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ABSTRACT

In conventional Direct Torque Control (DTC), the selection of flux linkage and
electromagnetic torque errors are made within the respective flux and torque hysteresis
bands, in order to obtain fast torque response, low inverter switching frequency and low
harmonic losses. However, DTC drives utilizing hysteresis comparators suffer from high
torque ripple and variable switching frequency.

Space Vector Modulation (SVM) is the strategy to minimize the torque ripple of
induction motor in which, the stator flux level is selected in accordance with the efficiency
optimized motor performance. SVM method is incorporated with direct torque control (DTC-
SVM) for induction motor drives. However, the basis of the DTC-SVM strategy is the
calculation of the required voltage space vector to compensate the flux and torque errors
exactly by using a predictive technique and then its generation using the SVM at each sample
period.

In this thesis work, the simulation of different DTC schemes (Conventional DTC and
DTC-SVM) has been carried out using MATLAB/SIMULINK and the results are compared.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW

Direct torque control (DTC) drives are finding great interest, since ABB recently
introduced the first industrial direct-torque-controlled induction motor drive in the mid-
1980’s, which according to ABB can work even at zero speed. This is a very significant
industrial contribution, and it has been stated by ABB that ‘“DTC is the latest AC motor
control method’’. ABB has also introduced a DTC based medium voltage drive called the
ACS1000, thus feeding pure sinusoidal voltages and currents to the motor. This is ideal
for pumps and fans [3].

With the revolutionary DTC technology developed by ABB, field orientation is
achieved without feedback using advanced motor theory to calculate the motor torque
directly and without using pulse width modulation. The controlling variables are motor
magnetizing flux and motor torque. With DTC there is no modulator and no requirement
for a tachometer or position encoder to feed back the speed or position of the motor shatft.
DTC uses the fastest digital signal processing hardware available. The result is a drive
with a torque response that is typically 10 times faster than any AC or DC drive [1].

The Conventional DTC method yields slow response during start up and change
in either direction of torque and flux. In addition to this, also high torque ripples are
found. Several techniques have been developed to improve the torque performance. One
of them is to reduce the ripples using SVM technique. SVM was first presented by a
group of German researched in the second half of the 1980s. Since then, a lot of work has
been done on the theory and implementation of SVM techniques. SVM techniques have
several advantages such as, lower torque ripple, lower Total Harmonic Distortion (THD)
in the AC motor current, lower switching losses, and easier to implement in the digital
systems. At each cycle period, this SVM technique is used to obtain the voltage space
vector required to exactly compensate the flux and torque errors. The torque ripples for

this DTC-SVM is significantly reduced and switching frequency is maintained constant.



1.2 LITERATURE REVIEW

The literature on control of induction motor drive is very much diversified over
the v controlling aspects the brief review is presented on the subject of new schemes with
DTC in order of minimization of torque ripples with the DTC and other things.

Krause [1] gives an overview about the mathematical modeling of various
machines including induction machine. The various reference frames and necessary
transformations required for transferring the quantities from one reference frame to
another has been studied. Bose [2] describes the steady state performance of induction
motors followed by the dynamic d-g model in both synchronously rotating reference
frame and stationary reference frame. Then, state-space equations in terms of flux
linkages are derived mainly for simulation. The principle of the sinusoidal Pulse Width
Modulation (PWM) with instantaneous current control has been explained Similarly,
Rashid [3] presented in addition with vector control systems, an instantaneous torque
control yielding very fast torque response can be obtained by employing direct torque
control.

The DTC architecture allows the independent and decoupled control of torque and
stator flux. The implementation of the DTC model has been deeply described and
justified its realization using Simulink model [4]. Several simulations have been carried
out in a steady state and transient operation on a speed control mode and also the torque
control of an induction machine based on DTC strategy and a comprehensive study is
presented [5]. An explanation of direct self control and the field-orientation concepts
implemented in the adaptive motor model block is presented, dealing with the basic

concepts behind direct torque control [6].

Among all control methods for induction motor drives, DTC seems to be
particularly interesting being independent of machine rotor parameters and requiring no
speed or position sensors. The DTC scheme is characterized by the absence of PI
regulators, current regulators and PWM signals generators. The presence of hysteresis
controllers for flux and torque could determine torque and current ripple and variable

switching frequency operation for the voltage source inverter. To analyze DTC



principles, the strategies and the problems related to its implementation and the possible
improvements have been discussed [7]. DTC technology [8] developed by ABB company
in the mid of 1980’s gives the fast torque response. The main difference between DTC
and the traditional AC drive control methods is that with DTC there is no separate
voltage and frequency-controlled PWM modulator.

A comparative study on two most popular control strategies for induction motor
drives: Field-Oriented Control (FOC) and DTC have been presented. The comparison is
based on various criteria including basic control characteristics, dynamic performance,
parameter sensitivity, and implementation complexity [9]. Marcel et al [10] investigated
direct and indirect vector control in both voltage and current controlled forms.

The fundamental relationship between the rotating speed of the stator flux linkage
and torque is analysed and the design principle of controller is presented. Fixed switching
frequency and low torque ripple are obtained with Pl control and Space Vector
Modulation (SVM) method [11]. A comprehensive comparison of the two main high
performance induction machine torque control methods, FOC and DTC has been studied.
A summary to the various techniques of torque ripple reduction followed by a proposed
simple method to reduce the torque ripple is presented [12-13]. A DTC-SVM with Pl and
without PI controller direct torque control without hysteresis band has been compared.
The average torque ripple is reduced over 60% with DTC-SVM with PI controller
method compared with classical DTC [14]. DTC do not show good performance at low
speed range with conventional open loop stator flux observer when stator resistance
varied. Therefore, a new nonlinear stator flux observer in order to estimate the stator flux
of induction motor at low speed has been shown with its simulation results. The
simulation is carried out to the proposed controllers produce an excellent performance in
minimizing the torque and stator flux ripples and maintaining a constant switching
frequency [15-16]. The realization of variable voltage and variable frequency with two-
stage controller converters and single stage PWM inverters is introduced. Reducing
harmonics with multiple inverters or with one PWM inverter is discussed. Various
control strategies for variable voltage, variable frequency drives are Volt/Hz, constant
slip speed, and constant air gap flux controls. The limitation and merits of above control

scheme and relevant modeling to evaluate their dynamic performance are developed [17].
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A number of approaches to DTC-SVM are presented which combines ADRC
(Auto Disturbance Rejection Ratio) and DTC-SVM principles within a simple and robust
high performance drive. DTC used in AC-drive locomotive control system, which has
been developed in the recent decade, is a control strategies with high dynamic and steady
performance, and it directly generate the inverter gate control signal by sensing the output
of the stator flux, torque hysteresis comparator and the position information of the stator
flux that cause the variable switching frequency [18-22].

Lascu, Boldea and Blaabjerg [23] introduce a DTC-SVM for induction motor
sensor less drives. It is able to reduce the acoustical noise, the torque, flux, current, and
speed pulsations during steady state. This strategy realizes almost ripple-free operation
for the entire speed range. Consequently, the flux, torque, and speed estimation is
improved.

Direct vector control and indirect vector control are the two different types of
control technique is applied, in which direct vector control method determines the
magnitude and the position of the rotor flux vector by direct flux measurement. The flux
is measured by the sensors like Hall Effect sensor, search coil and this is a part of the
disadvantages. While, indirect vector control method, the motor speed is used as
feedback signal in the controller and controller calculates the reference values of two
decoupled components of stator current space vector in the synchronously rotating
reference frame [24-29].

DTC control scheme for Induction Motor, which features in low torque ripple and
low flux ripple by means of SVM with a simple, constant switching frequency and robust
high performance drive has been presented. If the switching frequency could be fixed, the
precious switching resources will be used fully and the cost of IGBT will be reduced
greatly. DTC is widely used for ac drives and attempts to combine DTC with SVM have
led to new ways [30-32].

A new method for DTC based on load angle control has been shown and use of
simple equations to obtain the control algorithm makes it easy to understand and
implement. Fixed switching frequency and low torque ripple are obtained using space
vector modulation. This control strategy overcomes the most important drawbacks of

classical DTC. Because of development of the power electronics in the branch of



frequency converters, the drives with variable speed with asynchronous motors required
today a great interest. Technique for speed control of the induction motors is the SVM
strategy, which allows the minimizing of the harmonics of current and torque [33-34].

A study has been carried out on duty ratio control scheme for inverter fed
induction machines using the DTC method. An improved steady state torque response
was achieved using the duty ratio control and had shown less torque ripple compared to
the conventional DTC. Fuzzy logic control has been used to implement the duty ratio
during each switching cycle using the torque and flux errors as inputs [35].

An effective space vector pulse width modulation (SVPWM) method for multi-
level inverter fed induction motor is presented. This method is based on SVPWM method
for two-level inverter. As the number of level increasing, the SVPWM method becomes
more and more complex. An intrinsic relationship between multi-level and two-level is
developed and by using a linear transformation, the switching time of vectors for two-
level inverter can be transformed for multi-level inverter. A novel classification of
voltage vectors is proposed to determine switching sequence. This method can be
extended for N-level inverter [36-37].

A modified DTC-SVM for induction motor drives is proposed to minimize the
torque ripple of induction motor in which, the stator flux level is selected in accordance
with the efficiency optimized motor performance. The nonlinear controller has generated
the reference of voltage space vector for a two level three phase SVM-PWM inverter,
which feeds motor. Effects of sampling frequency, motor speed, and switching strategy
on this current error are investigated and their effects on performance of the stator
resistance Pl compensator arc considered. The two different nonlinear observers one is
Model Reference Adaptive System (MRAS) and another is Extended Kalman Filter
(EKF) applied to sensorless DTC of 1M, are discussed and compared to each other. The
rotor speed estimation in DTC technique is affected by parameter variations especially
the stator resistance due to temperature particularly at low speeds. Therefore, it is
necessary to compensate this parameter variation in sensorless induction motor drives
using an online adaptation of the control algorithm by the estimated stator resistance [38-
56].



1.3 OBJECTIVE OF THE WORK

The objective of the present work is to obtain the reduced torque ripples, harmonics
distortion with maintained constant switching frequency. DTC-SVM has been developed
to improve the torque performance and to obtain the voltage space vector required to

compensate the flux and torque errors.

1.4 ORGANIZATION OF THESIS

The work carried out has been summarized in five Chapters.

CHAPTER 1 summarizes the overview of the problem, literature review, objectives of
work and organization of the thesis.

CHAPTER 2 presents the mathematical model of induction motor, its mathematical
model in which voltage and flux equations are referred to synchronous reference frame
and then converted into a stationary reference frame. The three phase equations is
converted into the two phase equations by applying d-q model theory method (also called
Park’s Transformation). The information about the different control techniques of
induction motor drives is presented.

CHAPTER 3 deals the principle of conventional direct torque controlled induction
motor drive, supplied by a voltage source inverter. The simulation results of current,
speed, torque, stator flux linkage are shown for different conditions.

CHAPTER 4 presents the DTC-SVM based induction motor drive. The SVM technique
is discussed in detailed along the control strategy. The DTC-SVM model is simulated in
MATLAB Simulink and the results are shown for different load torque and speed
references.

CHAPTER 5 summarize the main conclusions of the thesis work followed by

suggestions for future work.



CHAPTER 2

MODELLING AND CONTROL TECHNIQUES OF
INDUCTION MOTOR DRIVE

2.1 INTRODUCTION

Induction motors have been used in the past mainly in applications requiring a
constant speed because conventional methods of their speed control have either been
expensive or highly inefficient. Variable speed applications have been dominated by DC
drives. Awvailability of thyristor, power transistors, IGBT (Insulated Gate Bipolar
Transistor) and GTO (Gate Turn Off) have allowed the development of variable speed
induction motor drives. The main drawback of DC motors is the presence of commutator
and brushes, which require frequent maintenance and make them unsuitable for explosive
and dirty environments. On the other hand, induction motors, particularly squirrel cage
are rugged, cheaper, lighter, smaller, more efficient, require lower maintenance and can
operate in dirty and explosive environments. Although variable speed induction motor
drives are generally expensive than dc drives, they are used in a number of applications
such as fans, blowers, cranes, conveyers, traction etc. because of the advantages of

induction motors.

In the three-phase induction motors, stator carries a three-phase balanced
distributed winding. When a three-phase supply completes one full cycle, the magnetic
field of a two-pole motor has rotated through 360° in physical space. The motors with
more pairs of poles require more power supply cycles to complete one physical
revolution of the magnetic field and so these motors run slower. In Table 2.1 both DC
Drives and DTC drives use actual motor parameters to control torque and speed. Thus,
the dynamic performance is fast and easy. Also with DTC, for most applications, no
tachometer or encoder is needed to feed back a speed or position signal. With PWM AC
drives, the controlling variables are frequency and voltage which need to go through
several stages before being applied to the motor. Thus, with PWM drives control is

handled inside the electronic controller and not inside the motor.



Table 2.1 Comparison of control variables

DRIVE CONTROL VARIABLES
DC DRIVES Armature Current, Field Current
AC DRIVES (PWM) Voltage, Frequency
DIRECT TORQUE CONTROL Motor Torque, Motor Magnetizing Flux

2.1.1d-g MODEL THEORY

In an adjustable speed drive, the machine normally constitutes an element within
a feedback loop, and therefore its transient behavior has to be taken into consideration.
Besides, high-performance drives control. Such as vector or field-oriented control, is
based on dynamic d-q modal of the machine. Therefore, to understand vector control
principal, a good understand of d-q modal is mandatory.

Basically, it can be looked on as a transformer with a moving secondary, where
the coupling coefficient between the stator and rotor phase change continuously with the
change of rotor position. The machine modal can be described by differential equation
with time-varying mutual inductance, but such a modal tend to be very complex, note that
a three phase machine can be represented by an equivalent two-phase machine in which
ds-qs correspond to stator direct and quadrature axes, and d,-q, correspond to rotor direct
and quadrature axes. Although it is somewhat simple, the problem of time-varying
parameters still remains. R.H. Park in the 1920s, proposed a new theory of electrical
machine analysis to solve this problem. The problem has been formulated with change of
variable which, in effect, replaced the variable (voltage, current, and flux linkage)
associated with the stator winding of a synchronous machine with variable associated
with fictitious winding rotating with the rotor at synchronous speed. Then essentially,
transformed, or referred the stator variable to a synchronously rotating reference frame
fixed in the rotor. With such a transformation (called park’s transformation), all the time
varying inductances can be eliminated. Later, in the 1930s, H. C. Stanley showed that
time-varying inductances in the voltage equation of an induction machine due to electric

circuit in relative motion can be eliminated by transforming the rotor variable to variable




associated with fictitious stationary winding, in this case, the rotor variable are
transformed to a stationary reference frame fixed on the stator. Later, G. Kron proposed a
transformation of a both stator and rotor variable to a synchronously rotating reference
frame that move with the rotating magnetic field. D.S. Brereton proposed a
transformation of stator variables to a rotating reference frame that is fixed on rotor. In
fact, it was shown later by Krause and Thomas that time-varying inductance can be
eliminated by referring the stator and rotor variables to a common reference frame which
may rotate at any speed (arbitrary reference frame). Without going deep into the rigor of
machine analysis, it will try to develop a dynamic machine model in synchronously
rotating and stationary reference frame.

3

bs

Vbs

VS

0 ;qs ~axis [

\z

VCS
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. P

Fig.2.1 Stationary Frame a-b-c to d*-g° Axes Transformation



2.1.1.1 AXES TRANSFORMATION

Consider a symmetrical three-phase induction machine with stationary as-bs-Cs
axes at 2n/3 angle apart, as shown in Figure 2.1. The main goal is to transform the three-
phase stationary reference frame (as-bs-Cs) variables into two phase stationary reference
frame (d*-g°) variables and then transform these to synchronously rotating reference
frame (d®-g°), and vice versa. Assume that the d°-g° axes are oriented at ‘9’ angle shown
in Figure 2.1. The voltages Vs and V§s can be resolved into as-bs-cs components can be

represented in the matrix form as:

Vas cos0 sinf 1][Vgs
Vps| = |cos(0 —120°) sin(0 —120%) 1] [vs, (2.1)
Ves cos(0 4+ 120°) sin(6+ 120%) 1] [vs,

The corresponding inverse relation is:

Vas , |cos  cos(6 - 120°%) cos(0 + 120°) | [Vas
Vis| =3 [sin® sin(6—120°) sin(0 + 120°) || Vbs (2.2)
Vos 0.5 0.5 0.5 cs

Where, V5, is added as the zero sequence component, which may or may not be present.
The voltage has been considered as the variable. The current and flux linkage can be
transformed by similar equations. It is convenient to set O = 0, so that the g®-axis is
aligned with the as-axis. Ignoring the zero sequence components, the transformation
relations can be simplified with the help of equations (2.1) and (2.2) by assuming 8 =0 in

these respective equations as:

Vs = Vg (2.3)
1 V3

Vs =5 Vas -5 Vs (24
1 V3

Ves =- 2 Vcis + o Vgs (2-5)

10



and inverse equations are expressed as:

2 1 1
VSS = 3 Vas T3 Vbs T3 Vcs = Vas (26)
1 1
Vds - ﬁ Vbs + ﬁ Ves (2-7)

2.1.2 MATHEMATICAL MODEL OF INDUCTION MOTOR

An induction motor is modeled using voltage and flux equations which are
referred to synchronous reference frame, denoted by the superscript "e".
Stator Voltage Equation:

VE = Ry i€ + jwe AS + pAg (2.8)
Rotor Voltage Equation:

0=Rpif +j(o, - o) At +pAs (2.9)
Stator Flux Equation:

Ae = Lg i + L, i€ (2.10)
Rotor Flux Equation:

A =L, i+ L, i¢ (2.11)
Mechanical Equation:

Te-T, =Jm P o + By, ©F (2.12)

Te =20 (Mg iSq - XS iS4) (2.13)

By referring to a stationary reference frame, denoted by the superscript "s", with
d-axis attached on the stator winding of phase "A", the mathematical equations of
induction motor can be rewritten as follows.

Stator Voltage Equation:

VS =R i +pas (2.14)
Rotor Voltage Equation:

0=R,iS-jo, A +pAS (2.15)
Stator Flux Equation:

A =Lgi + Ly, iS (2.16)

11



Rotor Flux Equation:

A =L, iS+ Ly, iS (2.17)

Mechanical Equation:
3P Lp . .

Te =~ . (Asq ifq - Asq ifq ) (2.18)

Te - TL = ]m port Bm Or (2-19)
Where, o = total leakage factor,

Lin
o=1-7m (2.20)

All of the above equations explain, the modeling of induction motor in synchronous

reference frame and stationary reference frame.

2.2 DIFFERENT CONTROL TECHNIQUES OF INDUCTION
MOTOR (IM) DRIVES

There are mainly three main control techniques of induction motor drive:
1) Scalar Control Technique (V/f Control).
2) Vector Control Technique or Field Oriented (FO) Technique.
3) Direct Torque Control (DTC) Technique.

2.2.1 SCALAR CONTROL TECHNIQUE

Scalar Control (V/f Control) is one common speed control technique for variable
frequency drives (VFDs, frequency changers, frequency inverters) in the industry. In this
type of control, the motor is fed with variable frequency signals generated by the Pulse
Width Modulation (PWM) control from an inverter. Here, the V/f ratio is maintained
constant in order to get constant torque over the entire operating range. Since only
magnitudes of the input variables (frequency and voltage) are controlled, this is known as
"scalar control". Generally, the drives with such a control are without any feedback
devices (open-loop control). Hence, a control of this type offers low cost and is an easy to

implement solution.

12



In such controls, very little knowledge of the motor is required for frequency
control. So, scalar control is widely used. A disadvantage of scalar control is that the
torque developed is load dependent, as it is not controlled directly. Also, the transient
response of such a control is not fast due to the predefined switching pattern of the
inverter. However, if there is a continuous block to the rotor rotation, it will lead to
heating of the motor regardless of implementation of the over-current control loop. By
adding a speed/position sensor, the problem relating to the blocked rotor and the load
dependent speed can be overcome. However, this will add to the system cost, size and

complexity.

2.22 VECTOR CONTROL TECHNIQUE OR FIELD ORIENTED (FO)
TECHNIQUE

The Field Oriented Control (FOC) is by far the most widely accepted method of
control in high performance ac drive domains. While FOC represents a single, unified
control concept, the application strategies, complexity of implementation and drive
responses vary with different drive motors. The principle behind the field oriented control
or the vector control is that the machine flux and torque are controlled independently, in a
similar fashion to a separately excited DC machine. The vector control technique
decouples the two components of stator current space vector: one providing the control of

flux and the other providing the control of torque.

An induction motor is said to be in vector control mode, if the decoupled
components of the stator current space vector and the reference decoupled components
defined by the vector controller in the synchronously rotating frame match each other
respectively. FOC technique operates the induction motor like a separately excitedly DC
motor and vector control further classified into direct vector control and indirect vector

control.
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2.2.3 DIRECT TORQUE CONTROL (DTC) TECHNIQUE

In addition to vector control systems, instantaneous torque control yielding very
fast torque response can be obtained by employing DTC. Drives with direct torque
control DTC are finding great interest, since in the mid of 1980’s, ‘ABB’ introduced the
first industrial direct-torque-controlled induction motor drive. In a DTC drive, flux
linkage and electromagnetic torque are controlled directly and independently by the
selection of optimum inverter switching modes. The selection is made to restrict the flux
linkage and electromagnetic torque errors within the respective flux and torque hysteresis
bands, to obtain fast torque response, low inverter switching frequency and low harmonic
losses. The required optimal switching voltage vectors can be selected by using a so
called optimum switching voltage vector look-up table. This can be obtained by simple
physical considerations involving the position of the stator flux linkage space vector, the
available switching vectors and the required torque and flux linkage.

2.3 CONCLUDING REMARKS

Induction motor is the best choice for loads requiring low starting torques and
substantially constant speeds because of its ruggedness, simplicity, low cost and reduced
maintenance charges. In the modelling of the induction motor, the three phase stator
equations are then converted into two phase equations in stationary reference frame by d-
g model theory. There are three different control techniques of induction motor drives
namely Scalar Control technique, Vector Control technique and DTC, among all of three
techniques, DTC technique gives fast torque response as well as better control over
torque and flux, also it doesn’t require any coordinate transformation between stationary

frame and synchronous frame in comparison with conventional vector controlled drives.
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CHAPTER 3
CONVENTIONAL DIRECT TORQUE CONTROL (DTC)

3.1 INTRODUCTION

Using Direct Torque Control (DTC) or Direct Self Control (DSC), it is possible to
obtain a good dynamic control of the torque without any mechanical transducer on the
machine shaft. Thus DTC and DSC can be considered as "sensor less type" control
techniques. The DSC is preferable in the high power range applications where a lower
inverter switching frequency can justify higher current distortion. The basic concept of
direct torque control induction motor drives is to control both stator flux and
electromagnetic torque of the machine independently. The DTC based drives do not
require the coordinate transformation between stationary frame and synchronous frame in
comparison with the conventional vector controlled drives. The name DTC is derived by
the fact that on the basis of the error between the reference and the estimated values of
the torque and flux, it is possible to directly control the inverter states in order to reduce
the torque and flux error within limits. DTC uses an induction motor model to predict the
voltage required to achieve a desired output torque. By using only current and voltage
measurements, it is possible to estimate the instantaneous stator flux and output torque.
An induction motor model is then used to predict the voltage requirement to drive flux
and torque to the demanded value with in a fixed time period.

Voltage source inverter fed induction motors are increasingly being used in general
applications by varying the input voltage to the motor with frequency on open loop, is
one of the popular methods of speed control. In this method V/f is held constant. In
steady state operation, the machine air gap flux is approximately related to V/f. As the
frequency approaches zero near zero speed, the magnitude of the stator voltage also tends
to zero and this low voltage is absorbed by the stator resistance. Therefore, at low speed
of operation the stator resistance drop is compensated by injecting an auxiliary voltage so
that rated air gap flux and full load torque becomes available up to almost zero speed. At

steady state operation, if the load torque is increased, the slip will increase within the
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stability limit and a balance will be maintained between the developed torque and the
load torque. However, if the voltage to the inverter fluctuates, the air gap flux will vary.
Furthermore, increase in the stator resistance due to temperature results in the variation of
air gap flux. Hence, the air gap flux may drift and as a result the torque sensitivity with
slip frequency (or stator current) will vary. If the V/f ratio is not maintained, the flux may
weak (or saturate) and in the constant V/f control scheme if the air gap flux decreases,
slip frequency (w=s) will increase for the same torque demand, resulting into detoriation
of machine response. Hence, a control scheme with independent control of torque and
flux loop is desirable. DTC is one such scheme of speed control. Conventional AC drives
are not capable to provide a fast and smooth variation in speed, required for servo drive
applications in small scale packaging industry etc.

The idea of torque control in DTC or DSC scheme is to increase the torque angle
(angle between stator flux and rotor flux) in case torque output needs to be increased. But
the stator linked flux is kept intact at the desired magnitude. The change in the torque
angle is performed by acceleration or deceleration of the angular speed of the stator
linked flux vector, by application of the suitable voltage vector using voltage source
inverter. The flux linking to rotor changes simultaneously with the change in stator flux.
But a time lag appears between the changing rotor flux and change in the rotor current,
due to rotor circuit time constant. Thus the rotor flux, which is proportional to the rotor

current, does not change as fast as the stator flux.
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Fig.3.1 Conventional DTC Drive Configuration

Thus the torque angle can be increased or decreased with acceleration and
deceleration of the rotating stator linked flux vector and control is achieved over the
developed torque by the motor. In the Figure 3.1, Configuration of Conventional DTC
drive is shown, in which the comparison between the reference and the actual value is
taken and the errors are processed through hysteresis band controllers. The flux loop
controller has two levels of digital output and the torque control loop has three levels of
digital output. The feedback flux and torque are calculated from the induction machine
terminal voltages and currents. The three phase terminals quantities are converted into
two phase stationary d-g components, which are used for estimating motor torque and
stator linked flux. Based on the resultant flux position and the errors in flux magnitude
and in torque, a three-dimensional look up table is referred to decide the inverter
switching. The ‘Stator Flux and Torque Estimator’ block shown in Figure 3.1 gives the
sector number Sk (in which the flux vector A lies) which is fed to the “Voltage Vector
Selector’ block.
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3.1.1 MAIN FEATURES OF DTC TECHNOLOGY

» Direct Control of flux and torque.

> Indirect control of stator currents and voltages.
» Stator fluxes are approximately sinusoidal.

» Reduced torque oscillations.

» Fast dynamic performances.

3.1.2 ADVANTAGES OF DTC
» Only the sector where the flux linkage space vector is located has to be
determined.

» Minimize torque response time.
3.1.3 DISADVANTAGES OF DTC
> Inherent torque and stator flux ripple.

» Requirement of torque and flux estimators, implying the consequent parameters

identification.

3.2 DTC PRINCIPLE

The electromagnetic torque in the three phase induction machine can be expressed as:
3 — x—)

T.=p (X %) (3.1)

Where, 7\_2): Stator Flux Linkage Space Vector, 1__;: Stator Current Space Vector

Both fixed to the stationary reference frame fixed to the stator and ‘P’ is the number of
pairs of poles.

?\_2) can be expressed as, 7\_5 = |AS] eJPs.

Where, ps is the angle of the stator flux linkage space vector with respect to the d-axis of

the stator reference frame shown in Figure 3.2

And, 15 can be expressed as, 15 = [i§]| e/®s
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Fig.3.2 Stator Flux-Linkage and Stator Current Space Vectors

Equation (3.1) can be expressed as follows:
Te == p A1 15[ sin(ds — ps) (3.2)
ps is the stator flux angle and ¢s is the stator current in the stationary frame. It can be
shown by using the voltage equations of the induction machine that, for a given value of
the rotor speed, if the stator flux linkage space vector is kept constant and the angle ps is
changed, then the electromagnetic torque can be rapidly changed.
3.2.1 MATHEMATICAL PRESENTATION

In stationary reference frame, the rotor current space vector can be expressed in
terms of the stator flux linkage space vector and is given by:

< (8- )

15 = - (3.3
By using equations:

N=L 8§ +Ly 13 (3.4)
and equation (3.3) the rotor flux linkage space vector can be expressed as:

N=m (8 - L) (35)

19



Now, by substituting above two equations in rotor voltage equation expressed in

—

i . 2. d 33 .
stationary reference frame(l.e. 0= R,i+ m A= jop AL ) we can express the rotor

voltage equation in terms of E and 7\_)2

This can be used to express the stator current space vector in terms of the stator
flux linkage space vector. This expression for the stator current space vector is then
substituted in equation 3.1 and from that we can see that the electromagnetic torque
depends upon stator flux linkage space vector and the angle of the stator flux linkage
space vector with respect to the direct axis of the stator reference frame, ps .Thus by
forcing the largest dps/dt under the condition of constant stator flux linkage, the fastest
electromagnetic torque response time is obtained. In other words, if such stator voltages
are imposed on the motor, which keep the stator flux constant (at the demanded value),
but which quickly rotate the stator flux-linkage space vector into the position required (by
the torque demand), then fast torque control is performed.

So, the electromagnetic torque can be quickly changed by controlling the stator
flux linkage space vector, which however can be changed by using appropriate stator
voltages generated by the inverter which supplies the induction motor. It can be seen that
direct stator flux and electromagnetic torque control is achieved by using the appropriate

stator voltages. This type of control is usually referred to as direct torque control.

3.3 LOOK UP TABLE SELECTION
The required stator flux is maintained by means of choosing the most suitable VSI
state. If the ohmic drop is neglected, then the stator voltage impresses directly the stator
flux in accordance with the equation given as:
A =Voor Ay =V At (3.6)
Decoupled control of the stator flux and torque is achieved by using radial and
tangential components of the stator flux linkage space vector in its locus. These two
components are directly proportional to the components of the same voltage space vector
in the same directions. Figure 3.3 shows the possible dynamic locus of the stator flux, and

its variation depending on the chosen VSI states. The possible global locus is divided into

six different sectors shown by the discontinuous line. From Figure 3.3, the general table
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can be framed. It can be seen from the Table 3.1 that the states Vi and V.3, are not

considered in the torque because they can both increase (initial 30° degrees) or decrease

(next 30° degrees) the torque at the same sector depending on the stator flux position.

V3

(010)

V2 (110)

Ve EL T

V4 (011) V5 (FD, TD) Vs (FI, TD)
Vs (001)

Ve (101)

Fig.3.3 Stator Flux Vector Locus and Different Possible Switching Voltage Vectors.

FD: Flux Decreases, FI: Flux Increases TD: Torque decreases, TI: Torque Increases.

Table 3.1: General Selection Table of DTC for k™ the Sector Number.

Voltage Vector Increase Decrease
Stator Flux Vi Vi1, Vika Vi Vk2, Viss
Torque Vi1, V2 Vi1, V2
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Finally, The DTC classical table is as follows:
Table 3.2: Switching Vector Selection Table

A T S1 S; S3 Sy Ss Se
Tl V> V3 V4 Vs Vs Vi
FI TE Vo V7 Vo V7 Vo V7
TD Ve \1 V, V3 \Z Vs
TI V3 V4 Vs Vs Vi Vo
FD TE V7 Vo V7 Vo V7 Vo
TD Vs Ve Vi V> V3 \

FD/FI: Flux decreases/Increases.

TDI/TE/TI: Torque decreases/equal/lncreases.
Where,

Sk: Stator flux sector.

A: Stator flux modulus error after the hysteresis block.

T: Torque error after hysteresis block.

The sectors of the stator flux space vector are denoted from S; to Se. Stator flux error
after the hysteresis block can take three values. The zero voltage vectors Vo and V7 are
selected when the torque error is within the given hysteresis limits, and must remain

unchanged.

3.4 CONVENTIONAL DTC STRATEGY

As it can be seen, in the given Figure 3.4 there are two different loops, one for
stator flux and other for torque. The reference values for the stator flux and the torque are
compared with the corresponding actual values, and error is fed into the two level and
three level hysteresis blocks respectively. The output of the hysteresis block, together

with the position of the stator flux (divided into six different sectors) are fed into the
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selection table/lookup table which gives appropriate switching vector to the inverter. In
accordance with Figure 3.3, the stator flux modulus and torque errors tend to be restricted
within its respective hysteresis bands.

Flux Ref. A4
Lal Ll
—» - -1
Total Hysteresis ____) e VSI \@
Band Width of —_ (Voltage
. .
Flux Controller V’ Selection Table —» Source Induction
1 Inverter) Motor
et AT
Torque Ref. /0 >
> - 1 —»
Sector
Number
Stator Flux and Torque <
g Estimator

hl

Fig.3.4 Direct Torque Control Schematic

The DTC requires the flux and torque estimations, which can be obtained as it is
shown proposed in Figure 3.4, by using of two different phase currents, state of the
inverter and mechanical speed or shaft position. However, flux and torque estimations
can be performed using other parameters such as two stator currents and the mechanical
speed, or two stator currents again and the shaft position. The DTC control scheme of the
stator flux based DTC induction motor drive with VSI is shown in Figure 3.3. The
scheme is composed of flux comparator, torque comparator, inverter optimum switching
table, electromagnetic torque and stator flux linkage estimator and voltage source

inverter.
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3.4.1 FLUX AND TORQUE COMPARATORS

In Figure 3.4, the reference value of the stator flux linkage space vector is
compared with the actual value of stator flux linkage space vector and the error is fed into
the two level stator flux hysteresis comparator. Similarly, the reference value of the
electromagnetic torque is compared with the actual value of electromagnetic torque and
the torque error is fed into the three level torque hysteresis comparator
3.4.2VOLTAGE SOURCE INVERTER

The VSI is a six-pulse self commutated inverter. The VSI is getting control pulses
from the inverter optimal switching table. The stator flux-linkage space vector is:
As = [ (Vs — Rgig) dt (3.7)

From equation (3.7), if the stator ohmic drop is neglected, then equation (3.7) can be

modified as:
dAs _
T Vs (3.8)

From the equation (3.8) we get Ak = V,At. So in a short, At time, when the voltage
vector is applied, AL = V;At that means the stator flux linkages move by AA, in the
direction of stator voltage space vector at a speed which is proportional to the magnitude
of the stator voltage space vector which is proportional to the DC voltage. By considering
the six-pulse VSI shown in Figure 3.5, there are six non zero active voltage switching
space vectors (V1,Va...... V) and two zero space vectors (Vo and V7). These are shown in

Figure 3.6. The six active inverter switching vectors can be expressed as:
Vo= V=2 Vp &5 k=120 6 (3.9)

Where, Vp is the DC link voltage. For k = 7,8, Vi, = 0 holds for the two zero switching

states where the stator windings are short circuited, V; =V, =0
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Fig.3.5 Six Pulse Voltage Source Inverter
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Fig.3.6 Space Vector Diagram
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3.4.3 STATOR FLUX-LINKAGE SPACE VECTOR CONTROL

From the equation 3.6, the stator flux linkage space vector will change position
move fast if non-zero switching vector are applied; and for a zero vector, it will not
change (it will move very slowly due to the small ohmic voltage drop). In the DTC drive,
at every sampling period, the switching vector is selected such that the stator flux-linkage
error and torque errors should be confined within the respective hysteresis band. The
drive may lose the control, if the width of the hysteresis bands is too small value. It is
assumed that the total hysteresis band width of flux controller is 2AA,. If the selected
switching vector is zero, then the speed of the stator flux-linkage space vector is zero,
which can be change by changing the output ratio between the zero and non-zero voltage
vectors and the duration of the zero states has a direct effect on the electromagnetic
torque oscillation. If a reduced stator flux linkage space vector is required, it can be
achieved by applying switching voltage vector, which is shown in Figure 3.7. The stator
flux linkage space vector A, within the hysteresis band, whose total band width is 2A), as
shown in Figure 3.7. The locus of the flux linkage space vector is divided in to several
sectors, and due to the six step inverter, the minimum number of sectors required is six.
The sectors are also shown in Figure 3.7 as dotted line. There are eight switching vectors
to keep the modulus of the stator flux linkage space vector A, within the hysteresis band.
It is assumed that initially the stator flux linkage space vector is at position Py, thus in
sector 1. Assuming that the stator flux linkage space vector is rotating in anticlockwise,
from Figure 3.7, by observing the stator flux linkage space vector at position Py, it is at
the upper limit [A, | + AA, SO it must be reduced. This can be achieved by applying the
suitable switching vector V3, as shown in Figure 3.7. Thus, the stator flux linkage space
vector will move rapidly from position Poto P; which is sector 2. At point P, the stator
flux linkage space vector is again at its upper limit, it has to be reduced when it is rotated
in anticlockwise, hence for this purpose the switching vector V4 has to be selected, and

then A, moves from point P, to point P, as shown in Figure 3.7.
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Fig.3.7 Stator Flux linkage Space Vector Locus

On the other hand, if the stator flux-linkage space vector moves in the clockwise
direction from point Py, then switching vector Vs would have to be selected, since this
would ensure the required rotation and also the required flux decreases. On the other
hand, if at point P; the rotation of the stator flux-linkage space vector has to be stopped,
then a zero switching vector would have to be applied.

If an increase of the torque is required, then the torque is controlled by applying
voltage vectors that advance the flux linkage space vector in the direction of rotation and
if a decrease is required, voltage vectors are applied which oppose the direction of the
torque and if zero torque is required then zero switching vector is applied which
minimizes the inverter switching. It follows that the angle of the stator voltage space
vector is indirectly controlled through the flux vector and torque, and increasing torque

causes an increased torque angle.
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3.4.4 OPTIMAL SWITCHING TABLE OF INVERTER

The outputs of the two comparators (AA , ATe) are used in the inverter optimal
switching table (look-up-table), which also uses the information on the position of the
stator flux-linkage space vector. The Table 3.2 is known as optimum switching vector
selection table. This gives the optimum selection of the switching vectors for all the
possible stator flux-linkage vector positions.
The digital output signal of a two level flux hysteresis comparator is
Av=1 if |\ | < (AJ] — Aky), Stator flux to be increased.

AL=0 if|A | = (JA] — A ), Stator flux to be decreased.

The digital output signals of a three level flux hysteresis comparator are:

When the stator flux-linkage space vector rotates in the forward direction (anticlockwise
direction)

dTe=1 if |T.| < (|T:| — |AT.| ), Torque to be increased.

dTe=0 if |T.| = |T:|, No change in torque is required.

For the stator flux-linkage space vector rotates in the forward direction (clockwise
direction)
dTe=-1 if |T.| < (|T:| + |AT.|), Torque to be decreased.

dT.=0 if |[T.| < |T:|, No change in torque required.

3.45ESTIMATION OF STATOR FLUX LINKAGE SPACE VECTOR POSITION
The position of the stator flux linkage space vector (stator flux angle ps) can be

determined by using the estimated values of the direct and quadrature axis stator flux-

linkages in the stationary reference frame (ksd, qu), thus the stator flux angle ps is:

p, = tan”! (122) (3.10)

sd
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3.4.6 ESTIMATION OF ELECTROMAGNETIC TORQUE AND STATOR FLUX

LINKAGE
The stator flux linkage space vector is:
s = [ (Vsq — Ryigq) dt (3.11)

Where, A; = Agq + Jhgq » Vs = Vi + JVsq and ig = igq + jigq

ksd = f( Vsd - Rsisd) dt (3-12)
hsg = J (Vig — Ryigq) dt (3.13)

Where, Asg, Vsa, Isd and Asg, Vg, Isq are the d-axis and g-axis quantities of stator flux
linkage space vector, stator voltage space vector and stator current space vector
component respectively.

The electromagnetic torque is given by:

3 . .
T, =3P (Asalsg — Msglsa) (3.14)
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3.5 SIMULATION MODEL OF CONVENTIONAL DTC
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Fig.3.8(a) Simulation Model of Conventional DTC Induction Motor Drive
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In order to show the effectiveness of the control scheme, a simulation has been carried
out for an induction motor. The control scheme is simulated with Matlab/Simulink, which

is a tool for simulation. It has been considered:

i) The speed reference prescribed to (800; 1000) rpm att = (0; 1.5) s,

i) The load torque prescribed to (0; 12) Nm at t= (0;1.5) s with step variation.
The time variations of the main electrical and mechanical variables, specific to the
presented drive (the stator current is, the rotor speed N and the electromagnetic torque

Te) is obtained and it represent in Figure 3.9.

3.5.1 RESULTS AND DISCUSSION

Fig.3.9(a) Rotor Speed (rpm) v/s Time (second)
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Fig.3.9(b) Electromagnetic Torque (Nm) v/s Time (second)

Fig.3.9(c) Stator Flux Linkage v/s Time (second)
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Stator Curent

Fig.3.9(d) Stator Current (ampere) v/s Time (second)

Fig.3.9(e) Stator Current (ampere) v/s Time (second)
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Fig.3.9(f) Direct and Quadrature Axis Flux Linkage v/s Time (second)

Fig.3.9(g) Angle of Flux linkage v/s Time (second)
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Fig.3.9(h) Torque Ripples in Conventional DTC

Figure 3.9(a) and 3.9(b) shows the speed torque responses of the induction motor at
different conditions i.e. the speed command 800 rpm is given for 0 to 1.5 seconds and the
load torque is changed at 1.5 second from 0 to 12 Nm. But the speed command is
changed at 1.5 second from 800 rpm to 1000 rpm. Also, at 1.5 second from the Figure
3.9(b) it can see that if the speed command is changed suddenly then the induction motor
produces a large electromagnetic torque, which is undesirable. From Figure 3.9(h), it can

see that the torque ripple in case of conventional DTC is (£ 5) Nm.

37



3.6 CONCLUDING REMARKS

Conventional Direct torque control gives a fast torque response and better
control over torque and flux. However the main drawback of this method comes from the
fact that a voltage vector is applied continuously over a sample time. As a result, if the
Torque error is small the torque developed after one cycle may not only reach the desired
level but also overshoot. This leads to ripples in the torque developed and deteriorating
performance. A simple way to reduce these ripples is to reduce the cycle time so that the
motor state is sampled at a faster rate and torque overshooting its reference value is
avoided. But this results in increased switching frequency and switching losses and

expensive processing hardware.
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CHAPTER 4

DIRECT TORQUE CONTROL OF INDUCTION MOTOR
USING SPACE VECTOR MODULATION (SVM)

4.1 INTRODUCTION

Space vector modulation (SVM) is an algorithm for the control of pulse width
modulation (PWM). It is an effective method of generating AC voltages to drive three
phase AC motors at varying speed. There are various approaches of SVM that result in
different output and computational requirements. One area of development is in the
reduction of Total Harmonic Distortion (THD) due to the rapid switching. This algorithm
of DTC is used for overcoming the drawbacks of classical DTC by voltage modulation
application replacing look-up table of the voltage vector selection. The voltage
modulation is based on SVM with constant switching frequency.

The SVM strategy is based on space vector representation of the converter AC
side voltage. Contrary to conventional Pulse Width Modulation (PWM) method, in the
SVM method there is no separate modulators for each phase. Alternatively, SVM method
is incorporated with direct torque control DTC-SVM for induction motor drives to
provide a constant inverter switching frequency.

The basis of the DTC-SVM strategy is the calculation of the required voltage
space vector, to compensate the flux and torque errors. The main disadvantages of
conventional DTC are high torque ripple and slow transient response to the step changes
in torque during start-up. Several techniques have been developed to improve the torque
performance. One of them is to reduce the ripples using SVM technique. The torque
ripple for this DTC-SVM is significantly reduced and switching frequency is maintained
constant. SVM is based on the switching between two adjacent boundaries of active
vectors and a zero space vector. SVM is one of the preferred real-time modulation

techniques and is widely used for digital control of voltage source inverters.
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4.2 SWITCHING STATES OF TWO LEVEL INVERTER

A three phase inverter as shown in Figure 4.1 must be controlled so that both
switches in the same leg should not be turned ON otherwise at the same time the DC
supply would be shorted. This requirement may be met by the complementary operation
of the switches within a leg i.e. if Ty is on then T, is off and vice versa. Also, we see in
the Table 4.1, switching state ‘1’ denotes that the upper switch in an inverter leg is ON
and the inverter terminal voltage (Van, Ven and Vcn) is positive (+Vp) while 0’
indicates that the inverter terminal voltage is zero due to the conduction of the lower
switch. This leads to eight possible switching vectors for the inverter, V, through V7 with
six active switching vectors and two zero vectors. The terminal voltage of ‘A’ with
respect to negative of the DC supply is considered, and V an is determined by a set of the
switches in each leg, consisting of T; and T4as shown in Table 4.1. When the switching
devices T1 and T, and their anti-parallel diodes are off, which are not shown in diagram,
Van is indeterminate. Such a situation is not encountered in practice and, hence, has not
been considered. The switching for the sets of ‘B’ and ‘C’ leg of the two level inverter as
shown in Figure 4.1 can be similarly derived.

Vag = Van — VN

Vec = Ven — Ven (4.1)
Vea = Ven — Van

And machine phase voltages for a balanced system are:

I{ Vay = (VAB; Vca)

QVBN = w (4.2)
kVCN _ (VCA; Vgc)

With the help of above set of equations, g-axis and d-axis voltages are given by:

Vqs = Van (4.3)
1 1
Vas = NG (Ven — Vn) = NG Ves (4.4)
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The inverter create distinct discrete set of the stator-voltage consisting of the resultant of

Vgs and V.
T1 T3 Ts
¥ ¥ ¥ Vag
A
+
() B VCA
) A
A Ta Te ¢ Vv
¥ ¥ T e
Fig.4.1 Two Level Inverter
Table 4.1 Definition of Switching States
Switching Leg A Leg B Leg C
State T1 T, Van T; Te Ven | Ts T Ven
1 On Off Vb On Off Vp | On Off Vp
0 Off On 0 Off On 0 | Off On 0
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Table 4.2 Space Vectors, Switching States and On State Switches

Vector T Ts Ts Ty Ts T, Vas | Vec | Vea
Vo={000} | OFF |OFF |OFF |[ON |ON |ON |0 0 0 Zero
Vector
V1={100} | ON OFF | OFF |OFF |ON ON Vb 0 Vb Active
Vector
V,={110} | ON ON OFF | OFF |OFF |ON 0 Vb Vb Active
Vector
V3={010} | OFF | ON OFF | ON OFF |ON Vb Vb 0 Active
Vector
V,={011} | OFF | ON ON ON OFF |OFF |Vp 0 Vb Active
Vector
Vs={001} | OFF | OFF | ON ON ON OFF |0 Vb Vb Active
Vector
Ve={101} |ON |OFF |ON |OFF |[ON |OFF |Vp |Vp 0 Active
Vector
V;={111} |[ON |ON |ON |OFF |OFF |OFF |0 0 0 Zero
Vector

4.3 SVM WITH TWO LEVEL INVERTER

To implement space vector modulation a reference signal V" is sampled with a
sampling time Ts (Ts = 1/f;). The single reference signal may be generated from three
separate phase references using the g-d transform ie. with the help of Park’s
Transformation. The reference vector is then synthesized using a combination of the two
adjacent active switching vectors and one or both of the zero vectors. Various strategies
of selecting the order of the vectors and which zero vectors to use exist. Strategy
selection will affect the harmonic content and the switching losses. This modulation
strategy is particularly designed to work with voltage commands expressed in terms of g-

d variables. A three phase two level converters provides eight possible switching states
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made up six active and two zero switching states. SVM switching rules of Vs should be a
circle, only one switching per state transition. The final state of one sample must be the
initial state of the next sample, this rules help in limiting the number of switching actions

and there is a reduction in the switching losses.

[ -axis
4

V3 (010)
|

V2 (110)

V4 (011)

V5 (001) Ve (101)
Fig.4.2 Space Vector Diagram For Two Level Inverter.

Space vector modulation strategy is particularly designed to work with voltage
commands expressed in terms of g-d variables. In particular, in this strategy, voltage
commands expressed in a stationary reference frame are sampled at the beginning of each
switching cycle, and then the inverter semiconductors are switched in such a way that the
fast average of the actual g-axis and d-axis voltages in the stationary reference frame are
obtained over the ensuing switching period. Let the operation of the inverter is three-

phase balanced, we have:

Va0 (t) + Vgo (t) +Vco (t) =0 (45)
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Where, Vao, Vo, and V¢ are the instantaneous phase voltages. From mathematical
point of view, one of the phase voltages is redundant since for given any two phase
voltages, the third one can be readily calculated for balanced system. Therefore, it is
possible to transform the three-phase variables to equivalent two-phase variables:

1 =1 —1[Vao®

V(x 2 2 2
-2 Vao () (4.6)
bl =), -5 2 |veow
V(1) = Vo () +) Vg () (4.7)

[V*| = ’Vocz + VBZ and ® = tan_1¥

Put the value of Equation (4.6) into Equation (4.7), we have:

. 21 4an
V(t) zg [VAO (t)elo + VBO (t) es + Vco(t)e?] (48)
The space vector for all six active vectors can be derived by the following expression:

Vi = Vp elk=Dn/3 k=1 2. .. 6 (4.9)

The zero vector Vo has two switching states [111] and [000], seems to be
redundant. The relationship between the space vectors and their corresponding switching
states is given in Table 4.2. The zero and active vectors do not move in space, and thus
they are referred to as stationary vectors. On the contrary, the reference vector V" in
Figure 4.2 rotates in space at an angular velocity
w=2nf; (4.10)
Where, f; is the fundamental frequency of the inverter output voltage. The angular

displacement between V and the a-axis of the a-8 plane can be obtained as:
8(t) = [, o(D)dt + 6(0) (4.11)

For a given magnitude and position, VV'can be synthesized by three nearby stationary
vectors, based on which the switching states of the inverter can be selected and gate
signals for the active switches can be generated. When V" passes through sectors one by

one, different sets of switches will be turned ON or OFF. As a result, when V rotates one
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revolution in space, the inverter output voltage varies one cycle. The inverter output
frequency corresponds to the rotating speed of V°, while its output voltage can be
adjusted by the magnitude of V.

4.4 SPACE VECTOR DWELL TIME CALCULATIONS

The basis of the DTC-SVM strategy is the calculation of the required voltage
space vector, required to compensate the flux and torque errors at each sample period. As
mentioned earlier, the reference space vector (V) can be synthesized by three stationary
vectors. The dwell time for the stationary vectors essentially represents the duty-cycle
time (ON-state or OFF-state time) of the chosen switches during a sampling period (Ts)
of the modulation scheme. The term duty cycle describes the proportion of ON time to
the regular interval or 'period’ of time; a low duty cycle corresponds to low power. Duty
cycle is expressed in percent. The dwell time calculation is based on “volt-second”
balancing principle, that is, the product of the reference voltage V" and sampling period
T, equals the sum of the voltage multiplied by the time interval of chosen space vectors.

Assuming that the sampling period Ts is sufficiently small, the reference vector
(V) can be considered constant during Ts. Under this assumption, V" can be
approximated by two adjacent active vectors and one zero vector. For example, when V"

falls into sector 1 as shown in Figure 4.3, it can be synthesized by Vi, V>, and Vo.

V2

(t'/t2) V2 Sector-1

Vo (t'i/t2) Va Vi

Fig.4.3 Reference Vector (V") Synthesized By V1, V- and V.
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Table 4.3 Values of Space Vector

Space Vector Vector Definition
Vo Vo =0
Vi Vi =2 Vpel
V; Vs :§ VDefg
2T
Vs V=2 Vpels
3T
Va V=2 vpels
AT
Vs Vs=2Vpels
5T
Vs Vo =2 Vpels
V7 V7 =0

In the above Table 4.3 we get the values of space vector according to the Table 4.2
The volt-second balancing equation is given by:
VT, = Vit] + V,th + Vot), (4.12)

Te=t; +ty+tg

Where, t7, t; and t; are the dwell times for the vectors V1, V, and Vo, respectively.
The space vectors in Equation 4.12 can be expressed as if sector 1 is selected
V1 = 2/3Vp, Vo = 2/3Vpe ™ and V= 0 (4.13)

Generally, we write V" can be written as:
V=V el® (4.14)

The values of voltage space vector for different sectors are given in Table 4.3.
Substituting Equations 4.13 and Equation 4.14 into Equation 4.12 and then splitting the
resultant equation into the real (a-axis) and imaginary (f-axis) components in the o—f3

plane, we have
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Real Axis-

V" (cos 6) T, = 2/3Vpt] + 1/3Vpt) (4.15)
Imaginary Axis-

_— 1 /
V (sin @) Ts= \/_§VD t, (4.16)

By solving Equation 4.15 and Equation 4.16 with Ts=t; + t; + t; gives

r= Br visin (B =

t= - TsV'sin ) (4.17)
t = V—fTs Visin(@)  for 0<6<? (4.18)
to=Ts-t] - 15 (4.19)

Although Equation 4.17, Equation 4.18 and Equation 4.19 are derived when V" is in
sector 1, it can also be used when V" is in other sectors provided that a multiple of 7/3 is
subtracted from the actual angular displacement 6 such that the modified angle 6 falls

into the range between zero and n/3 for use in the equation, that is,

e':e-(k—l)g for 0 < e<§ (4.20)
Where k=1, 2... 6 for sectors 1, 2. . . 3, respectively.
Table 4.4 Position of V" Location and Dwell Times
V™ location 8=0 Tl g=" T T g="
0<06 < — -< 0 <=
6 6 6 3 3
Dwell Times t;]>0 t] >t t1 =t t1<t) t1=0
t,=0 t5>0
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4.5 MODULATION INDEX

When describing the space-vector modulator algorithm, the g-axis and d-axis
modulation indexes are defined as the g-axis and d-axis voltages in the stationary
reference frame normalized to the DC voltage respectively as:

mg =V§/ Vo (4.21)
m =V3/ Vp (4.22)
It is convenient to define the commanded modulation indexes as:

m§' = V§'/ Vp (4.23)
m$ = V§*/ Vp (4.24)

Assuming that the DC voltage is constant or at least slowly varying compared to
the switching frequency. It is apparent that the fast average of the g-axis and d-axis
voltage will be equal to the commanded voltages if the fast average of the g-axis and d-
axis modulation index is equal to the commanded modulation index. The space-vector
modulation strategy can now be explained in terms of the space vector diagram illustrated
in Figure 4.4. Therein, the g-axis and d-axis modulation index vector corresponding to
each of the eight possible switching states of the converter is shown in Table 4.5. The
values of the g-axis and d-axis modulation index corresponding to the i state, mqx and
My x respectively, along with ON/OFF status of the inverter transistors corresponding to
the state, are listed in Table 4.5. In order to determine the sequence of states required in
order to achieve the desired modulation index for a switching cycle, the following steps

are performed.

% Given the g-axis and d-axis voltage command in the stationary reference frame,
the g-axis and d-axis modulation index command is calculated using [Equation
(4.23) - Equation (4.24)].

%+ To limit the magnitude of the modulation index command to reflect the voltage
limitation applied to the converter. The magnitude of the modulation index

command is defined as:
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m" = \[(mf{)z + (mg)’ (4.25)

In the stationary reference frame, the modulation index command vector has a
magnitude of m” and rotates in the g-d plane at the desired frequency. The maximum m”
that achieved without introducing low frequency harmonics corresponds to the radius of
the largest circle that can be circumscribed within the boundaries of the hexagon

connecting the switching state vectors in Figure 4.4. This radius is given by:

Mimax = % (4.26)
State 3 Sector State 2
2
Sector Sector
3 State 1
7.8 State 1
State 4 « pe Mg axis
Sector Secétor
4 Sector
5
State 5 State 6
ma axis

Fig.4.4 Space Vector Diagram with Axis of Modulation Index
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Table 4.5 Modulation Indexes v/s State

Switching A B C My x Mg x
States

1 1 0 0 2/3 cos (0°) -2/3 sin (0%)
2 1 1 0 2/3 cos (60°) | -2/3sin (60°)
3 0 1 0 2/3 cos (120°) | -2/3 sin (1209)
4 0 1 1 2/3 cos (180°) | -2/3 sin (1809)
5 0 0 1 2/3 cos (240°) | -2/3 sin (240°)
6 1 0 1 2/3 cos (300°) | -2/3 sin (3007)
7 1 1 1 0 0

8 0 0 0 0 0

In Table 4.5 ‘A’, ‘B’ and ‘C’ are the legs of two the level inverter as shown in Figure 4.1.
The limited modulation index command is next found as follows. First, the magnitude of
the raw command is computed using Equation 4.25. Then, the modulation indexes are

calculated as follows:

m*
q m" < m
my = m;, S (4.27)
Mpmax |m*| m Mmax
*k % m — mmaX
my = m .3 (4.28)
Mpmax |m*| m Mmax

The next step is to compute the sector of the modulation index. This is readily calculated

from:

ks Kk 3
Sector = Ceil<angle(mq imq) ) (4.29)

T

Where, angle () returns the angle of its complex argument and has a range of 0 to 27, and

ceil () returns next greatest integer.
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Equation 4.17, Equation 4.18 and Equation 4.19 can be also being written in terms of

modulation index. Here, for convenience, modulation index can be denoted as ‘m’

t; =m T sin (g - e) (4.30)
t,=mTsin® (4.31)
ty=T-t;-t, (4.32)
0
— Vin
Where, m=+/3 (VD) (4.33)

The maximum magnitude of the reference vector; Vy, corresponds to the radius of the
largest circle that can be inscribed within the hexagon shown in Figure 4.2. Since the
hexagon is formed by six active vectors having a length of 2Vp/3, V;;, be obtained as:

2 V3 _Vp

VI;:EVDX > NG

(4.34)
Substituting Equation 4.34 into Equation 4.33 gives the maximum modulation index:

1
Mpax = \/_§

From which the modulation index for the SVM scheme is in the range of

0 < Mypay < (4.35)

1
V3
The maximum fundamental line-to-line voltage (rms) produced by the SVM scheme can

be calculated by:

Vim,svm = V3 (VT?) (4.36)

Substitute the value of V;;, from Equation (4.34) in Equation (4.36), we get:

\'% 1
Visvm = V3 X 2 X () =0707Vp (4.37)
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*

Where, (Y‘é‘) is the maximum rms value of the fundamental phase voltage of the

inverter.

4.6 OPERATING PRINCIPLE OF DTC-SVM

The operating principle of a variable speed electric drive controlled through the
space vector modulation is presented in Figure 4.5

Speed Ref. Speed
v v Sensor |
Speed
Controller
. Load
Torque
SVM PWM INDUCTION

Generator > Inverter e MOTOR

| |

Fig.4.5 Operating Principle of Induction Motor Drive Controlled Through SVM Strategy

The actual speed is first compared with the reference speed for the closed loop speed
control. The two PI controllers are used in speed controller which gives reference voltage
and frequency to generate the three phase sinusoidal signal. These sinusoidal signals are
used in SVM generator and based on the space vector position in the space, SVM
calculate proper switching time for two consecutive switching vectors and also for zero
switching vector and based on that switching vector, inverter gives supply to the

induction motor.
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4.7 SIMULATION MODEL OF DTC-SVM
To analyze the principle Figure 4.6(a), Figure 4.6(b) and Figure 4.6(c) show the

model using both Simulink blocks and Sim Power Systems blocks. The supply of the

induction motor is made from a three phase alternative voltage source with the help of the

component using three phase rectifier, intermediate DC circuit, controlled three phase

inverter and the elements which are introduced in Simulink scheme through Sim Power

Systems pre-definite blocks.

Freg®

w
=
w

Freg®
Speed Ref

Speed controller

w

Volts* gates =

Vdc Bus

SVM generator

W bus

Measuras

i3

Load torque

. 4

1
4

-|- DC Voltage Source
!

Ny c

Three-phase Inverter

Discrete,
T=2e-008s.

A

Rad2Rpm

=

Scoped

=

<Biator cument iz_z (A

| Scope?

k

<Rotor speed (um> "l P Rotor speed

Induction
maching

%
1.4

<Electromagnetic torgue Tz (N*m): EI
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tor flue phis_g {V 5=
tor fluoe phis_d {V =) Scoped
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Fig.4.6(a) Simulation Model of DTC-SVM
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Fig.4.6(b) SVM Generator Block
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4.7.1 SPEED CONTROLLER BLOCK

T8 241
@ ’@SH —— ¢ Mt (o) [ )/- il
W ”> (0l 'Q ‘: et
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‘& | ; Valage
)I@ W cf st

Proportional gain T

|owpass speed fiter

B e

Fig.4.7 Speed Controller Block

The speed controller (Figure 4.7) has inputs as:

a) The reference speed N* which is given by the Speed reference block,

b) The speed N obtained from the induction motor,

And output of the signals as:

a) Freq.* (the reference frequency),

b) Volts* (the reference voltage),

The first three output signals are the inputs to the SVM generator subsystem. The speed
controller is based on a proportional integrator (PI) regulator which controls the motor
slip. The slip value calculated by the PI regulator is added to the motor speed in order to
produce the demanded inverter frequency. This frequency is also used to generate the

required inverter voltage in order to maintain the motor V/f ratio constant.
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4.7.2 DESCRIPTION OF SVM GENERATOR BLOCKS
The SVM generator, whose operating principle is presented in Figure 4.8, contains

six blocks with the following functions:

The three-phase generator is used to produce three sine waves with variable
frequency and amplitude; the three signals maintain the difference of 120°.

The a — [ transformation converts variables from the three-phase system to the
two-phase a — 8 system.

The a — [ vector sector is used to find the sector in the a — S plane for the
voltage vector; this plane is divided into six different sectors spaced by 60°.

The ramp generator is used to produce a unitary ramp at the PWM switching
frequency; this ramp is used as a time base for the switching sequence

The switching time calculator is used to calculate the timing of the voltage vector
applied to the motor

The gates logic compares the ramp and the gate timing signals to activate the

inverter switches at the proper time

The schematic for the simulation of the component blocks in Matlab/Simulink is done in

Figure 4.6(a).
Ramp
Generator
ABC |V, Ve >
< Sector vV, | SV\_ﬁ?:elng > Gates Pulses
Calculator g —»  Logic
Vﬁ Calculator
N Sector N
ap - Pulses' | d
Vao| Veo |Vco
Three Low
Phase Pass
Generator Filter
V,, Bus

Fig.4.8 Operating Principle of SVM Generator
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4.7.3 RESULTS AND DISCUSSION

The control scheme is simulated with Matlab/Simulink, for following case as:

%+ The speed reference prescribed to (800; 1000) rpm at t = (0; 1.5) s,

% The load torque prescribed to (0; 12) Nmat t = (0; 1.5) s with step variation.
The variations in time of the main electrical and mechanical variables are obtained,
specific to the presented drive (the stator current is,;, the rotor current i, the rotor speed N
and the electromagnetic torque Tem) and it represent them in Figure 4.9.

Fig 4.9 (a) Speed (rpm) v/s Time (second)
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Fig 4.9(b) Torque (Nm) v/s Time (second)
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Fig 4.9(c) Stator Current (Ampere) v/s Time (second)

Fig 4.9(d) Stator Current (Ampere) v/s Time (second)
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Fig 4.9(e) Stator Flux Linkage v/s Time (second)

Fig.4.9(f) Torque Ripples in DTC-SVM
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4.8 CONCLUDING REMARKS

*
°e

The Simulink model induction motor of variable speed control of induction motor
is realized through the SVM strategy, using Simulink and Sim Power System
blocks.

The working model can be analyzing with accuracy, different electrical and
mechanical variables.

The SVM strategy provides fast torque response and than conventional DTC.
Steady State torque ripples as well as the flux ripple are considerably reduced.
The torque ripples in this technique is less compared to conventional DTC. As it
can be seen from Figure 4.9(f), that the torque ripples present in DTC-SVM is (+

1.5) Nm which is much less as compared to conventional DTC (+5) Nm.
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CHAPTER 5

MAIN CONCLUSIONS AND FUTURE SCOPE

5.1 MAIN CONCLUSIONS

This work presents a comparative study of different direct torque control

strategies of induction motor drive based on their simulation results. Space Vector

Modulation direct torque control strategy is compared with the conventional direct torque

control scheme.

Based on simulation results, it can be seen that the ripple in torque with SVM scheme

is less than with conventional DTC. From the simulation results of DTC induction motor

drive, the following conclusion can be made:

7
A X4

Steady State torque ripple is considerably reduced. As from simulation results it
can seen that the torque ripple present in DTC-SVM is (£1.5) Nm, which is much

less as compared to conventional DTC (£5) Nm.

Also the flux ripple is reduced considerably in this case.

Ripple of stator current in the case of DTC-SVM has reduced.

The switching frequency is constant and controllable in case of DTC-SVM.

The performance of DTC-SVM can be further improved by appropriate tunning

of the PI controller gains.

5.2 SCOPE FOR FUTURE WORK

/7
L X4
/7
L X4
/7

A X4

Torque ripples can also be reduced by applying the duty ratio controller.
The performance of the classical DTC can be improved by neural network based
DTC schemes.

The simulation results can be validated by fabricating proto model.
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APPENDIX

Power Rating: 10 HP

Stator Voltage: 460 volt

Frequency: 60 Hz

Number of Poles: 4

Stator Resistance: 0.6837 ohm/phase

Stator leakage Inductance: 0.004152 H/phase
Rotor Resistance: 0.451 ohm/phase

Rotor leakage Inductance: 0.004152 H/phase
Mutual Inductance: 0.1486 H

Inertia: 0.05 kg m?

Friction Coefficient: 0.0081412
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