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Abstract:

Variable-speed drives for induction motors control the speed of the motor. They are AC-AC or DC-
AC converters that vary the motor input frequency and voltage. This work studies some control
methods of these VSDs and implements them on an STM32 board. We begin this study by a state-
of-the-art review on some AC-AC converter topologies and the most popular induction motor
control methods. A simulation of scalar control, DTC and DTC-SVM is performed with Simulink
after establishing an induction motor model. Constant V/f and DTC are then implemented on an
STM32F4 Discovery Board and tested with a Hardware-in-the-loop simulation. Both the simulation

and implementation are tested on different types of load and the results for both are discussed.

Keywords: Induction motor, VSD, STM32, HIL.

Résumé:

Les variateurs de vitesse des moteurs asynchrones sont utilisés pour commander la vitesse du
moteur. Ce sont de convertisseurs AC-AC ou DC-AC qui font varier la fréquence et la tension
d’entrée du moteur. Ce travail étudie certaines commandes de ces variateurs de vitesse et les
implémentent sur une carte STM32. On commence cette étude par un état de I’art sur certaines
topologies des convertisseur AC-AC et les méthodes de commande des moteurs asynchrones. Une
simulation de la commande scalaire, de la DTC et de la DTC-SVM est réalisé sur Simulink apres
avoir établie un modéle de machine asynchrone. Les commandes V/f constante et DTC sont ensuite
implémentées sur une carte STM32F4 Discovery et testées avec une simulation Hardware-in-the-
loop. La simulation et I'implémentations sont testées avec différents types de charges et les résultats

sont discutés.

Mots clés: Moteur asynchrone, Variateur de vitesse, STM32, HIL.
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GENERAL INTRODUCTION

The induction motor is the most used electric motor in the world. Three-phase squirrel-cage
induction motors are widely used as industrial drives because they are self-starting, reliable and
economical. Although they have traditionally been used in fixed-speed operation they are
increasingly being used in variable-speed applications with variable-speed drives (VSD), these offer
important energy savings. About 40% of the world’s electricity is consumed by industry, two-thirds
of that is used by electric motors. VSDs can reduce their energy consumption by 50% in many

applications[1].

The evolution of AC variable speed drive technology has been driven partly by the desire to
emulate the excellent performance of the DC motor, such as fast torque response and speed
accuracy, while using rugged, inexpensive and maintenance free induction motors [2]. In order to
achieve these performances many control methods have been developed. Scalar control uses
frequency and voltage to control the IM, this is a low-cost method that does not control torque and
offers a low degree of accuracy. Field-oriented control uses “simulated” motor characteristics to
emulate a DC motor, it controls torque indirectly and achieves very good performances but requires
rotor feedback. Direct torque control (DTC) calculates motor torque directly and doesn’t require a
modulator nor speed feedback. It achieves a faster torque response and a high dynamic speed
accuracy [2]. Another Modification introduces Space Vector Modulation to DTC to increase its

performances.

On the hardware side, VSDs for IMs are AC-AC or DC-AC converters with a fixed frequency
at the input (generally 50Hz or 60Hz) or DC voltage and a variable frequency at the output. The
software (or control) side sets the frequency either directly (constant V/f) or indirectly (DTC, ...).

The objective of this work is the study and implementation of some of the control methods of

a VSD on an STM32 board. It is composed of four chapters.

The first chapter of this work gives a state-of-the-art review on some AC-AC converter
topologies where different topologies are presented, these can be either direct, indirect through a
DC bus or hybrid. The second part of this chapter gives a state-of-art review on the most popular
control methods, from scalar, FOC and DTC to more advanced control methods like AI based

control.



In the second chapter three control methods, scalar control, DTC and DTC-SVM, where
simulated with different types of load. These tests show how the control methods would perform

in different applications and in different conditions.

The third chapter introduces the STM32f4 and its different peripherals and how they operate.
These are the interrupts, timers and ADCs. The IDE used in this work is the STM32CubeIDE. A

brief description of it is given in this chapter.

Finally, in the fourth chapter, scalar control and DTC are implemented on the STM32 MCU.
A Hardware-in-the-loop simulation is used to test the controller. The controller runs on the STM32
MCU while the inverter and motor are simulated on Simulink. This allows an easy way to monitor
the motor parameters and make quick adjustments and tests without the need for expensive test

benches. A general conclusion is then given.
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I STATE OF THE ART ON VSD CONVERTER TOPOLOGIES

AND IT’S CONTROL STRATEGIES

I.1 Introduction
With the lowering cost of semiconductor power electronics components, the democratization
of DSP and microprocessors and the advancement of control algorithms, induction machines have

known a great increase in usage in industry, manufacturing and home-appliances.

In this chapter we will give a state-of-the-art review on the main AC-AC converter topologies
and a state-of-the-art review on control strategies including scalar control, FOC, DTC, DTC-SVM,
intelligent control and sensorless control. We will then give a brief review on VSD economics and

markets.

1.2 AC-AC Converters

Induction machines have to be powered through an AC-AC converter to which the control is
applied. Many topologies for these converters exist, they can broadly be classified into three
categories: indirect (converters with DC-link), direct (matrix converters) and hybrid AC-AC

converters, the difference being the presence of a main DC energy storage element.

Figure 1.1 represents a diagram of the principal AC to AC converter topologies.

AC/AC
Converter

Converter }I\flyalzgg Matrix
with DC-link c Converter
onverter
I
[ ]
AC/DC-DC/AC AC/DC-DC/AC Hybrid Hybrid
Converter Converter Direct Indirect Direct Indirect
with Voltage with Current Matrix Matrix Matrix Matrix
DC-link DC-link Converter Converter Converter Converter
(U-BBC) (I-BBC) (HCMC) (HIMC)

ﬁk—\ [ [ : I \

Full Bridge Sparse
Conventional Matrix A%/ggfr?e/ /:C Indirect Matrix Three-level
Matrix Converter ; Matrix Converter N
without Matrix
Converter (Open DC-link Converter (SMC) Converter
(CMS) Motor- Capacitor (IMC) (VSMC)
windings) P (USMC)

Figure 1.1 : Classification of AC-AC converters

1.2.1 Direct converters

Matrix converters where introduced in 1976 [3] they use a matrix of bidirectional power
switches to produce variable frequency output voltages. They feature a compact volume,

bidirectional power flow, controllable input power factor and sinusoidal waveforms [4].
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Direct Matrix Converters achieve three-phase AC-AC conversion without any intermediate

energy storage element. They perform voltage and current conversion in one single stage.
A standard direct voltage source matrix converter topology is shown in Figure I1.2.

Many Different structures of Indirect Matrix converters exist : sparse IMC, bidirectional very

sparse IMC, unidirectional very sparse IMC, ultra-sparse IMC and inverter stage IMC [3], [5].

X

Figure 1.2 : Direct voltage source matrix converter

1.2.2 Indirect converters

These converters can be either voltage source inverters (VSI) or current source inverters (CSI),
the source current or voltage is rectified, filtered in a DC bus and then inverted using

semiconductor switches (IGBTs or GTOs usually).

Figure 1.3.a is the standard topology of AC-AC converter, it is VSI with a full-bridge diode
rectifier and a DC Link capacitor [6].

Figure 1.3.b is a back-to-back VSI [7] where the bidirectional flow of energy is possible.
Figure 1.3.c is a back-to-back current source inverter (C-BBC) [8], [9].

Figure 1.3.d is a topology proposed in [10] by putting a Z-source DC link which allows the

system voltage to be stepped down or up as desired.
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| |
1

T, ST

(©) (d)
Figure 1.3 : Main topology of Indirect converters : (a) VSI with a diode rectifier bridge, (b)
Voltage-BBC, (c) Current-BBC, (d) AC-DC-AC Converter with Z-source

Table 1.1 compares the properties of the four main converter topologies: voltage back to back

converter, current BBC, indirect matrix converter and conventional matrix converter

TABLE .1 : KEY PROPERTIES OF THE BASIC CONVERTER TOPOLOGIES| 5]

Properties V-BBC C-BBC IMC CMC
Number of transistors 12 12 18 18
Number of diodes 12 12 18 18
Number of isolated gate driver 7 12 8 or 10 9
supplies

Number of PWM signals 12 12 12 18
Number of devices in current path 4 8 6 4
Minimum number of current sensors 4 3 2 2
Minimum number of voltage sensors 4 6 3 3
Intermediate storage Che L, No No
Maximum output voltage >U, > U, 0.86U, 0.86U,
Additional protection circuitry No Yes Yes Yes
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I.3 State of the art on the control of induction motors fed by AC-AC

converters

1.3.1 Introduction

The induction motor (IM), thanks to its well-known advantages of simple construction,
reliability, ruggedness and low cost, has found very wide industrial applications. Furthermore, in
contrast to the commutation DC motor, it can be used in an aggressive or volatile environment
since there are no problems with spark and corrosion. These advantages, however, are superseded
by control problems when using an IM in industrial drives with high performance demands. For
several years, academic and industrial research has been carried out to remedy the control problem

of the IM and to develop robust and efficient controls.[11]

Scalar controls are simple to implement and offers good steady state response. However, the
dynamics are slow because the transients are not controlled. To obtain high precision and good
dynamics, vector control schemes have been invented for use with closed-loop feedback controls.
At the beginning of 1970s, the principle of flux control was introduced and called ‘field oriented
control’ or ‘vector control’ for squirrel cage induction machines and later for synchronous

machines. [12]

Other vector control methods and intelligent control techniques were developped since, each
having it’s own advantages, drawbacks and use cases. They are classified in a diagram in Figure

1.4.

In this section, we will discuss a scalar control strategie (V/f constant), vector control
techniques : FOC, DTC and DTC-SVM, intelligent control methods and finally briefly introduce

sensorless control.
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Figure 1.4 : Classification of IM Control methods [11]
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I1.3.2 Scalar Control (V/f constant)

Scalar control is based on the steady-state model of the motor. The control is due to the
magnitude variation of the control variables only and disregards the coupling effect in the
machine. For example, the voltage of a motor can be controlled to control the flux, and frequency
or slip can be controlled to control torque. However, flux and torque are also functions of frequency
and voltage respectively. This method is simple and easy to implement, but the inherent coupling
effect (i.e., both torque and flux are functions of voltage or current and frequency) gives sluggish
response. As a result, the scalar control technique has poor dynamic performance. The scalar

controller is usually used in low-cost and low-performance drives.[13]

The principle of this control is to maintain constant the ratio V/f, which means keeping the
core stator flux constant. If the value of the resistance of the stator windings is neglected, like it is
often the case, the electromagnetic torque-slip characteristic in the stationary regime takes the
following form:

R,
T, =—.V2.——> (1.1)
Wy R, 2
5 + (Lws)

!
With s: slip, % : Equivalent resistance of rotor conductors reduced to the stator, p: number of

pole pairs, w_ Stator pulsation, V: stator voltage, L: leakage inductance converted to the primary

side.

Often, we are interested in the maximum value of the torque. To calculate it, we look for the
value of s that maximizes the expression of the electromagnetic torque T, and then replace it in

Eq.(I.1) which yields:

3p (Ve
T, = °P (—S) (1.2)
2L \wq
Therefore, the maximum torque in steady-state is proportional to the square of ZZSf .

1.3.3 FOC

Scalar controls are simple to implement and offer good steady-state response, however the
dynamics are slow because the transients are not controlled and the decoupling effect is not taken
into consideration, that is why vector control schemes have been invented for use with closed-loop
feedback controls in 1970s and 1960s by Blaschke and Hasse in two different approaches : the
Direct Field oriented control (FOC)[14], and the Indirect field oriented control[15].
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The concept behind FOC is to control the induction motor similar to a separately excited DC
motor, the advantage being that in a DC motor flux and torque are inherently decoupled which
allows the control of the DC motor in a simple and more efficient manner[16]. This also allows to
control the torque and flux of an IM independently through the proper transformation[17]. The
processing of vector control is however complex and computational-heavy, it requires the use of

high-speed microcontrollers and DSPs[16].

Figure 1.5 shows a general representation of vector control strategy for a three-phase

induction motor.

The difference between Indirect or feedforward field-oriented control and the direct or
feedback method of field-oriented control is the principle of generation of control angle theta (8),
in the first it is obtained by using rotor position measurement and machine parameter’s estimation

while in the latter it is obtained by the terminal voltages and currents.[16]
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. Rectifier] b
flux I, :
— aem +
—‘b 1-Lm Iﬂ’ Pulses EH DI
@ pl dq0 Pulse : \
4 I Generator 7Y
*@ > pUELC Pt [ i« )
A * Iq abe I{ : \\ -
2 P
Theta > Vsl \
@ peed \
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Flux, Current
To control torque and and
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estimation Sensor
Speed Sensor not needed mn sensorless

Figure 1.5 : Block diagram of general vector control scheme

Indirect Field Oriented Control
It was presented in [15] by HASSE in 1969. In this scheme the unit vector 6, is calculated in

an indirect manner using the measured speed w, and the slip speed wg; as show in Eq.(1.3).

e = f (0, + wg)dt (I.3)
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This computation was complex and resulted in high cost, but with the advent of
microprocessors, the computation process has been simplified greatly and can now be

implemented on high speed processors and DSPs with reduced cost and time [16].

The main research topics in this control scheme is the motor parameter estimation, the

modulation strategies, controller performance and efficiency optimization.

In [18] a new identification technique was described where it is possible to calculate the
resistance online by injecting the negative current component and identifying the negative voltage
component, while [19] proposes an expression involving calculation of rotor parameter through
stator current and stator voltage which has the advantage of not requiring the calculation of stator

resistance and integration but with a higher cost.

A space vector modulation has been proposed in [20] requiring no time-varying coordinate

transformation and no complicated calculation.

In addition, the proposed controller uses the extra information of error derivative to reduce

the switching frequency greatly.

[21] proposes a fuzzy adaptive control scheme for vector controlled IM drive to estimate rotor
parameters and [22] proposed a combined feedforward and feedback control technique to improve

the robustness of vector controlled IM drive system.

A method involving optimization of flux vector based on power loss equation in terms of

decupled current component has been proposed in [23].

Direct Field oriented Control

This scheme was first proposed by BLASCHKE in 1972 [14]. In direct FOC the rotor angle is
obtained by the terminal voltages and currents directly by using flux estimators. It is also known
as feedback vector control. Multiple controllers have been implemented to improve the

performance of the drive.

In [24] a feedforward neural network technique for estimation of feedback signals of a direct
vector-controlled (DVC) IM drive is proposed, it has the advantage of quicker processing, greater
tolerance to fault and lesser harmonic ripple and in [25] a neuro fuzzy approach for a stator flux

oriented vector controlled drive is proposed.

10



Chapter I State of the art on VSD converter topologies and it’s control strategies

1.3.4 DTC

Direct torque control was first patented in Germany on October 20" 1984 by Manfred
DEPENBROCK [26][27] and termed the technique direct self-control, however a paper describing
a similar technique was described earlier in September of the same year by Isao TAKAHASHI and
Toshihiko NOGUCHI in an IEEJ paper termed Direct Torque Control [28], and later published in
1986 in English in an IEEE paper[29]. The difference between the two techniques is the path the
flux vector is controlled on, in TAKAHASHTI’s approach it is circular, while in DEPENBROCK’s it
follows a hexagon. DSC is best suited for high power applications, as a low inverter switching
frequency can justify higher current distortion [9]. Unlike FOC that aims to reproduce the
electromagnetic behavior of a DC motor, DTC tries to exploit the torque and flux producing

capabilities of the IM fed by a voltage source inverter (VSI).

The basic DTC scheme is characterized by the absence of a coordinate transformation, PWM
signal generators and current regulators, but instead uses a Switching Table to determines the
switching state selection and requires the estimation of stator flux vector and torque

estimation[11].
Figure 1.6 shows a block diagram of the conventional “TAKAHASHI” DTC scheme.

This scheme uses two hysteresis controllers. The stator flux controller imposes the time
duration of the active voltage vectors, which moves the stator flux along the reference trajectory,
and the torque controller determinates the time duration of the zero voltage vectors, which keeps
the motor torque in the tolerance band of the hysteresis controller. At every sampling time the
voltage vector the inverter switching state (S,, S,, S,) are chosen according to the switching table as

to reduce the instantaneous flux and torque errors [11].

11
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Figure 1.6 : Block diagram of the generic DTC

The generic DTC introduced by TAKAHASHI and DEPENBROCK has may benefits, it is
robust without the need of a speed/position sensor, the frequent calculation of optimum switching
means that the drive can respond rapidly to external influences, no process interruptions after
short supply outages, it can start into a motor which is running at any speed without waiting for
the flux to decay [30]. It requires no current control loops, no extra block for voltage modulation
and no coordinate transformation. This control method is superior to field-oriented control (FOC)
in that it only relies on a simplified and qualitative machine behavior and doesn’t require and

encoder, but achieves good flux and torque dynamic performance [31].

DTC however has many drawbacks. First, the use of a switching table leads to variable
switching frequency, which makes it unsuitable for high power application, second is the high
noise level, third the complicated starting and low frequency operation and lastly the undesirable

torque ripples [31].

A comparison between the primary characteristics of FOC and DTC are presented in Table

1.2.

To alleviate these problems many improvements to DTC have been introduced. Figure 1.7

classifies these techniques in a diagram [32].

Table 1.2 compares between FOC and DTC [33][34].

12
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TABLE 1.2 : COMPARISON BETWEEN FOC AND DTC

Comparison property DTC FOC
Dynamic response to torque Very fast Fast
Coordinates reference frame alpha, beta (stator) d, q (rotor)

Low speed (< 5% of nominal)
behavior

Controlled variables

Steady-state torque/current/flux
ripple & distortion

Parameter sensitivity, sensorless

Parameter sensitivity, closed-loop

Rotor position measurement

Current control
PWM modulator
Coordinate transformations

Switching frequency

Switching losses

Audible noise

Control tuning loops

Complexity/processing requirements

Typical control cycle time

Requires speed sensor for continuous
braking

torque & stator flux

Low (requires high quality current
Sensors)

Stator resistance

d, q inductances, flux (near zero
speed only)

Not required

Not required
Not required
Not required

Varies widely around average
frequency

Lower (requires high quality current
Sensors)

spread spectrum sizzling noise

speed (PID control)

Lower

10-30 microseconds

Good with position or speed sensor

rotor flux, torque current iq and rotor
flux current id vector components

Low

d, q inductances, rotor resistance

d, q inductances, rotor resistance

Required (either sensor or
estimation)

Required
Required
Required

Constant

Low

constant frequency whistling noise

speed (PID control), rotor flux control
(PI), id and iq current controls (PI)

Higher

100-500 microseconds

The first typical improvement to be proposed is the use of space vector modulation (SVM) in

controlling the voltage inverter, which is referred to as DTC-SVM and was introduced in the early

1990s for constant frequency operation by HABELTER et al. in [35].

In [36] proposed a method of direct torque control of an IM based on fixed switching

frequency pulse width modulation (PWM), developed in discrete time to allow easy

implementation on a DSP or a microcontroller.

13
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Figure 1.7 : Classification of improvement techniques of direct torque control

Other advanced improvements of DTC have been studied, including Sliding Mode Control

introduced by Utkin in 1993 in [37], model predictive DTC which is based on the calculation of

the future behavior of the system based on the dynamic model of the process inside the real-time

controller to calculate the optimal values of the adjustment parameters [32] and other AI based

DTC schemes based on artificial neural networks, fuzzy logic, genetic algorithms and expert

systems each with its advantages and use cases.

TABLE .3 : COMPARISON OF THE IMPROVEMENT TECHNIQUES OF DIRECT TORQUE CONTROL

Criterion Conventional SVM based SMC based DTC-MPC Fuzzy based  ANN based GA based
DTC DTC DTC DTC DTC DTC

Torque dynamic Fast Fast Fast Fast Very fast Very fast Very fast

response

Torque and flux High Low Medium Low Very low Very low Medium

ripple

Current THD More Less distortion Less distortion Less distortion Less distortion Less distortion Less distortion

distortions

Switching frequency Variable Constant Almost Constant Constant Constant Almost
constant constant

Parameter sensitivity Insensitive Sensitive Insensitive Insensitive Insensitive Insensitive Insensitive

Switching loss High Low Medium Low Low Low Medium

Dynamic at low Poor Good Good Good Very good Very good Very good

speed

Algorithm Simple Simple Complex Simple More complex More complex Complex

complexity

Computation time Low Medium High Medium High High Medium

Precession Low Medium Medium Medium High High Medium

Regulation Hysteresis PI SMC Hysteresis FLC ANN GA-PI

conventional controller

14
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Table 1.3 Shows a comparison between the performances of different improvement

techniques of direct torque control [32].

1.3.5 DTC-SVM

Many studies investigated the possibility to associate space-vector modulation techniques
with DTC in order to control the switching frequency, SVM being the most popular technique for
the control of inverter switches. The controller calculates the required stator voltage vector and
then it is realized by SVM technique. The main difference between the generic DTC and DTC-SVM
is that DTC is based on instantaneous values whereas DTC-SVM methods are based on averaged

value.

Several DTC-SVM methods have been addressed in literature, the simplest and most used is
DTC-SVM with PI regulators, but others include schemes with predictive/dead-beat controllers,

schemes based on fuzzy logic and/or neural networks [38].

The SVM technique uses eight sorts of different switch modes of inverter to control the stator
flux to approach the reference flux circle. Eight switch modes correspond respectively to eight
space voltage vectors that contain six active voltage vectors and two zero voltage vectors. The six
active voltage vectors form the axes of a hexagon. The two zero voltage vectors are at the origin.
The eight vectors are called the basic space vectors. These switch modes are represented in Figure

L.8.

""'1(01] ) Vo(000) 2 k.
‘ Vz(111) v i

V5(001) V(101)

Figure 1.8 : Basic switching vectors and sectors

15



Chapter I

State of the art on VSD converter topologies and it’s control strategies

In a PI controlled DTC-SVM IM, many structures exist : DTC-SVM scheme with closed-loop

flux control where the rotor flux is assumed as a reference [39], DTC-SVM scheme with closed-

loop torque control which was originally proposed for permanent magnet synchronous motor

(PMSM), DTC-SVM scheme with closed-loop torque and flux control operating in polar

coordinates and DTC-SVM scheme with closed-loop torque and flux control in stator flux

coordinates.

TABLE 1.4 : ADVANTAGES AND DISADVANTAGES OF CLASSIC FOC, BASIC DTC AND DTC-SVM

CONTROL METHODS
Control Methods Classic FOC Classic DTC DTC-SVM
Advantages -Constant switching -Structure independent  -Structure independent
frequency on rotor parameters, on rotor parameters,
-Unipolar inverter universal for IM and universal for IM and
output voltage PMSM PMSM
-Low switching losses -Simple -Simple
-Low sampling implementation of implementation of
frequency sensorless operation sensorless operation
-Current control loops ~ -No coordinate -No coordinate
transformation transformation
-No current control -No current control
loops loops
-Constant switching
frequency
-Unipolar inverter
output voltage
-Low switching losses
-Low sampling
frequency
Disadvantages -Coordinate -Bipolar inverter output -High CPU time
transformation voltage -More complex

-Multiple control loops
-Control structure
dependent on rotor

parameters

-Variable switching
frequency

-High switching losses
-High sampling

frequency

Table 1.4 gives a comparison between the three main control methods: FOC, DTC and DTC-

SVM[38].

16
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I.3.6 Intelligent Control

Intelligent Control include all control techniques other than scalar and vector controls like
artificial intelligence-based techniques including artificial neural networks and fuzzy-logic based

controllers, sliding modes and predictive control.

Al Based Control

Artificial intelligence (AI) and Biologically-inspired techniques, particularly the neural
networks, are recently having significant impact on power electronics and electric drives. Neural
networks have created a new and advancing frontier in power electronics, which is already a
complex and multidisciplinary technology that is going through dynamic evolution in the recent

years [40].

These include neural network-based controllers that feed the input signals to a trained neural
network which outputs the control states for the inverter, fuzzy logic which is based on the
principles introduced by ZADEH in his 1965 seminal paper [41], but they also include other
biologically-inspired techniques like genetic algorithms and brain emotional learning which is
inspired by the limbic system of mammalian brain and emotional learning based action selection

[40].

Predictive Control

Predictive control predicts the changes in the dependent variable of the modeled system that
will be caused by the change in the independent variable. The predictive control techniques are
typically classified into dead beat control, hysteresis and trajectory-based control and model

predictive control [31].

Dead-beat control makes the error signals go to zero in the next sampling instant. In hysteresis
and trajectory-based control, an optimization criterion is used to keep the controlled variables
within the band. Model predictive control method combines the use of PI control and the
predictive model of the system for the improvement of both steady state and dynamic response of

the system, it’s block diagram is shown in Figure 1.9.
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Figure 1.9 : Model predictive Torque Control block diagram

The advantages of this technique are: the use of online optimization technique, switching

tables are not used, switching losses are reduced and it features an improved steady state and

dynamic response. However, it requires a tedious tuning work [31].

1.3.7 Sensorless Control

In recent years, the application of sensorless AC motor drives is expanding in areas ranging

from industrial applications to household electrical appliances. The advantages of sensorless

motor drives include lower cost, increased reliability, reduced hardware complexity, better noise

immunity and less maintenance requirements.

Sensorless Control aims at removing the need for a mechanical position/speed sensor in a

vector control system, this increases the reliability of drive systems and reduces cost and

complexity [42].

Figure 1.10 show the block diagram of a typical IM vector control system where the speed and

flux are estimated through an observer.
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Figure 1.10 : Block diagram of typical IM vector control System

A lot of researches have been done on flux and speed observer of IM sensorless drive system,
mainly includes: low frequency signal injection method [43], high frequency signal injection
method [44] and model reference adaptive system (MRAS) [45], full order flux observer [46],
reduced order observer [47], sliding mode observer [48], neural network [49], and Kalman filter

[50]. These methods can be classified into two categories:

- Signal injection-based flux and speed observer which works by injecting a signal and uses
rotor slot harmonic and leakage inductance to extract the rotor position information.
- IM model-based flux and speed observer which works by first establishing the

mathematical model of the IM and then estimating the rotor flux and rotor speed.

1.4 Variable Speed Drives’ market, evolution and major industrial

manufacturers
The variable frequency drives (VFDs) market was valued at 9.47 billion USD in 2019 and is
expected to reach a value of 12.44 billion USD by 2025 according to [51].

The advance of 10T (Internet of Things) is a global trend in every industry, it has accelerated
and simplified the flow of information from machine to a technician and back again having an

impact on VFDs.
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The rising demand for process optimization is driving the market. Communication between
modern motor controllers, such as VFD and process automation controllers, it is now possible to
achieve much higher efficiency along with process improvement with reducing peak demand
charges on an electricity bill by understanding in greater detail where and why power consumption

varies.

Rising demand for energy efficiency is driving the market. VFDs use an AC motor to control
pumps and fans in a system without using valves and dampers. Traditionally, fixed-speed motors
had to be controlled using valves and dampers, but they are a source of large amounts of energy
loss. VFDs can create the same energy flow without the high pressure and power needed to adjust

the flow, which saves a high amount of energy, raising the appeal of upgrading older equipment.

Additionally, advanced and modern drives integrate networking and diagnostic capabilities
leading to better performance and increased productivity. Intelligent motor control, energy
savings, and reduction of peak-current draws are some of the major reasons to choose a VFD as

the controller in every motor-driven system.

Asia Pacific is expected to be the largest market for VFDs in 2023 and is projected to grow at
the highest CAGR. China accounted for the largest share of the VFD market in the Asia Pacific
region in 2017. Moreover, in January 2017, the government of China planned to invest about 361
billion USD in clean energy by 2020 as China aims to supply 20% of power from non-fossil sources
by 2030, which shows a positive growth for the VFD market. All these factors are expected to drive
the growth of the VFD market in Asia Pacific [51].

The European market is also expected to rise as the European ecodesign directives are

maturing and industries are gearing towards more energy efficient processes and drives [52].

The primary end-user sectors for VFD are: Oil & Gas, industrial, infrastructure and power

generation sectors.

VFDs are mainly used for pumps, fans, compressors, conveyors and others including

extruders, elevators & escalators, cranes & hoists, crushers, mills, and mixers.

The primary manufacturers of VFDs today are ABB (Switzerland), Siemens (Germany),
Schneider Electric (France), Danfoss (Denmark), Rockwell (US), Crompton Greaves (India), Eaton
(Ireland), Fuji, Hitachi, NIDEC, TMEIC (Japan), WEG SA (Brazil), and Yaskawa (Japan)[53].
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I.5 Conclusion

In this chapter, a state-of-the-art review was presented on the main topologies of AC-AC
converters, the main control methods for induction machines and an overview of the market for

variable speed drives.

The main control strategies were presented from scalar control to vector control methods to
advanced control schemes. Scalar control is the simplest control method and remains in use in
many applications, while vector controls are more performant but are more complex and more
resource intensive. Advanced control methods are varied in approach and offer many advantages.
New advancements are made in this area and research is very active, as the market for variable
speed drive is expending with the increase in production levels, the modernization of production

facilities and the advance of IoT as a global trend.

It is expected for the variable speed drive technology to progress as research, manufacturing

and market demand converge.
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II INDUCTION MOTOR CONTROL

I1.1 Introduction

In this chapter an induction motor model will be proposed and used for the simulation of

three control methods: V/f constant control, DTC and SVM-DTC.

V/f constant is simple yet effective and is still in use in many applications. DTC offers a lot of
advantages especially for its implementation, SVM-DTC is an improvement to the DTC through

the use of an SVM modulator and PI controllers but comes with more complexity.

These control schemes will be presented and then simulated on the MATLAB/SIMULINK

environment. A comparison of the performances of these three methods will be made.

I1.2 Induction machine model
The three-phase induction motor model is obtained from the application of the
electromagnetic and mechanical principles. The three-phase stator voltage equations, represented

in a stationary (a, b, ¢) frame, can be expressed as:

d[®sapc]
Vsabe = Rsllsapc] + % (IL.1)
And
d[Prapc]
Viabe = Ry [Irabc] + % (r.2)
Where V,, .and V,_, are the voltages of the stator and rotor phases respectively, R and R, are

the stator and rotor resistances, [ ,.and I, are the currents of the stator and rotor phases and @,

and ®_, are the stator and rotor flux respectively.

rabc

The magnetic fluxes are given by:

Psape = [Los]Usave] + [Mosr1[lranc] (I1.3)
and

@rape = [Lorlllrane] + [Mosr1[Isabc] (IL.4)
L. L., M, are the stator inductance, rotor inductance and mutual inductance respectively.
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The park transformation matrix is given by:

cos (6,) —sin (6,)

P(8e) = [sin (6,) cos(6,) (IL.5)

By applying the Park transform to the equations above with 6, the (d,q) frame angular position

and ©, the rotor relative angular position we get:
d[®sqq]  db (IL6)

ac de [Peaal

Vsdq = R; [Isdq] +
And

d[Drqq] _46 (I1.7)

Vrdq =0= Rr[lrdq] + dt dt [ rdq]

And the magnetic flux equations yield:

Dsaq = Ls[Isaq] + Msr[Iraq) (I.8)
and

®raq = Lr[lrag) + Msr[Isaq] (I1.9)

Where L, and L, are the stator and rotor cyclic inductances and M, the mutual cyclic
inductance.

The mechanical equation of the IM is given by:

A0 T, T foo 1My Tl f,

__—_7 i —__—_2Z 11.10
dt ] ] ] Q= ] L (¢rdlsd ¢rq lsq)} ] Q ( )

From these equations we get the induction motor model in the rotating (d,q) frame given by :

% _ {_LR—J iz — ’;T’szzm " wsl} [fsaq]

(s s + 1} ) + 5 Vi .
d[f;zq] {R LM"}[Iqu] +{ Izr szz+(ws—pﬂ)1} [¢rdq]
= P (Bratsa = dratsa)) -~ — 220

With: I the [1 -1] vector for considering the different signs in the d and q equations, L, the

identity matrix of dimension 2, w, the stator pulsation given by:

aMgyigsq

¢rd

wg = pQ — (1112)
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And o the Blondel leakage coefficient given by:

MZ
o=1- (Lszr) (I1.13)
and
de de de
d_::ws' d_;n:Q' dtT:wr:ws_p (1114)
State-space model of the IM:
; ; CFA ., —Rr . _ My fy _ LERs+ME R,
By defining the simplifying parameters: a = L, ,b= oL ST YT T o
pMsr 1
m = ml =—.
JL, oL,

We define the space vector x,,, the input vector u and the output vector y as:

isd
isq Vsa Isa
Xdq = Pra| » U= Usq]’ ¥ = h(xaq) = |isq
¢rq Ty Q
g |
The state-space dynamics of the IM in the (d, q) frame is given by:
— diSd -
dt
dlSq _yisd + wsisq + ba¢rd + pr¢rq 0 0
ddt —Wgisq + Visqg — bpQprq + bady, 8 781 8 Vsq
2“1 = | aMgisq — adrq + (Ws — PV drq |+ 0 0 0 Tsq
. ¢t aMyyisq — adrg — (w5 — pﬂ)(bm T (IL15)
rq , . 0o 0 -—- '
dt |. m(¢rd lsq — ¢rq lsd) —cQ l ]J
dQ
L dt A
isd
y= h(xdq) = |tsq
Q
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I1.3 Constant V/f control

I1.3.1 Working principle

Both voltage and frequency can be controlled to control the motor flux. With a fixed number
of poles, the speed of an induction motor is changed with the frequency, according to the equation:

_ 120f

N =
Ny

(1-y) (1I1.16)

With N being the motor speed, f the supply frequency, n, the number of pole pairs and s the
slip.

The air gap induced electromotive force (EMF) in an IM is given by:

E; = 444f NKy ®p, (I1.17)

Where Ns is the number of turns per phase in the stator, K is the winding cording factor and
®m is the peak air gap flux. Neglecting the stator impedance (resistance and leakage inductance)

the induced EMF approximately equals the supply phase voltage[13], hence:
V = E; =444fNsKy ®p, (11.18)

Therefore, if the frequency f is constant, the air gap flux is approximately proportional to the
supply voltage, meaning that to maintain the flux constant, the ratio between the supply voltage

and frequency has to remain constant[13].

When frequency is increased, the flux will decrease and the torque developed by the motor
will decrease. When frequency is decreased, the flux will increase and may lead to the saturation
of magnetic circuit. When the speed is below the base speed, the motor runs at constant torque
operation range. The phase voltage-amplitude command V| is produced by the frequency control
command through the gain factor G. For low-speed operation, the voltage drop along the stator
winding is significant and, consequently, the produced magnetic flux is limited. To avoid this
phenomenon and to maintain the value of the magnetic flux near the nominal for low-speed
operation, a boost voltage Vo is added to the reference amplitude of the phase voltage. The impact

of the boost voltage is negligible in higher frequencies[54].

Figure I1.1 shows the different operation regions for motor operation: a boost voltage for
maintaining operation at low speeds, constant flux region when the voltage saturation is not yet

reached and the constant power region where the field weakening is performed and torque
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decreases with the increase in speed. It also shows the voltage curve (frequency=f(Vs)) for this

control method with boost voltage added for the low-speed operation.

A

Vs

Figure II.1 : V/f constant control operation regions for motor operation
Figure I1.2 shows a block diagram for V/f constant control scheme.

PWM modulator can be replaced with an SVM modular for better performance, in this case
the reference speed signal w, is integrated, producing the reference angle signal 6, and the

respective