space vectors as complex state variables is an efficient method for

induction motor modeling. The three-phase voltages, currents and fluxes of induction
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motors can be analyzed in terms of complex space vectors [61]. Consider a symmetrical
three-phase winding of an induction motor reduced to a two-pole arrangement for
simplicity. The three-phase axes are defined by the unity vectors I, a, and a,

W) W)

2 . - .
wherea =¢ and a” =e . The stator windings and stator current space vector in

the complex plane is shown in Figure 2.2.

Jim ? is=isexp(jp)

e
ic / / iy Re

Figure 2.2: Stator windings and stator current space vector

The space vector of the stator current i, can be described by
.2 . .2,
1S:§(ta+alb+a i), (2.1)

where subscript s refers to the stator of the induction motor; a, b and ¢ are the three-phase

system axes.

The flux space vector of the stator winding can be written as

w,=L, i, (2.2)
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In the general case, when the induction motor develops nonzero torque, both space

vectors I, of the stator current, and i, of the rotor current are nonzero, yielding the stator

flux and the rotor flux vectors as

l/IS:Ls is+Lm ir’ (23)
Wr:Lm iS+Lr ir’ (24)

where L_, L, are the stator inductance and the rotor inductance, respectively; L, is the

mutual inductance between the stator and rotor windings. Furthermore,

r

i = %(im +ai,+a’i) (2.5)

is the rotor current space vector, i, i, and i, are the three-phase rotor currents.

The rotating stator flux wave y_ generates induced voltages in the stator windings

which are described by
dy
=2 2.6
= 26)
where
2 2
u :g("a +au,+a’u) (2.7)

is the space vector of the stator voltages, and u,, u,, and u,_ are the three-phase voltages

at the stator winding terminals.
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The individual phase quantities associated with any space vector are obtained as the

projections of the space vector on the respective phase axis. Given the space vectoru_,

for example, the phase voltages are obtained as
u, = Re {u,},
u, = Re {a’-u_}, (2.8)
u,= Re {a-u}.

2.3 The transformation of space vectors

The transformation of space vectors is important for various induction motor controls
since it can simplify the control design by transferring a complex three-coordinate system
to a two-coordinate system or transferring a time variant system to an invariant system

[62]. This transformation mainly includes following two steps:
1). Clarke transformation: (a ,b,c) = (a, f)
It outputs a two-coordinate time variant system.
2). Park transformation: («, f) = (d , gq)

It outputs a two-coordinate time invariant system.

A diagram of stator current and rotor flux space vectors in three systems is shown in
Figure 2.3. ¥, =[y, ¥, 1" and i =[i, i 1" are rotor flux vector and stator current vector
in the (a, §) coordinate, respectively; i, =[i, i, I' is stator current vector in the (d, ¢)
coordinate.
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Figure 2.3: Stator current and rotor flux space vectors in three systems

The Clarke transformation for current vectors can be written as

T
; 2 1 1
: 3 3 30,
_ 1, |- (2.9)
iy 0 [?. _[3_
3 3]

The Park transformation for current vectors can be written as

i cos sin@ | |1,

= . ) (2.10)
i, —sin@ cosf | |ig
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2.4 Dynamic model of induction motors

2.4.1 Dynamic model of induction motors in the («, 8) system

Assume that three-phase inputs’ AC voltages are balanced, and stator windings are

uniformly distributed and based on the well-known two-phase equivalent motor

representation. The non-saturated symmetrical induction motor can be described in the

stationary coordinate system («, 5) by a set of fifth-order non-linear difterential equations

with respect to rotor velocity @, the components of rotor magnetic flux v, i, and of

stator current i,,i,[31]:

dy, .
— =y —0y,+ 0,
dt Z_l//a l//ﬁ [74

dy,

—F =y toy, + i,
dt Tl//ﬂ Ve B
di 1 L dy,

dw P
==L (T-T),
i J( L)
3PL,
‘TL—(Z/;‘//,I lal//ﬂ)’

(2.11)

where @ is the electrical rotor angle velocity; u,, U, are stator voltages in the (a, )

coordinate; 7'and 7, are the torque of motor and load torque; J is the inertia of the rotor;

P is the number of pole pairs. R, and R, are rotor and stator resistances; L and L, are

rotor and stator inductances; L, is the mutual inductance; 7=L /R is rotor time

constant, and o =1—L. /(L.L,) is total leakage coefficient.
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2.4.2 Dynamic model of induction motors in the (d, q) system

Some control strategies involve the transformations of the vectors (i,,i,) and (. ¥/ 5)
in the fixed stator coordinates («, ) into vectors in the coordinates (d, g), which rotate
along with the rotor flux vector ¥, . The dynamic model of induction motor in the

rotating coordinates (d, g) system can be obtained by the following transformations.

From Figure 2.3, the rotor flux position angle ¢ and the rotor flux amplitudel/, can be

calculated as

sin 8 :ﬁ,
7

cos0 =V .12)
v,

W, = \Jvity, .

From Figure 2.3, rotor flux components in the (d, g) coordinate ,, i, can be

obtained as

l//d = l//r H
(2.13)
v, =0.
From Equations (2.10), (2.12) and (2.13), the following equations can be yielded:
. Wols + ‘//ﬂiﬂ
i, =—"",
v,
[~ i
j =Yes Vil (2.14)
v,
Vo=Vat¥; =¥,
w,=0.
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From Figure 2.3, the inverse Park transformation of voltage vectors is derived as

= . . (2.15)
Ug v Vs Ve u

Considering Equations (2.14), (2.15), and the induction motor dynamic model (2.11),

one can obtain the following equations:

dl//d l 2 2 _% dl// dl//ﬂ
—ra _ + (2 N Sy ) e P
i S We ws) 22y, 1 T dt)
1 L, Wi, +V¥sig)
Ly L Wle TV )
v T Va
|
==Y, +_Lmld’ (216)
T T
d y, dt dt dt dr
1 1 1 1 L
=== i, vy +—L (i +i)+— —"w> + oy, i, W,
l//a,|: T(l//aa l/ﬁﬁ) T m(la’ q) oT LrLS Wd (Waﬁ l/jﬂla)

LR, L
_;(L L L )(l//ala +l///3 ﬂ)+ (l//aua +Wﬂuﬁ)}

5 s

1 R i 1
=——(—+-2)i, + +wi +—"L+—u,, 2.17
O-( Ls)d m l//d ! Tl//d O-Ls ‘ ( )
d di d
Vv s
at y, dt dt dt dt
1 1 X ) . . I L 2
=—|—— W, i, W, )0 (Wi, Y Wi,)———"
l//d|: T(l/aﬂ Wl (W oy +W sip) o7 LrLSl//d
1 R L

s

—;(L—: 1 L)(l//al,; Wa)+ (V/auﬂ W s, )}
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1 1 R . L, .
—_;(;+LS)lq—O'LL a)t//d-a)zd+;—_L—uq, (2.18)
do P 3P L P
—=—({T-T)= - i,—y, )——T
a J( 1) 2 L (l//aﬁ ‘//ﬂa) g
3> L . P
= 2J ’L—delq —7TL’ (2'19)
3P L 3P L
m v g (2.20)

T_

_T'L_’:‘(l/jaiﬂ _l//ﬂia) :7L_Wdlq'

Using Equations (2.16) — (2.20), we obtain the dynamic model of induction motors in the

(d, g) coordinate:

dt T
11 R ;

ﬂ"—=—~—(- —)i, + W, + i, + "“’+—1—ud,

d ot L L, Ty, oL,
di 1 1 R
= (A4 ) o, +—u_, 2.21
dt O'(T Ls)q LSLr l//d d ’ q ( )
do 3P L, P

d 2J L7 Y

3P,

EENALL

Based on the above induction motor models, we will design the sliding-model

observer, the SVM for the motor drive and the sliding-model controller for HEV

applications.
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Chapter 3
Sliding-Mode Observer Design

It is known that the rotor flux is needed for the implementation of torque or speed
control. Unfortunately, the rotor flux cannot be measured directly. If the angle speed is
available, the flux can be estimated with a second-order observer and its convergence is
guaranteed for any speed [31, 32]. However, if no information about the mechanical
variables is acquired, the design of the observer is no more a trivial problem. In order to
implement speed-sensorless control of induction motors, it is necessary to design a
flux/speed observer to estimate the flux and speed simultaneously based on the
measurement of the stator currents and voltages. Afterwards, a corresponding controller

is designed to guarantee that the real torque or speed tracks the desired torque or speed.

Sliding-mode control theory, due to its order reduction, disturbance rejection, and
strong robustness, is one of the prospective control methodologies for electrical
machines. A sliding-mode observer for speed-sensorless control has been proposed in
References [32, 36]. This observer has been proved being strong robust and accurate with
a fast convergence, and having a very good estimation performance over the full speed

range. Therefore, this observer is discussed, developed and implemented in this Chapter.
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3.1 Sliding-mode rotor flux, stator current and speed observer

Applying the same structure of the induction motor described in the stationary
coordinate system (a, ) (see Equation 2.11), the sliding-mode rotor flux, stator current

and speed observer is proposed as

dy 1. .. L -
—E =y oY, +—0,+C ,

dt Tl//a l///} r a l//ﬁ/u
dy, 1_ L _
— ==y, +0 i, —C ,

dt r B l//a r B (//a:u
di, 1 L, dy L, G-
i v, ~ L, _
—t=—(—2—2—Ri,+u, +C —

dt o-LS( L, dt L Wk L Vak),
di 1 L dy

B B ~

=—(—"——-Ri,+u,-C2= ——n

dt O'Ls( L d e W““ L " )-

Substituting Equation (2.11) into Equation (3.1), one can obtain the equations:

dy 1. .. L -

L=y, oW, +—"0, +C ,

dt TW& l//ﬁ r (] l//ﬂ:u
dy, 1. . L _
— L=y, oy, +2i,-C ,

1 T‘///; Yo ;8 Vol

, , (3.2)

dz 1 L_maA)ﬁ _LmRr+L,RSi vu Lo
dt oL tL L,V I SRR Vell):
diy _ 1 L,an)ﬁ _LR+LR L, )
dt ol TL L Ve 15 p e Vel

r ¥ r

where continuous time function ¥, and y/, represent the estimated rotor fluxes , and

fa and i , represent the estimated stator currents. C is a parameter to be selected. The

estimate of the angle speed @ and the auxiliary variable x are discontinuous parameters
given by
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@ = w,sign(s,),
(3.3)
M= pysign(s,),

where @, and y, are constants; s, and s, are nonlinear functions of the stator current

errors and the estimated rotor flux, and

Sa) = ({ﬁ _iﬂ)l/ja —‘(l’.\a —la)l/;ﬁ s
(3.4)
S,u = (ia —ia)l/’)a +(Zﬁ —_lﬂ)l/;ﬂ .
The method of selecting s, and s, is nothing but the conventional approach to control
design based on the equation in the frame rotating with the rotor flux [63]. It enables one

to decouple the design problem of making the estimates i, and i ; track i and i; into two

independent ones.

First, it will be shown that there exist constant values @, and 4, such that sliding

modes occur in the surfaces of s, =0 ands, =0. And, as a result, the estimation errors

_a Aar a (35)
ig=ig—ig

are equal to zero, and the flux estimation errors
170: = (/7(1 Vs
o (3.6)
V=V ~V¥p

will approach to zero. Thus, the average value of the discontinuous function & will

converge to the real speed @ .
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3.2 Analysis of the current tracking

To analyze convergence of the estimates to the real values for the proposed observer
structure, one needs to analyze the stator current tracking property first. Following from
the induction motor model (2.11) and Equation (3.2), the sliding-mode observer

equations with respect to the errorsi, , i,, i, and i, can be written as

dy, 1_ - ~
—;’ft—"‘—=—;t//a-wl/lﬁ—wwﬂ +C g
dy, 1_ . -
— L e 0, + 0P, ~CYu,
dt T
_ 3.7
dig _ Ly (1_ +OY,,+OY,—Y, 1) o7
dl O'LSL,, Tl//a l//ﬁ (//ﬁ l//ouu >
G L Mo i 50—
dt O'LSLr Tl//ﬂ l//af l//a l/jﬂ;u .
The combination of Equations (3.2) and (3.7) yields the following equations:
Sp =i, — i, +igW, —i Wy, (3.8)
i i =t (o e, — e (3.9)
Vo=tV oL L, L '
T A - A A Lm T . v .
W, — i W, =—08, + . (igly —iip )+ Cs . (3.10)
Then,
. Lm ~2 . T F
Se =_(—_—l//r +Sﬂ)'a)0Slg7’lSw +f(a)’la »lg 5 € )62)7 (311)

oL L,

where 7, = |72 +173 ,
~2

o L L - - L 1
0,1, ,1,,€,6 )=—"—oy. +—""(ig, —i,i, )J+—"—(—e,—we )+Cs, u,
J( 756 2 ) ol L 4 T(/; ﬁ) O'LLr(Tz 1) ut

s 5
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and

Q=Y Wy +Vsls,

_A_A (3.12)
62 = l/lﬂl//a _l//aWﬂ .
It follows from Equation (3.11) that, if the condition
L
——yl +5,>0 (3.13)

ol L

sr

holds, then for high enough @,, 5,5, <0, i.e., sliding mode will occur on surface s, =0.

Similarly, the derivative of s, can be derived

S/J = ial//a +iﬂWﬁ + ial//a + iﬂ(//ﬁ

L 1 L,, . - .7 Lm ~2 .
= O'LmL (;el +wez)+f(lala +lﬂlﬁ)_ﬂﬂol//r2‘wgn Su- (3.14)

From Equation (3.14), it is noted if ,1is high enough,s,s, <0, and sliding mode will

occur on the surface s . =0.

After sliding mode arises on the intersection of both surfaces

Sy =i, —i W, =0ands, =i, +i47, =0, the current errors will approach to zero,
ie, i,=0and i » =0 under the assumption w?#0, which means that the estimated

currents i, and i, converge to the real currents i, andi ;.
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The sliding-mode equations on s, =0 and s, =0 can be derived by replacing the
discontinuous functions @,sign(s,) and y,sign(s,) by the equivalent values w,, and #,,,

which are the solutions of the algebraic equations s,=0 and s, =0 [32]. For this case,

_ w 1
=0-—e+—5
v, Ty,

o, e,. (3.15)

From Equation (3.15), if the estimated rotor flux converges to the real flux, also the

equivalent rotor speed will converge to the real speed. However, w,, cannot be evaluated

by Equation (3.15), since it contains unknown real rotor flux in the errors e; and e,.
Because the estimated rotor angle speed @ has slow and high-frequencies components,

of which the slow component is equal tow,, , ®,, may be obtained through a low-pass
filter [31] with discontinuous value @ as the input, that is,

&

o = i 3.16
“ 1+7,8 (3.16)

where 7, is the time constant of the low-pass filter.

Remark: 7 ,should be chosen small enough as compared with the slow component of the

real control @, but large enough to filter out the high rate component [31] .

3.3 Analysis of the observer design

From the analysis of the current tracking, it is noted that the condition

L - .
T”’;l//ersy >0 for the sliding mode to occur on the surface s, =0 is not very
o7

s
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restrictive. The reasons are that the stator currents i, andi, are measurable. The initial

conditions fa (0)and { ;(0) can always be chosen close enough to the true stator currents
i,(0) and i,(0) such that the initial errors i,(0) and i,(0) or s, are small enough to
guarantee that the condition (3.13) holds.

Although the flux/speed observer is of the fourth order, the error equations of the

sliding-mode observer are actually of the second order after sliding mode arises on the

surfaces s, =0 and s, =0. This order reduction property of the sliding mode is very

helpful for the asymptotic stability analysis of the nonlinear time-varying error system.
To facilitate the analysis of the observer tracking error system, the errors e; and e, are

defined in Equation (3.12) as the state variables of the error system. The error dynamic

models of rotor flux estimation are obtained by differentiating the transformed flux errors

ej and €

é] :'770(‘/70, +l7ﬁl/7ﬂ 'H/7al/ja +l/7ﬁl/:7/3 5

S c (317
é2:Wﬁl/7a—‘7al/7/3+§7ﬁ‘/7a_‘7al/7ﬁ-
¥, and g, are found from Equation (3.12),

oy, v

a—';el—Tg—eza
v, ¥,
B (3.18)

— ¥ Vo

Combining Equations (3.2), (3.7), (3.17) and (3.18), one can obtain the following

equations:
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1 ] 1L, _
b= (2aloltye L (L2 By Cpe,,
z- r T r
(3.19)
1 Li _ 1L -
&=~ (-1+7 e, —(0~B +~~"L)e, ~ Cyil 1+ Cpte,,
T
where
zd—i”:oiia+ﬁiﬂ,
v, ",
i (3.20)
=Yy Yo,
7

After sliding mode occurs, @ should be replaced by w,, in the motion equations.

Therefore, the speed deviation @ can be calculated from Equation (3.15)
a—)z——el+Lie2. 3.21)

Substitution of Equation (3.21) into Equation (3.19) results in the error dynamics in

matrix form:

: ~2+ ——Lfid —Lf'iq
&) T L,i, 1y Dula | Lo
v, v,

(3.22)

Tt

1
2
Vi | wel ——ee,

) +1 2

e, e —eé

—e, 1 1626
~ 2

_Wr +€]

+C,u~[

Assuming that sliding mode also arises on manifold s, =0, one solves the algebraic

equation §,=0 (3.14) with respect to
M
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L2 (3.23)

Fa =gz 7y

The discontinuous parameter £ can be eliminated from the error dynamics. Since the

estimates 17’ and T track the reference inputs, we infer:

Wref = l/7r s (324)
vy d
% :ﬁ, (3.25)
dt dt
3PL,,. . ..
ref :TL—r(Zp% —L,Ws)- (3.26)

To express Equations (3.2), (3.25) and (3.26) in the (d, q) frame, one finds i, i, from

Equation (3.20):

g =Yey Yoy
v,
) (3.27)
jp=Yey Y0y
v, g,

For constanty,, , after substituting the above two equations and Equations (3.2) and

(3.24) into Equations (3.25) and (3.26), one can yield

2LT

- rref

i =—, 3.28
! 3PLml//n{f ( )
.Y,

=" (3.29)

Finally, the error dynamic model can be simplified by substituting Equations (3.23),
(3.24), (3.28) and (3.29) into the error dynamic system (3.22), and performing

linearization.
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1 2T R

é S 2 €
3Py:
_ 2TTR Vir 1. (3.30)
é -0 T -Co e
? “ 3Pyl ¢ N
W rer

Note that the linearized error system does not depend on the real speed, real rotor flux
and real stator current. It depends only on the reference torque, the magnitude of the
reference flux, the equivalent angle speed and the adjustable parameter C. As one follows

from Equation (3.30), for large C, the motion of the error dynamic system can be

. . 1
decomposed into the slow and fast motion [64]. The fast component —e, +w, e, decays
T

rapidly with
. 1
lime, =——e¢,. (3.31)
t- 0,
The slow motion is governed by
- 1 2:Tref‘Rr
é=——(l+—7—)e,. (3.32)
T 3Py, @,

One of the sufficient conditions for the asymptotic stability of the slow motion for any

time-varying speed is

2]’reer
I+ ———>0. (3.33)
3pwrefa)eq
It is clear that
2T’ref}er
>0 (3.34)
3Pl//refa)eq



is a sufficient condition as well. It means that the solution to Equation (3.32) is stable and

lime, =0 if the reference torque and the equivalent speed have the same sign. From

{—>0

Equation (3.31), one may inferlime, =0.

3.4 Chattering-free sliding-mode observer

The sliding-mode design method for an observer is a robust nonlinear design technique
which introduces discontinuities in the observer differential equations. Due to these
discontinuities, sliding-mode design method suffers from chattering. The term
“chattering” describes the phenomenon of finite-frequency, finite-amplitude oscillations
appearing in many sliding-mode implementations. These oscillations are caused by the
high frequency switching of sliding-mode components exciting un-modeled dynamics in
the closed loop. The un-modeled dynamics are generally significantly faster than the

main system dynamics.

There are essentially two ways of producing chattering-free performance in sliding
mode. One technique for producing chattering-free sliding mode utilizes higher order
sliding modes. In that technique the state equation is differentiated to produce a
differential equation which consists of the derivative of the control input. The derivative
is utilized as a new control variable. Hence, this new control variable can be
discontinuous while producing a continuous control input. The difficulty with this
technique is that the derivative of the state variable is not available for measurement, and

hence other observers have to be designed to estimate that variable. One simple approach

33



for chattering reduction involves introducing a boundary layer around the switching

surface and using a continuous control within the boundary layer.

The boundary layer solution, proposed by Slotine and Sastry [65] and Slotine [66],
seeks to avoid control discontinuities and switching action in the control loop. The

concept of a boundary layer around a sliding surface is illustrated in Figure 3.1.

Ax2

Boundary layer

<

JZ‘Q] ) x ]
2y,
$
J’Z{}'
/609

Figure 3.1: A boundary layer around a sliding surface

The discontinuous control law is replaced by a saturation function which approximates
the sign(s) term in a boundary layer of the sliding manifold s(f)=0. The saturation

function is illustrated in Figure 3.2.

A sat(s)

-

M —-----
“

&

Figure 3.2: Saturation type function
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That is, the sign functions in the control are to be replaced by saturation functions
where

1, %>1

— _ S
sat(s)=1s, 13/551- (3.35)
- s -
1, 4 <-1
“In the large”, i.e., for | s(¢) |> €, sat(s)=sign(s). However, in a small ¢ -vicinity of the
origin, the so-called boundary layer, sat(s) # sign(s) is continuous. The control signal

that results from using the saturation type of function is no different from the switching
control whenever the state is outside of the boundary layer. Therefore, one can expect

that the system state will be driven to the boundary layer of the sliding surface.

One of the benefits of the boundary layer approach is that sliding-mode design
methodologies can be exploited to derive a continuous controller. The invariance
property of sliding-mode control is partially preserved in the sense that the system
trajectories are confined to & -vicinity of the sliding manifold s(#)=0, instead of exactly to
s(#)=0 as in the ideal sliding mode. Within the & -vicinity, however, the system behavior
is not determined, i.e., further convergence to zero is not guaranteed. Note that no real
sliding mode takes place since the switching action is replaced by a continuous

approximation.

3.5 Sliding-mode observer implementation

Based on the model of observer proposed in Section 3.1 and design analysis in Sections
3.2 and 3.3, a simplified block diagram of the observer structure is implemented in Figure

3.3.
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Figure 3.3: Sliding-mode observer structure

3.6 The test of sliding-mode observer

The simplified test block diagram is shown in Figure 3.4.

Induction Motor

Dynamic Model

1
1+ 7,8

Low pass filter

Up

la

is

Observer

T(an)

Sliding-Mode

Y5

Figure 3.4: Sliding-mode observer test block diagram
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u, ,u; and u, are three-phase balance sinusoidal signals, and
u, =10sin(100xt +4% ),

U, = IOsin(100nt+2%),

u, =10sin(100mt) .
Ty, is load torque of the induction motor, and 7;=0.5Nm. The nominal parameters of the

test induction motor are listed in Table 3.1 [36].

Table 3.1: Induction motor nominal parameters

Ls=590 4 H P=1

Lr=590 u H J=4.33¢-4N.m.s°
Lm=555 uH B=0.04N.m.s/rad
Rs=0.0106 Q Rated voltage=24V
Rr=0.0118Q

Based the analysis in Sections 3.2 and 3.3, the constants @, and g, should be selected
high enough so that sliding modes can occur on the surfaces s, =0 and s, =0. The time
constant of the low-pass filterz,should be chosen small enough as compared with the

slow component of the estimated speed, but large enough as compared with high rate
component. The parameter C determines the convergent speed of rotor flux. In this test

block diagram, constants @, and u, are selected as @, =600 and z, =800 ; the time

constant of the low-pass filter is given as7 , = 0.00015 ; parameter C is chosen as C=30.

The test is implemented by using MATLAB/SIMULINK. The test results are shown in

Figures 3.5 -3.7.
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Figure 3.5: Estimated and real rotor flux
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Figure 3.6: Estimated and real stator current
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Figure 3.7: Estimated and real rotor angle speed

Figures 3.5-3.7 show that the estimated rotor flux, stator current and rotor angle speed
track the real values with small errors. These test results show the proposed sliding-mode

observer has good convergence and asymptotic performance.

The tests are performed in an open-loop system. The test purpose is only to show when
the parameters are selected properly, the sliding modes can occur, and the estimated rotor
flux, stator current and rotor speed can converge to the real values. The simulations in the

close-loop system will be performed in Chapter 6.
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Chapter 4

SVM Techniques for Induction Motor Drives

4.1 Introduction

Due to the advances in solid state power devices and microprocessors, switching power
inverters are widely used in modern motor drives to convert and deliver the required
energy to the motor. The energy that a switching power inverter delivers to a motor is
controlled by PWM signals applied to the gates of the Insulated Gate Bipolar Transistors
(IGBTs). PWM signals are pulse trains with fixed frequency and magnitude and variable
pulse width. There is one pulse of fixed magnitude in every PWM period. However, the
width of the pulses changes from pulse to pulse according to a modulating signal. When a
PWM signal is applied to the gate of an IGBT, it causes the turn-on and turn-off intervals
of the IGBT to change from one PWM period to another PWM period according to the
same modulating signal. The frequency of a PWM signal must be much higher than that
of the energy delivered to the motor and its load depends mostly on the modulating
signal. The advantages of PWM based switching power inverter over linear power

amplifier are [67]:

e FEasy to implement and control.

e No temperature variation-caused and aging-caused drifting or degradation in

linearity.
e Compatible with today’s digital microprocessors.

e Lower power dissipation.
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PWM technique is used to generate the required voltage or current to feed the motor.
This method is increasingly used for AC drives with the condition that the harmonic
current is as small as possible and the maximum output voltage is as large as possible.
PWM has been studied extensively during the past decades. Many different PWM
methods have been developed to achieve the following objectives: wide linear
modulation range; less switching loss; less THD in the spectrum of switching waveform,;
and easy implementation and less computation time. For a long period, carrier-based
PWM methods were widely used in most applications. The modulation signals of carrier-
based PWM include two types: sinusoidal and nonsinusoidal signals. Compared with
sinusoidal three-phase PWM, nonsinusoidal three-phase PWM can extend the linear
modulation range for line-to-line voltages. With the development of microprocessors and
DSP techniques, the SVM technique has become one of the most important PWM
methods for VSI. It uses the space vector concept to compute the duty cycle of the
switches. It simplifies the digital implementation of PWM modulations. An aptitude for
easy digital implementation and wide linear modulation range for output line-to-line
voltages are the notable features of SVM. Therefore, SVM is discussed, developed and

implemented in this Chapter.

4.2 The structure of PWM drives

PWM drives provide the sinusoidal current output to control frequency and voltage
supplied to an induction motor. A basic PWM drive consists of a converter, DC link,
control logic, and an inverter. The structure of a typical two-level PWM drive is shown in

Figure 4.1.
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The converter section consists of a fixed diode bridge rectifier which converts the
three-phase power supply to a DC voltage. The L choke and Cl1 and C2 capacitors

smooth the converted DC voltage. The rectified DC value is approximately 1.35 times the

line-to-line value of the supply voltage.

Control logic and inverter

The output voltage and frequency to the motor are controlled by the control logic and
inverter section. The inverter section consists of six switching devices. Various devices
can be used such as thyristors, bipolar transistors, and IGBTs. Figure 4.1 shows an

inverter that utilizes IGBTs. The control logic uses a microprocessor or a DSP to switch

Figure 4.1: Two-level PWM drive

the IGBTs on and off providing a variable voltage and frequency to the motor.
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IGBTs

IGBTs provide a high switching speed necessary for PWM inverter operation. IGBTs
are capable of switching on and off several thousand times a second. An IGBT can turn
on in less than 400 nanoseconds and off in approximately 500 nanoseconds. An IGBT
consists of a gate, collector and emitter. When a positive voltage (typically +15VDC) is
applied to the gate, the IGBT will turn on. This is similar to closing a switch. Current will
flow between the collector and emitter. An IGBT is turned off by removing the positive
voltage from the gate. During the off state the IGBT gate voltage is normally held at a
small negative voltage (-15VDC) to prevent the device from turning on. The structure of

an IGBT is shown in Figure 4.2.

Collector
Q

O—@ TVCE
Gate (+)

9
Emitter

Figure 4.2: IGBT structure

4.3 SVM techniques for the PWM inverter

The SVM technique is more preferable scheme to the PWM voltage source inverter
since it gives a large linear control range, less harmonic distortion and fast transient
response [55, 59]. A scheme of the three-phase two-level PWM inverter with a star-

connection load is shown in Figure 4.3.
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Figure 4.3: Three-phase two-level inverter with a star-connection load

From Figure 4.3, the switched three-phase waveforms for a star-connection three-phase
induction motor being fed from a switched power inverter and receiving the symmetrical

rectangular three-phase voltages are shown in Figure 4.4.
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Figure 4.4: Switched three-phase waveforms (a) Pole voltages
(b) Neutral point potential (c) Phase voltages

The three-phase pole voltages, which are the voltages from the inverter output to the

neutral point (N point), are constants over every sixth of the fundamental period,

assuming one of the two voltage levels is+V, /2 or =V, /2, at a given time. The

neutral point potential u_, is either positive with more than one upper half-bridge switch
closed, or negative with more than one lower half-bridge switch closed. The respective
voltage levels shown in Figure 4.4 (b) hold for symmetrical load impedances.

The waveform of the phase voltage u, =u;, —u_, is displayed in the upper trace of
Figure 4.4(c). It forms a symmetrical, nonsinusoidal three-phase voltage system along
with the other phase voltages u, and u,.. Since the waveform u_, has three times the

frequency of u;,;,i=1,2,3, and its amplitude equals exactly one third of the amplitudes

of u,,, this waveform contains exactly all the third harmonic components of u;;. Since
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u, is equal to u,, —u,, , third harmonics are eliminated from the phase voltages. This is

also true for the general case of three-phase symmetrical PWM waveforms. As all the
third harmonics form zero-sequence systems, they don’t produce currents in the induction
motor windings. Thus there is no electrical connection to the star-point of the load, i.e.,

the point O and point N in Figure 4.3 must not be shorted.

For a three-phase voltage source inverter (Figure 4.3), each pole voltage may assume
one of two values (1 or 0) depending on whether the upper or lower switch is turned on.
Consequently there are only eight possible operating states for the inverter, 1.e., Sp, Sy, ...
S7. For example, with the inverter in active state 1, the inverter state is represented as
S;/=100, where “1” indicates that point “a” is connected to the upper rail, and “0”
indicates that point “6” and “c” are connected to the lower voltage rail. Therefore, there
are six active states for the inverter, i.e., $;=100, $,=110, $5=010, S,=011, S5=001 and
Ss=101. The two zero states of the inverter occur when the top three switches are closed,
or the bottom tree switches are closed, corresponding to state 0: S;=000 and state 7:

S~=111.

The output voltages of the inverter are composed of these eight switch states. Define
cight voltage vectors uy, uy, ... , u; corresponding to the switch states Sp, Sy, ... , S7,

respectively.

From Figure 4.3, the vector u;, for the inverter operating in state S; =100, can be

calculated as follows.
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T
up(t) 12/
u,,(t)|=|- ;C X 4.1)
(1) Ve

_— 2 J

Considering the transformation of space vectors discussed in the Chapter 2, we can

ol <]
- . (4.2)
uy (1) 0

Thus, u; is a vector lying along the real axis of the complex space of length V.. Similar

obtain the following equation:

calculations can be performed for the remaining seven states of the inverter. The resulting

vectors are given in Table 4.1.

Table 4.1: Space vector coordinates

us=(ua) uﬁ)

Uy 175} u; usz Uy Us Ug us;

Vie V3V
0,0 V,..0 Zde de
OO 1 00 1« 27 2 AR 2

I/d(: , \/gzl/d(:) (—Vdc ,O) (_ Vdc \/gl/;k‘) (Vtzfc ; ‘/321/(1'6) (0)0)

—_—

2 2

From Table 4.1, the following operation rules are obtained:

u, u,,
u,=-u;,
u, =-u,,

(4.3)

u,+~u;+u;, =0,
u,+u,+u;, =0.
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The SVM principle is based on the switching between two adjacent active vectors and
two zero vectors during one switching period [55, 59]. The vectors discussed above can

be plotted on the complex plane as shown in Figure 4.5.
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b b
c — ¢

2 RaAN

Figure 4.5: Space vectors
Figure 4.5 also shows the position of the inverter switches corresponding to each active
states of the inverter. It can be seen that the six active vectors subdivide the space vector

plane into six equal sectors.

The rotating voltage vector within the six sectors can be approximated by sampling the
vector, then switching between different inverter states during the sampling period. This
will produce an approximation of the sampled rotating space vector. By continuously

sampling the rotating vector and high frequency switching, the output of the inverter will
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be a series of pulses that have a dominant fundamental sine-wave component,
corresponding to the rotation frequency of the vector [59]. Instantaneously, the actual
vectors produced are not the same as the desired vector; and these instantaneous voltage

deviations represent voltage harmonics.

In one sampling interval, the output voltage vector uy(¢) can be written as

T 1 1.
us(t):—°u0+F1u]+...+F7u7, (4.4)

5 5 5

where Ty, T}, ... , T7 are the turn-on time of the vectors uy, uy, ... ,u7; Ty, Ty, ... , T7 20,

27 I =T, and T is the sampling time.

=

According to Equation (4.3), the decomposition of ug into uy, uy, ... , u; has infinite
ways. However, in order to reduce the number of switching actions and make full use of
active turn-on time for space vectors, the vector u; is commonly split into two nearest
adjacent voltage vectors and zero vectors #y and u7 in an arbitrary sector. For example, in

Sector I, and in one sampling interval, vector u; can be expressed as

T, T
us(t)z—]TOuO+—‘ul+£u2+%u7, (4.5)

where T-T;-T>=Tp+T17,20, Tp=0 and T,>0.

The required time 77 to spend in active state u; is given by the fraction of u; mapped
by the decomposition of the required space vector u;onto the u; axis, shown in Figure 4.5

as u,y. Therefore,



and similarly

From Figure 4.5, the amplitude of vector u,x and u,y are obtained in terms of |u| and 6.

| uy | :tulez | | 4.6
sin(z%) sin(8) Sil’l(%—-@). (*46)

Based on the above equations, the required times to spend in each of the active and

zero states are given by

T, |u, | sin(%/, - 0)
g Bl

(4.7)
Ly sin@T))
T; |u, | sin(%/; - 0)
T, = /3 (4.8)
|, | sin(27/2)
L=N+T=T-(1,+1,). (4.9)

Having computed necessary times to spend in the active and zero states, one can
generate the switching signals now. There are various switching sequences that will result
in the correct total time slot spent in the required states. If the transition from one
switching state to another is made by switching a single switch only, minimum inverter
switching frequency is obtained. It is also convenient to begin and end a switching cycle
in a zero state. Figure 4.6 shows the rotating vector in Sector 1. Two different pulse

patterns are shown in Figure 4.7, for a rotating vector sampled in Sector .
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Figure 4.7: Pulse pattern

From Figure 4.7, it can be seen that the inverter starts and ends a switching period 7 in
the zero state. It switches for the required length of time into state /, then through state 2
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to the other zero state. The reverse of this pattern is then selected to return the inverter to
the starting zero state. [t can also be seen by the shaded portions in Figure 4.7, that as the
reference vector moves towards Sector 11, the inverter will spend less switching period in

active state /.

The vector sequence and timing during one switching period is given in Table 4.2. The
requirement of minimal number of commutations per cycle is met when the u,, and u,
vectors are selected regarding to Table 4.3, where u,,, u, are two adjacent voltage vectors

in space vector diagram; m, n=1,2, 3,4, 5, 6.

Table 4.2: Time duration for selected vectors

Uy U, u, u;s u, upy Uy

To/4 Tw/2 T2 To/2 T2 Tw/2 Ty/4

Table 4.3: Vector selections in different sectors

Sector 0 Uy, u,
I 0toxr/3 u; u;
il n/3t027m/3 u; u;
111 2n/3tom u; u,
v 7w todr/3 us uy
VvV 4r/3to 571/3 Us 7y
VI 57/3t 27 u; us

For any vector, the required switching pattern can be determined by the sector in which
the reference vector lies. From this information the necessary time to spend in each active
and zero state can be calculated based on Equations (4.7), (4.8) and (4.9). Then based on
the sector of operation, the necessary inverter switching pulses can be produced.
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Figure 4.8 shows the pulse command signals pattern for the inverter when different

vectors u,, u, and zero vectors uy and u; are applied.
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Sector 111 (u3, uy)
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Sector VI (u;, ug)
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Figure 4.8: Pulse command signals patterns

Based on Figure 4.8, the required time periods to spend in a sampling interval can be

given by
T.
1, ==+,
4
T T .
—j + f sector = LIILV;m=135, respectively
[2 = T ]
Iz +*21, sector = ILIV,VI,n =35, respectively
I, , T,+7,
ts =—+ s
2
37 T +T
e R I 4.13
Yog 2 19
3ir T
Tz +7m +1 ., sector =LIILV;m=13)5, respectively
ir T
t, = TZ+?”+Tm, sector = ILIV,VI; g
m=24,6andn=3,51, respectively
3T
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4.4 The test of the SVM simulation block
The SVM simulation block is implemented in both SIMULINK blocks and M-file S-

function. The test model is shown as Figure 4.9.
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Figure 4.9: Test model of the SVM block

The inputs are three-phase balanced sinusoidal signals:

ulC:sin(ng’-t+4”3),
u,, =sin(2af 1+ 274),

u,, =sin(2xf -t).
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Sa, Sb, and Sc are the switching control signals of the inverter; u,4, uys and u3, are phase
voltages of the induction motor, which are the outputs of the inverter; u,y is pole voltage
of phase a. The analog filters are 8™ order Butterworth low-pass filters, with a passband

edge frequency of 159.2Hz (1000rad/sec). The sampling time 1s 0.001sec.

When the frequency of the input signals /=95.5Hz (600rad/sec), the sampled two-phase

voltagesu, and u, are shown in Figure 4.10.

Sampled u, and u

0 0005 001 0015 002 0.025 003 0035 004 0045 0.05
Time(sec)

0 0005 001 0.015 002 0025 003 0.035 004 0045 0.05
Time(sec)

Figure 4.10: Sampled two-phase voltages u, and u,

When the frequency of the input signals /=95.5Hz (600rad/sec), the switching control
signals and the number of sectors mapped by the rotating vector are shown in Figure

4.11.
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Figure 4.11: Switching signals and sectors

When the frequency of the input signals /=9.55Hz (60rad/sec), the pole voltage of

phase a is shown in Figure 4.12, and the filtered pole voltage is shown in Figure 4.13.

Pole Voltage (Phase a)
! ! !

! !
IR RER RTRtRenR AR RN IR TR ARRRAR N RS RRERRTURERRERTR
5h H
=
= Oop i
o
=S
54 I
1045 4-—»—-»+-J-»— s e i e R
i : : i i
0 0.005 0.01 0.015 0.02 0.025 0.03
Time(sec)

Figure 4.12: Pole voltage
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15 Filtered Pole Voltage (Phase a)
: ! .l ! ] ! ! !

_1'50 005 01 015 02 025 03 035 04 045 05
Time(sec)

Figure 4.13: Filtered pole voltage

When the frequency of the input signals /~9.55Hz (60rad/sec), the input voltage of
phase a, which is the reference input voltage, and the filtered phase voltage of phase q,

which is the filtered phase voltage of the inverter’s load, are shown in Figure 4.14.

input Voltage and Filtered Voltage
T T T T T

1.5 T T

 Input Voltage | Filtered Voltage!

0.5
3‘_ 0
ju-

_1'50 005 01 015 02 025 03 035 04 045 05
Time(sec)

Figure 4.14: Input voltage and filtered phase voltage
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4.5 Analysis of test results

From Figure 4.14, it is noted that the filtered phase voltage is nearly the same as the
reference input voltage of the inverter except for small phase difference. It shows the

SVM works well in signal transformation.

Figure 4.13 and Figure 4.14 show that even though the pole voltage includes the
harmonic component, it doesn’t appear in the phase Qoltage. Since the phase voltage is
equal to the difference of the pole voltage and the neutral point potential, which contains
exactly all the third harmonic components of the pole voltage, the third harmonics are

eliminated from the phase voltage.

The simulation results show that the proposed SVM block gives less harmonic

distortion and fast transient response.

Remark: Currently, two types of the PWM methods are mainly used in most
applications. One is the carrier-based PWM method; another one is the SVM method.
The relationship between carrier-based PWM and SVM has been discussed in References
[55, 59]. The analysis and comparison results [55, 59] of two PWM methods have
theoretically demonstrated that the SVM has wide linear modulation range, less switching
loss, and less THD in the spectrum of switching waveform compared with the carrier-

based PWM.
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Chapter 5

Controller Design

A novel SMC controller of induction motors for HEVs is proposed in this Chapter. The
control principle is based on the SMC combined with SVM techniques. The SMC
contributes to the robustness of induction motor drives, and the SVM improves the
torque, flux, and current steady-state performance by reducing the ripple. The Lyapunov
direct method is used to ensure the reaching and sustaining of the sliding mode and

stability of the control system.

5.1 Selection of sliding surfaces

The SMC design objective is to make the modulus of the rotor flux vectory,, and

torque 7 track to their reference value y,,, andT,,,, respectively.

The transient dynamic response of the system is dependent on the selection of the
sliding surfaces. The selection of the sliding surfaces is not unique. According to
References [68, 69], the higher-order sliding modes can be selected; however it demands
more information in implementation. Considering the SMC design for an induction motor

supplied through an inverter (Figure 4.3), we define two sliding surfaces:

s,=T1,-T, (5.1

ref

. d _
s,= KW, —wr)+5(w,ef -¥,). (5.2)
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The positive constant K determines the convergent speed of rotor flux. Once the system

is driven into sliding surfaces, the system behavior will be determined by s, =0 and
s, =0 in Equations (5.1) and (5.2). The objective of control design is to force the system

into sliding surfaces so that the torque and rotor flux signal will follow the respective

reference signals.

5.2 Projection of the system motion

In order to simplify the design process, the time derivative of sliding surfaces’ function

s can be decoupled with respect to the two-phase stator voltage vectors u;.

The time derivative of the torque in Equation (2.11) can be derived as:

3PL,

T 2 L (lﬂ‘//a +l/jalﬂ al//ﬁ +Wﬂia)
3P L, L,
n L_lim(_—l//ﬁ R lﬂ +uﬂ)l//a —(—-—l//a R l tu )Wa

+ l/)aiﬂ - l/)ﬁia:|

3P L L S
:—_m—[_(g y )Wﬂ( L Vptigha+ A o7 Vale ~Vals)

ST s

1
+—GZS‘(‘//a“/; —Ysu,)
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_3PL, —( L, +i )(—l +o +Lmi )+£( i, —W,i,)
9 Lr O_LSLrl//a a Tl//ﬁ l//a r B ol l//ﬁa a’p

s

+( L, +i )(—l -0 +L—”’i )+L( Uy =W aU,)
O'Ler l//ﬂ B Tl//a l//ﬂ r a O'LS l//a B V/ﬁ o

SPL Ly o (R FRE iy i, i)
oL | e T ey, e Vel T OV Y el

1
+O_—LS(‘//a”ﬁ —Y sty ):l (5.3)

Consider
. d — 1 . i
¥, =E(\/wa +¥y) =;/—(l//awa +W W)

-i(—l ‘- i Loy i Ly +In i)
" z_l//a YoV ; Vala T‘//ﬂ Ya¥s . Ypls

. + .
1 +_ll (Wala l//ﬂlﬂ) . (5.4)

7

z T v,

The following equation can be obtained

) N
Wale +pig) ==V, +L—l//f. (5.5)

Considering Equation (5.5) and the equation T :37])]]?—’"(1‘ Ve —i,W ) (2.11), one can

write Equation (5.3) as
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T_ELm _(_1_+ Lm )a) 2___2_Rer+RrLs T—'CO“Z— ;
2 L L, oLL, Vs 3P oL,L, L, Vibs
+L( Uy, —WoU,)
O'LS l//a B Wﬂ a
_ 31, 31 . RL+RL,
2oL, T2 R YT oL
3P L
L Tm U —W U ). 5.6
2 O'LSLr (l//a B l/lﬂ a) ( )

The second derivative of the rotor flux , can be written as:

. dld PN
=—|= +
W, dt_dt( v, ‘//ﬂ)j|
dl € . di .. . .
= W +y,) W, +wﬂl//ﬁ)} 7;[1//, "W, +1//,;l//,;)]

1. . . 1d, . .
=—— W, (W W, +VW,¥,) +?E(wawa FYWs)- (5.7)

From Equation (2.11), the following equations can be yielded
(l//al/)a + ‘//,3‘///3)

—1//(—l —- oy +iz’)+ (—l + o +L—’"i)
a Tl//a B r o l//ﬁ Tl//ﬂ l//a r B

1, L .
=—;l//3 F Wl Yy (5.8)
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d ) .
Z(l//at//a +W W )

2 L. . L
=V, +7(t//ala i W, W gl i)

l//rl//r O'T'LSLr l//a o l//ﬂ B r l//a B l//,B a
LY I L
2| @iy U, +y ). 59
( T j (G 1) or’L L, v or-L, Watta 9/ t5) (59)
. . ) 3PL, . .
Using Equations (5.8), (5.9), and the equation T = EY L"’ (g, — iy 5) (2.11), one can

write Equation (5.7) as:

=y =Lyt ey i)
l//r l//zl//r Tl//r r l//aa l//ﬁﬂ

r

1 [ 2 L@®RL+LR) . L .
t— Yy, - (l//ala+l//ﬂlﬂ)+_;—a)(l//alﬂ_l7”ﬁla)

or-L.L,

2

2
Lm .2 .2 Lm 2 Lm
+ 1 ti,)+ + u_ -+ u

( T j Ca +ip) or’L.L, v or-L, Watta * Vs ﬁ)}

—-1y +—Li’ +—2~Ra)LT+L Ly (W, u, Y uy)
g or’L L, Vitsp v w, or-L Valla TV slty

r

5

L 2
S 2V p—— —(7) (i +iz). (5.10)

_(LL—”I / +Lm(Rer+LSR’)Jl//aia +l//ﬁiﬁ + 1
w’ l//r

From Equations (2.14), (2.20) and (5.10), the following equation can be yielded:

65



3P

. 2. RR 2 T (2YV ., 1 L
j = ——y, — 2T +—Rw—+ R—+——~= u_ +y.u,). (5.11
l//, l//r O'LL V/r 3P T ( j l//: l//r O'T~LS (l//a o l///} ﬂ) ( )

ST r

Considering Equations (5.6) and (5.11), one can derive the projection of the system

motion in the subspaces s, and s, :

SlzTre;f_
. 3P 1 1 . RL+RIL -
=T, +———— 0P +——0Y, Y, + 5T
o o T R T T o
3P L, _
— T (i u, , 5.12
2 oL Wy =V gt (5.12)
. . ~ d . A
S2: K(l//ref —l//r)—l-a(‘//ref _l//r)
2 . RR 2 T (2Y,,7T°
=Ky, +y  +(E-KW, +— ———RdH—-| = | ®*—
Vier +Vrg + =KW, ol L ViTsp 7, (31)} "
1 L, _
- U, +Yu,). 5.13
7 M,Ls(wa « TV sls) (5.13)

Therefore, the projection of system motion in the subspaces s, , s, can be expressed as

§=f+Au, (5.14)

where f=[f, /.1, u=[u, uﬁ]T and s=[s, s,] .

From Equations (5.12) and (5.13), functions f,, f, and matrix 4 can be obtained as

follows:
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r s

: P01 . - 1 ., . 1 R 1 5
=T 4 (Wb =) k(4T (5.15)

-L, =~ 3P 3P

5§ r

. . - n 2 T 2 -
f2 ZKWref +l//ref +LW —iRr :]:'_a)_—(—j er_,:;-f_(——K)l//r’ (516)
Yo 7 y,

ay, —ay,
A= , (5.17)
a2l/7a azl/7ﬁ
3P L . . .
where g, =——"— and q, = ——}— Ly ;@ 1s the estimated rotor angle velocity.
2 ol L, v, ot L

5.3 Invariant transformation of sliding surfaces

In order to solve the problem of motion stability in subspace s, the invariant
transformations of equations of discontinuity surfaces is necessary. Consider the

following nonlinear system
x=g(x,t)+B(x,t)u, (5.18)

where xeR" and ueR™ ; g(x,¢) and B(x,t) are continuous vector and matrix of

dimension (nx1) and (nxm ), respectively.

Formally, a standard statement of the control problems is to choose such a
discontinuous control u, functionally or operationally dependent upon the system state,
time and disturbances, that brings an appropriate transformation of the solution to the
initial system (5.18). According to Reference [31], a multivariable system may be
decoupled into lower-dimensional independent subsystems by means of a deliberate
introduction of sliding modes and use of their properties. In the system Equation (5.18)

featured by the vector valued controls each component of which is discontinuous on the
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corresponding surface, sliding motions occur in some domain belonging to the manifold

of the intersection of m discontinuous surfaces s,(x)=0 (i=1,.,m) having the

dimension (#-m). The motion occurring on the (n-m)-order manifold is the same as the m-
order manifold, only the ways of organizing the sliding motion on the manifold are
different [31]. It turns out that the sliding motion is invariant to the linear transformations
of discontinuous surfaces and the initial control vector u. Such transformations will be

employed in designing this control system.

From Equations (5.15) and (5.16), it is noted that functions f, and f, do not depend

on either u, oru,, and A4 is a nonsingular matrix. Therefore, the transformed sliding

surfaces,q =[q, q,], can be introduced to simplify the design process and to construct

the candidate Lyapunov function in the next subsection. ¢ and s are related by an

invariant transformation:
g=A"s. (5.19)

Remark I: According to Reference [31], the purpose of invariant transformation is to
choose the easiest implementation of the SMC technique from the entire set of feasible
techniques. A linear invariant transformation of a discontinuous surface has no effect

upon the equivalent control value on the manifolds s=0o0r ¢ =0.

5.4 Selection of the control law

A control system design should start with the stability problem traditionally posed
throughout the entire history of the control theory. The Lyapunov function is one of the

methods for controller design and stability analysis for nonlinear systems.
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In this research, the direct Lyapunov method is used to design control law and analyze

the stability. Considering the Lyapunov function candidatev = 0.5s7 s> 0, one obtains its

time dertvative as:

v=s(f+Au). (5.20)
Select the control law as
u, =—k sgn(q, )—k,q,, (5.21a)
up ==k, sgn(q,)~k,q,, (5.21b)
where sgn(q;) = {i; ’ Zi :g, i=1, 2 and k,, k, are positive constants.

Theorem: Consider the induction motor (2.11), with the developed sliding-mode

controller (5.21) and stable sliding surfaces (5.1) and (5.2). Ifk,,k, are chosen so that
(k+k, |q,|) > max(f]), where i=1, 2 and[f" f;]" =A”'f, the reaching condition of
sliding surface v = s”§ < 0 is satisfied, and control system is stabilized.

Proof: From the time derivative of the Lyapunov function (5.20), the following

equation can be derived:
v=s(f+Au)

=q' A" f+q'u

“la, a)| |+l qz]l

f

—k sgn(q,) —k,q, :|
—k, sgn(q,)—kyq,
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=laf v a0t T [l senta) ~ kog? ~ kg, sen(a,) kgl

ot ot k41 ~hgt K Lg, | —og?]

= (g, k| | ~ka)) +(a,f; kg, | -k43) (5.22)
From Equation (5.22), it is noted that if one chooses (k+£, | g, |) > max( 1), where

i=1, 2, then the time derivative of the Lyapunov functionv <0. Thus, the origin in the

space ¢ (and in the space s as well) is asymptotically stable, and the reaching condition of
the sliding surface is guaranteed. The torque 7 and rotor flux v, will approach to the

reference torque and reference rotor flux, respectively.

Remark 2: Since A is a nonsingular matrix, equation [f,; f,] =A"'f exists.
Therefore, the transformed sliding surfaces,q =[q, q,]", can be introduced to simplify
the time derivative of the Lyapunov function.

Remark 3: From Equation (5.21), it is observed that the control command u, is used to
force the sliding mode arises in the manifold g;=0, while u,is used to force the sliding

mode arises in the manifold g,=0. The sliding mode arising in the manifold ¢;=0 (i=1, 2)

is equivalent to its occurrence on the manifold s;=0 (i=1, 2). After the sliding mode arises

on the intersection of both surfaces s,~0 and s,=0, then 7 = T, andy =y, . Therefore, a

complete decoupled control of torque and flux is obtained.

Remark 4: The selection of the control law is under consideration of the requirement of
the SVM technique for VSI. The control law is the combination of a discontinuous

function and a continuous function. The continuous function can improve the
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performance of the SVM while the discontinuous function is used to ensure robustness of

the control system.

Remark 5: In order to meet the requirements of HEV applications, the chattering
phenomenon should be considered besides the stability of induction motor control
systems. It is well known that sliding-mode techniques generate undesirable chattering
and cause the torque, flux, and current ripple in the system. However, in the new control
system, due to the SVM technique giving a large linear control range and the regular
logic control signals for the inverter, which means less harmonic distortion, the chattering

can be effectively reduced.
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Chapter 6

Simulations

In this chapter, we present simulation results showing the efficacy of the proposed new

speed-sensorless sliding-mode control method (SMC with SVM). Also, we present some

comparative results with the classical PI (FOC) [25], the NSFC (FOC) [26], conventional

SMC [36] and FSMC [34] control methods in terms of the current, flux, and torque

performance, robustness and disturbance rejection ability.

For the proposed new control method, the sliding-mode observer discussed in Chapter

3 is used in simulation for the estimation of the rotor flux and the torque of an induction

motor without speed sensors, and the SVM technique discussed in Chapter 4 is adopted

to produce the logic control signals for the VSI. The scheme of control system is shown

in Figure 6.
Vde
SN
Te S q, r *
" Sliding | —  sMCc Y%
q Surfaces Controller
Mode T =—kisgn(q)| ,.* SVM VSI
Vi Surfuces | 2 9=A'S 9z VTR g
YY 7 b,
A ia
% ‘ - @
#, | Sliding-Mode = ig | 3/2 | _ 5
T Observer «———%;L? -
Induction
Motor

Figure 6.1: SMC with SVM control system
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For other compared control systems, the same sliding-mode observer is adopted. In
order to enhance the compared effect, the SVM is used in the classical PI control system
to improve the system performance. For the NSFC control system and FSMC control
system, in which fuzzy system is used to design the discontinuous SMC control terms,
the SMC method is used to implement the logic signals control for the VSI. In the
conventional SMC control system, the discontinuous system control signals are directly
adopted as the logic control signals for the VSI, which is one of the advantages of the
conventional SMC by means of the simple implementation for PWM. This also turns out
to be one of the major differences between the conventional SMC and the proposed new
SMC method with SVM. For the classical PI and the NSFC control systems, the
parameters of the PI controller are tuned by trial and error method to achieve the “best”
control performance. The schemes of control systems are shown in Figure 6.2, 6.3, 6.4

and 6.5.

de

-t
Ua |
SVM —™1  VSI
Ug
ig
ip | 322 T &
T - Ug ——
u
N Sliding-Mode ~— ~+——— B | _‘3—/2-¢_
v Observer et ——
~ Induction
Motor

Figure 6.2: Classical PI control system
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Figure 6.4: SMC control system
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Figure 6.5: FSMC control system

The simulations are implemented by using MATLAB/SIMULINK. A 10-kHz fixed
switching frequency for the inverter is used. For SMC with SVM, the constant X is given
as K=400; parameters k; and k; are selected as £;=0.1 and £,=0.3. For the classical PI
control system, the parameters of PI controllers are selected as k,;= 4800, k;;=800,
ky=6e+6, k=800, ky3= 6000, k;3=600, k,,~=3600 and k;;=300. For the NSFC control
system, the parameters of PI controllers are selected as k,;= 2e+6, ki/=5e+4, k,»= 12e+6
and k;;=5e¢t+4. For the conventional SMC and FSMC control systems, the convergence
factors are selected as ¢,=400 and ¢,=1600, respectively. For the sliding-mode observer

used in all control systems, the constants are selected as @, =120 and g, =200 ;

parameter C is chosen as C=/0; the time constant of low-pass filter is selected as

7,=0.0015. The nominal parameters of the induction motor listed in Table 3.1 are used

in the following simulations.
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6.1 Simulation results of stator current, rotor torque and rotor flux

Figures 6.6-6.11 show stator current i, , rotor flux, torque and speed responses when

the reference torque signal is a rectangular wave with frequency 2.5Hz.

Stator Current ie and i {Pl with SVM)
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Stator Current e and ip {(SMC)
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Stator Current i and ip (SMC with SVM)
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Figure 6.6: Stator current i, andig (a) PI with SVM (b) NSFC
(¢) SMC (d) FSMC (e) SMC with SVM
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_.0.015 ; — . T
0
3
3 0.01 s —
w —— Actual Value
g ---- Reference Value
g 0.005¢ .
s
[o)]
[]
§ 0 N 1 i 1 1 ¢ b i 11
0 0.1 0.2 03 04 05 06 0.7 0.8 0.9 1
_.0.015 : : T - Time (sec) : . .
Q
3
3
-
o) Estimated Value
p ---- Reference Value
T 0.005 -
:'_C—_'
[o)]
[
= 0 1 L 1 1 - L ! i 1
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1
Time (sec)
(b)
£ 0.015 . ' !\/IagnltTude of]Fqu (§MC) . . .
=3
3 0.01
I
5 r —— Actual Value
§ 0.0051 ---- Reference Value| |
:'é
D
T
E O . { 1 I L 1 A ! J
0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time {sec)
ADO15 T T T T T T T T T
O
=3
3 0.01
i
S —— Estimated Value
§ 0.0051 —- - Reference Value| |
:‘é’
fop}
fod
§ O 1] 1. 1 1 ) 1 l 1 1
0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
(©

79



Magnitude of Flux (Wh)

Magnitude of Flux (Wb}

Magnitude of Flux (Whb)

Magnitude of Flux (Wh)

Magnitude of Flux (FSMC)

0015 T T T T
0.01+
—— Actual Value
---- Reference Value
0.005
O I I L ! I ] 1 i i
0 0.1 0.2 0.3 04 05 0.6 07 0.8 0.9
0015 T T T T Tlmel(seC) T T T T
0.01F
— Estimated Value
----Reference Value
0.005
0 1 1 1 ! i 1 1 | i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (sec)
(d)
0.015 Magnitude of Flux (SMC with SVM)
0.01F
[7 -—— Actual Value
0.0051 ---- Reference Value
O i 1 1 i N I 1 1 i
§; 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (sec)
0015 T 1 T L T T T T T
0.01F -
— Estimated Value
0.0051 — ~- Reference Value
O 1 I i ! I | 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (sec)
()

Figure 6.7: Rotor flux responses (a) PI with SVM (b) NSFC
(¢) SMC (d) FSMC (e) SMC with SVM
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Figure 6.9: Rotor flux tracking (a) PI with SVM (b) NSFC
(c) SMC (d) FSMC (e) SMC with SVM
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Torgque Response (SMC)
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Torque Responses (SMC with SYM)
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Figure 6.10: Torque responses (a) PI with SVM (b) NSFC
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Speed Responses (SMC with SVVM)
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Figure 6.11: Speed responses (a) P1 with SVM (b) NSFC
(c) SMC (d) FSMC (e) SMC with SVM

From Figure 6.6, it is noted that the resulting current has the largest harmonic distortion
for PI with SVM, while the smallest harmonic distortion for SMC with SVM. Figures
6.7-6.9 show that the estimated rotor flux tracks the reference input or the actual value
well in all five control methods, but PI with SVM control scheme has the most oscillation
and biggest overshoot, while SMC with SVM has the least oscillation and no overshoot
(Figure 6.7). Due to the large changed stator current, two disturbances appear at 0.2s and
0.4s in Figures 6.7a, 6.7b and 6.7e. However, no disturbances are found in Figure 6.7¢c
and 6.7d. This demonstrates the fact of strong robustness of the conventional SMC
system because of the usage of SMC in the observer, the controller, and even in the
PWM. Also, this shows the disturbances rejection ability of a FSMC system. Although
FSMC control system can reduce the current and flux ripple since the fuzzy control
design relaxes the uncertainty bound of the SMC, it is difficult to reduce the torque ripple

which mainly caused by the PWM logic control signals for the VSI.
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Based on the simulation results shown in Figure 6.10, the output torque comparison of

. I &
five control methods is shown as Table 6.1. The mean square error: MSE = — z (x,—R)*,
m -

. .th .
where x; is i value of a group of m values; R is reference value.

Table 6.1: Comparison of five control methods

Mean Square Error

Controllers of Output Torque Torque Ripple
Pl with SVM 0.64% +12%
o +2%
NSFC 0.43% 13%
SMC 0.28% + 8%
0 +5%
FSMC 0.69% _14%
SMC with SVM 0.004% +0.85%

Figure 6.10 and Table 6.1 show that, among five control methods, SMC with SVM has

the best torque tracking performance with significant reduced torque ripple.

Figure 6.11 shows that the estimated speed tracks the actual speed very well in all five
control methods. This proves the sliding-mode observer has good performance for speed
estimation. The simulation results demonstrate that the proposed control approach can
achieve the exact decoupling of torque and rotor flux, and owns satisfactory dynamic

performance.

6.2 The comparison of logic signals for the inverter

The inverter’s logic control signals of SMC and SMC with SVM control systems are

shown in Figure 6.12.

Figure 6.12 shows that the proposed control system has regular logic signals for the

inverter due to the proposed SVM technique while the SMC control system has irregular
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logic signals because of the usage of direct sliding control signals as logic signals. This is
the reason why the SMC with SVM control system has small torque ripple while the pure

SMC control system has not.

Logic Signals of the Inverter (SMC)
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Figure 6.12: Logic signals of the inverter (a) SMC (b) SMC with SVM
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6.3 Torque tracking

In order to test the torque tracking convergence to various reference torque signals,

different kinds of waves are selected as the reference torque signals in simulations.

Figures 6.13 - 6.14 show torque responses of five control methods when the reference

torque signals are sine wave and piecewise wave, respectively.
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Figure 6.13: Torque responses with a sine wave reference
signal (a) PI with SVM (b) NSFC (¢) SMC
(d) FSMC (e) SMC with SVM
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Torque Response (SMC with SVM)
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Figure 6.14: Torque responses with a piecewise wave
reference signal (a) PI with SVM (b) NSFC
(c) SMC (d) FSMC (e) SMC with SVM
From Figures 6.13 and 6.14, it is noted that the proposed new control method exhibits
high accuracy in torque tracking when the reference torque signal is changed to different
signals. PI with SVM, NSFC and SMC control systems also have good characteristic of

torque tracking. However, Figure 6.14 shows that it is difficult for a FSMC control

system to track a piecewise wave reference signal for torque control.

6.4 Load disturbances

To test the robustness of developed control method, the external load disturbance has
been introduced to the proposed control system. Figure 6.15 shows torque and speed
responses of five control methods when external load disturbance is white noise.
Parameters of this white noise are: noise power [0.1]; sample time=0.0125;

seed=[23321}.
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Torque and Speed Responses with Disturbance (P1 with SVM)
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Torque and Speed Responses with Disturbance (SMC)
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Torque and Speed Responses with Disturbance (SMC with SVM)

2 17 ]
g of 4
o
}9 -1 1 ! 1 1 I 1 1 1 |

0 0.1 0.2 0.3 04 05 0.6 0.7 08 09 1
g 40 T T T T Tlmel(seo) T T T T
(2]
T 20¢ i
2o .
© -20F 4
(O]
Q__40 1 1 1 1 1 1 ! 1 1
w 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09 1
—_ Time(sec
E 02 T T T T I( ) T ¥ T T
=
8
c OfF e
(0]
2
-
¢(7):_02 1 )] t 1 i t 1 1 1
A 0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Time(sec)
(e)

Figure 6.15: Torque and speed responses with disturbance (a) PI with SVM
(b) NSFC (c) SMC (d) FSMC (e) SMC with SVM
From Figure 6.15, it is demonstrated that the torque response of the proposed new
control system is insensitive to external load perturbation. Although the speed has small

oscillation because of the disturbance, the new control system is stable and robust.

6.5 Summary

Simulation results show that the proposed control scheme provides high-performance
dynamic characteristics with small current, flux and torque ripple. This scheme provides
high accuracy in torque tracking to various reference torque signals and strong robustness

to external load disturbances.

The tested performances of the induction motor control system are important for HEV

applications. Unlike the traditional industrial setting, in which the induction motor
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operates mostly at steady state, the HEV applications require high performance control of
electric motors to obtain fast transient responses and energy efficiency. Important
characteristics of a HEV motor include good drive control and fault tolerance, as well as
low noise with high efficiency. When a series/parallel HEV is accelerated from start or
low to mid-range speeds, it runs entirely on power generated by the motor. During
sudden acceleration, extra power is immediately supplied from the battery to the electric
motor to drive the vehicle at a high speed. Therefore, the torque tracking characteristics
of the induction motor control system can ensure to provide a good response and smooth
drive, as well as to improve acceleration performance of the vehicle. Small current and
flux ripple mean low motor noise and high motor efficiency. Small torque ripple and the
load disturbance rejection ability can provide good driving control and fault tolerance,

and thus give more comfortable ride.
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Chapter 7
Conclusions and Recommendations for
Future Work

7.1 Conclusions

In this thesis, a novel speed-sensorless torque control of an induction motor for HEVs
has been presented and extensively tested by simulation. This new control system can
achieve the complete decoupled control of torque and flux and significant torque ripple
reduction. Compared with the classical FOC, conventional SMC, and FSMC control
methods, it has low torque ripple, low current distortion and high-performance dynamic
characteristics. Moreover, this new control scheme can also achieve fast and accurate
torque tracking to various reference torque signals and own very strong robustness to
external load disturbances. The proposed novel induction motor control method is simple,
accurate and robust, and meets the requirement of HEV applications. The important

results of this research work are summarized as follows.

1) A chattering-free sliding-mode observer has been implemented. The analysis and
simulation results show the sliding-mode observer owns strong robustness and accurate
estimation performance over the full speed range. A boundary layer around the switching
surface 1s introduced to reduce the chattering of the observer. The benefits of the
boundary layer approach are that sliding-mode design methodologies can be exploited to

derive a continuous control and the invariance property of sliding-mode control is
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preserved at same times. Although the flux/speed observer is of the fourth order, the error
equations of the sliding-mode observer are reduced to the second order after sliding mode
arises on the surfaces. The order reduction is one of the important properties of the

sliding modes.

2) The SVM technique has been implemented in this new control system for the VSI
control. The objective of SVM techniques is to approximate the output voltage vector by
a combination of the eight switching patterns. It simplifies the digital implementation of
PWM modulations. The analysis and simulation results show the SVM technique is more
preferable scheme to the PWM voltage source inverter since it gives a large linear control
range, less harmonic distortion and fast transient response. The test results also show that
even though the pole voltage of the inverter includes the harmonic component, it doesn’t
appear in the phase voltage of the motor. Since the phase voltage of the motor is equal to
the difference of the pole voltage of the inverter and the neutral point potential of the
motor, which contains exactly all the third harmonic components of the pole voltage, the
third harmonics are removed from the phase voltage. The SIMULINK blocks and the M-
file S-function methods have been developed to implement the SVM. An M-file S-
function representation displays faster execution time than the same system built using

SIMULINK blocks, while the SIMULINK blocks have clear structure.

3) A new sliding-mode controller is implemented. This controller has been proved to
be robust and provide high accurate torque tracking. A control law has been chosen to
meet the requirement of the SVM technique for the inverter. The control law is the

combination of a discontinuous function and a continuous function. The continuous
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function can improve the performance of the SVM while the discontinuous function is
used to ensure robustness of the control system. With this control law, the complete

decoupled control of torque and flux has been obtained.

7.2 Recommendations for future work

1) Experimental test of new control system

The experimental setup has been established. A DMC1500 digital control board [70]
and estpTMF2812 DSP board [71] have been used in this experimental setup. A test of
open loop system has been done. The test results have shown the hardware setup worked
well (See Appendix A). However, due to the time and experimental equipments
limitation, and Lab unavailability because of moving, the new control system has not
been tested. The following points about the experiment are recommended for future

works.

e The parameters of motor, such as rotor resistance, stator inductance, rotor
inductance and mutual inductance, are basic information for the observer of a
speed-sensorless control of the induction motor. However, the motor used in this
experiment is old type one, and the information about parameters are missing. So
a new induction motor with reference parameters supplied by the manufacturer is

needed for future works.

o The isolated transformer used in current experimental setup is a 120/37V
transformer. It can only be used to test the hardware setup. A 120/120V isolated

transformer is necessary.
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e A XDS510 emulator developed by Texas Instruments, Inc. (T1) is necessary for
future works. The XDS510 emulator is tightly integrated with the Code Composer
Studio™ (CCS) debugger interface, making all of TI’s real time emulation control
and visualization capabilities available to the developer. These range from single-
stepping and register visibility to software and hardware breakpoints, and cycle-
accurate benchmarking. All of these are supported without requiring a debug

monitor.

The figures of the currently established experimental setup are shown in Figure 7.1

and Figure 7.2.

DC Power Supply Variac

DMC1500 with eZdsp™F2812
24Y

Code Composer Software

isolated Transformer

Figure 7.1: Components of experimental setup
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Figure 7.2: Experimental setup

2) The parameters identification of induction motors.

Speed-sensorless control techniques require the knowledge of the motor parameters.
Although the new control method is strongly robust, due to the unmeasurable rotor
parameters and the parameters variation with the operating conditions, the big mismatch
in parameters may occur. A big mismatch in parameters will lead to control errors.
Therefore, an adaptive online parameters estimator may reduce the control errors, and

enhance the accuracy of the control system.
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Appendix A

Experimental Setup

DSP provides high speed, high resolution and sensorless algorithms in order to reduce
system costs. In this experimental setup, a scheme of DMC150 digital motor controller with
eZdsp™F2812 card is adopted. A test based on the open loop control system has

demonstrated the experimental setup is preferred for induction motor control.

A.1 Overview of the eZdsp"F2812
The estpTMFZSlZ produced by Spectrum Digital, Inc., USA is a stand-alone card

allowing evaluators to examine the TMS320F2812 DSP developed by Texas Instruments,
Inc., USA (TI) to determine if it meets their application requirements. Furthermore, the
module is an excellent platform to develop and run software for the TMS320F2812
processor. The TMS320F2812 is a 32-bit fixed-point DSP. It is preferred for motor control
since the fixed-point DSP cost much less than the floating-point DSP and if and when
needed, the dynamic range can be increased in a fixed-point processor by doing floating-

point calculations in software.

To simplify code development and shorten debugging time, a C2000 Tools Code
Composer driver is provided. In addition, an onboard JTAG connector provides interface to
emulators, operating with other debuggers to provide assembly language and ‘C’ high level

language debug.

The eZdsp MF2812 has the following features [71]:
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e TMS320F2812 DSP

e 150 MIPS operating speed

¢ 18K words on-chip RAM

e 128K words on-chip Flash memory

¢ 64K words off-chip SRAM memory

¢ 30MHz clock

¢ 2 Expansion connectors (analog, [/O)

e Onboard IEEE 1149.1 JTAG controller

e 5-volt only operation with supplied AC adapter
e TIF28xx Code Composer Studio tools driver

e Onboard IEEE 1149.1 JTAG emulation connector

A.2 Overview of the DMC1500

The DMCI1500 is versatile digital motor controller that allows ones examine certain
characteristics of the TMS320F2xxx DSPs to determine the application requirements.
Furthermore, the module is a powerful platform to develop and run motor control software
for the TMS320F2xxx processors. The DMC1500 uses a Starter Kit (DSK) or estpTM board
as the computer engine to run algorithms. The DMC1500 along with a DSK or estpTM

allows full speed verification of TMS320F2xxx code.
The DMC1500 has the following features [70]:

e Compatible with the DSKs or eZdsp™ from Spectrum Digital, Inc.
e Allows development of algorithms for the induction, DC Brushless, or SRM motors
e Rated for Bus voltages of 350VDC
¢ Onboard control power supply (115-230VAC)
e Onboard bus supply (Bridge + Capacitors + Voltage doubler)
e Optically isolated digital I/O
e Optically isolated RS-232 port
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Optically isolated CAN interface

Onboard Power Factor Correction Logic

A.3 Experimental setup

Figure A.1 shows the experimental setup and connection. Some key points should be

considered in the experimental setup.

1

2)

3)

4)

3)

6)

7

8)

The isolated transformer is very important in the experimental setup. It isolates the
neutral point of the power supply and the common points of the DSP board. Without
it, the DSP board can be damaged.

The input power must be fused externally for safe operation. The fuse should be sized

to the voltage and current requirements of the load.

The DMC1500 has 12 test points. A scope should not be tie to ground unless an

isolated transformer is used for Bus power.

The eZdsp should be powered up first and powered down last to prevent latch-up

conditions.

The TMS320F2812 supports +3.3V Input/Output levels which are not +5V tolerant.
Connecting the eZdsp to a system with +5V Input/Output levels will damage the DSP
board.

If the motor is being operating in the regenerative braking situation, a voltage
regulator must be put across the Bus terminals to absorb the energy. Otherwise the

bus voltage may rise above the maximum voltage and destroy the inverter board.

There is not only one selection for the power supply of DMC1500. But when the
220V is selected, the voltage doubler must not be used. Otherwise the DC bus voltage

will exceed the maximum value.

The operation steps of stopping the motor are: reducing voltage at variac to zero, and

then halt or stop the program.
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A.4 Test results

The experimental setup has been shown in Figure 7.1 and Figure 7.2. The isolated
transformer is a 120/37V transformer. The input/output voltages of variac are 120/(0-140V).
The power supply is single-phase 120VAC. The nameplate data of induction motor are listed

in Table A.1.

Table A.1: Nameplate data of induction motor

Tamper AC motor

H.P.: 1/3HP R.P.M.: 3450rpm
V.: 220V PH.: 3

CYC.: 60Hz 0.62A

RATING: CONT. CODE: 6511
TYPE: K-4499A D. P.: ENCL.

MOD.: HFD-H56R-HSF-BP733-K2

The test block diagram of open-loop system is shown in Figure A.2.
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Figure A.2: Test block diagram of open-loop system
The reference inputs are 110V 20Hz three-phase balance sinusoidal signals. A 10-kHz
sampling frequency for the control system is selected.
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A.4.1 Logic switching signals for the inverter

The logic switching signals for the inverter are shown in Figure A.3.

Figure A.3: Logic switching signals for the inverter (a) PWMI1
and PWM3 (b) PWMS5 and PWM3
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A.4.2 V sense voltages of the inverter

It is difficult to obtain waves of the motor’s phase voltage by an oscilloscope since the
neutral point of the motor is connected inside for a star-connection motor. Instead the wave
of V sense voltage is tested for the real case. The V sense voltage is the voltage of the top
transistor with respect to Bus-. (For details, see the circuit schematics in [70]). It equals pole

voltage plus the half of DC link voltage (u,, =u,, +V, /2, i=1, 2, 3). In DMC1500 board,

the V sense voltage is divided by a resistive divider consisting of 400 £Q and 4.99 kQ) for the
purpose of A/D converting. This gives a division of 81. Each channel also contains a filter
with a cutoff frequency of 3.2kHz. In this experiment, the tested voltages are obtained from
the A/D ports of DMC1500. The maximum voltage is set as 170V for the calculation of the
gain and the adjustment of the potentiometers [70]. The V sense voltages are adjusted to 0-
3.3V to meet the requirement of input voltages of the A/D. The V sense voltages of the

inverter are shown in Figure A.4.
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(b)

Figure A.4: V sense voltages of the inverter (a) Phase a and
Phase b (b) Phase a and Phase ¢

A.4.3 Phase currents of the motor

The DMC1500 supports reading the phase current in the lower transistor leg. The currents
are measured across three 0.04 Q) resistors. These sense signals are then filtered for a 40kHz
cutoff frequency, clamped to the rails and applied to the non inverting input to an op-
amplifier. In this experiment, the tested phase currents are also obtained from the A/D ports
of DMC1500. The bipolar current measurements are chosen and the maximum current is
chosen as+3.54 for the calculation of the gain and the adjustment of the potentiometers [70].
The phase currents have been adjusted to 0-3.3V to meet the requirement of input voltages of
the A/D, i.e., -3.5A corresponds to 0V, and 3.5A corresponds to 3V. The phase current

waveforms of the motor obtained from A/D ports of DMC1500 are shown in F igure A.5.
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