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Abstract

In this thesis effective direct torque control for a five phase induction motor with concentrated
windings is designed. For demonstrating the superior performance of the five-phase 1M, the
motors are analyzed on the d;-g; and ds-gs synchronously rotating reference frame. The five-
phase VSI output are decoupled into the torque producing (fundamental) and non-torque
producing (third) harmonics sets. The third harmonic components can be used to enhance the
total torque production and the motor needs to be supplied with the fundamental and the third
harmonic of the stator voltages. The fault tolerance simulation results are analyzed. Also the

difference between three-phase induction motor and five-phase induction motor is highlighted.

Thus due to the additional degrees of freedom, the five-phase motor drives possess many other
advantages when compared to traditional three-phase motor drives. Some of these advantages
include, lower torque pulsation, reduction in harmonic currents, reduced stator current per phase
without the need to increase the phase voltage, greater reliability, fault tolerant feature and
increased power. The performance of direct torque control induction motor has been
demonstrated by simulation using a matlab/simulik. By the proper dynamical adjustment and
steady state compensation, the direct torque control of the five-phase induction motor achieves a
high drive performance. Simulation output results show that the transient response oscillates for
0.03 second with rise time 0.004 second and the steady state value of torque is tracking the load

torque with less than 2% error.

Keywords: Induction Motor, Direct Torque Control, d-q Transformation, Space Vector

Modulation.
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Chapter One

Introduction

1.1 Back Ground

The history of electrical motors goes back as far as 1820, when Hans Christian Oersted
discovered the magnetic effect of an electric current. One year later, Michael Faraday discovered
the electromagnetic rotation and built the first primitive DC motor. Faraday went on to discover
electromagnetic induction in 1831, but it was not until 1883 that Tesla invented the AC
asynchronous motor. Currently, the main types of electric motors are still the same such as: DC,
AC asynchronous and Synchronous, all based on Oersted. Faraday and Tesla's theories

developed and discovered more than a hundred years ago [1].

For many years, before the introduction of micro-controllers, digital signal processers (DSP) and
high switching frequency semiconductor devices, variable speed actuators were dominated by
DC motors. They were used extensively in areas where variable speed operation was required.
Since their flux and torque could be controlled independently and easily by the field and
armature current. Particularly, the separately excited DC motor has been used mainly for
applications where there was a requirement of fast response and four-quadrant operation with
high performance near zero speed. However, due to the existence of the commutator and the
brushes, DC motors have certain disadvantage. That is, they required periodic maintenance; they
cannot be used in explosive or corrosive environments. Nowadays these problems can be
overcome by the application of AC induction motors, because of its simplicity, ruggedness,

efficiency, low cost, compactness, and economical and volume manufacturing advantages.
The advantages of AC induction motor drives compared with DC motor drives are:

P Induction motors do not require an electrical connection between stationary and rotating parts
of the motor.

» Due to the absence of Commutator and Brushes, they have high speed operations.

P Induction motors have comparable and frequently better efficiency than the equivalent DC

motor.



P It’s low sensitive to disturbances during operation.

» A DC motor must be regularly required service to check or replace the brushes and the
commutator. But induction motor is essentially maintenance free, except for the bearings.

B Protection of an induction motor is simpler than for DC motor. For large DC machines
protection of a DC circuit breaker is required which are expensive.

# Generally induction motors have low weight and inertia, high efficiency and a high overload
capability, cheaper and more robust, and less proves to any failure at high speeds.

# Furthermore, the motor can work in explosive environments because no sparks are produced.

Taking into account all the advantages outlined above, induction Motors are widely used in
industrial, commercial and domestic applications than all the rest of the electric motors. For high
performance applications there are two types of control method of induction motor used such as:
Scalar control and vector control methods [2]. In scalar control, only the magnitude and
frequency, which is based on the steady state model of IM of a space vector variable such as
current, voltage and flux linkage, are controlled. Thus during the transient position of space
vector the scalar control does not act. While in vector controller it is based on relation which is
valid for dynamic states, i.e. not only magnitude and frequency (angular speed) but also
instantaneous positions of voltage, current, and flux space vectors are controlled. Thus, the
vector control acts on the positions of the space vectors and provides correct orientation for both
steady state and transient state. Various methods have been discovered to implement vector
control for IM. The most popular vector control methods are the FOC and DTC [3].
Conventional DTC strategy is quite different from that of the FOC. Because it does not need
complicated coordinate transformations and decoupling calculations. DTC technique is
introduced by Takahashi and Noguchi for low and medium power application and by
Depenbrock for high power application [11].

In the recent time, Multi-Phase induction motors such as: five-phase, six phase, seven phase
motor and so on, are fast increasing due to their several inherent benefits such as lower torque
pulsation, reduction in harmonic currents, reduced stator current per phase without the need to
increase the phase voltage, greater reliability, fault tolerant feature and increased power in the

same frame as compared to three phase induction motor [20]. Presently the grid power available
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is only limited to three-phase so the supply to multi-phase motors is invariably given from power
electronic converters. Many applications, such as electric ship propulsion, electric aircraft drives,
electric/hybrid electric vehicles, locomotive traction and high power industrial plants, require
high power ratings for both the motor and its converter. However, converter ratings cannot be

accordingly increased due to power rating limitations of semiconductor devices [4, 5].

Higher torque density in a multi-phase machine is possible, since apart from the fundamental
spatial field harmonic, the space harmonic fields can be used to contribute to the total torque
production. In a multi-phase machine, with five or more phases, there are additional degrees of
freedom, which can be used to enhance the torque production through the injection of higher-
order current harmonics. The five-phase voltage source inverter (VSI) inputs are decoupled into
the torque producing (fundamental component) and non-torque producing (third) harmonics sets.

This third harmonic current injection can be used to enhance the overall torque production [6].

Five-phase voltage source inverter produces 32 output space vector voltages. The higher number
of output voltage vectors can be achieved more precise control in electromagnetic torque and
stator flux. This thesis will address both the fundamental component and the third harmonic

component to improve the ability of a five-phase induction motor performance.

1.2 Statement of the Problem

From many vyears three-phase induction motor is one of the most common form of
electromechanical drive which is used for industrial, commercial and domestic application due to
low weight and inertia, high efficiency, high overload capability, lower cost, more robustness,
simple mechanical construction, less proves to any failure at high speeds and able to work in
explosive environments. But, this three phase induction motor has its own limitation compare to
multi-phase induction motor such as: it has only fundamental torque component, the fault
tolerance is low and run with high de-rating during phase failure, the over load capability is low
and it has only eight space vector voltages that produce high torque ripple.

To overcome these limitations of three phase induction motor drive, DTC of five phase induction
motor drive has better performance characteristics. Because, five-phase inverter has thirty two

possible space vector voltages. So there is a greater flexibility in controlling five-phase drive

3



systems. Due to the additional degrees of freedom, it presents unique characteristics for
enhancing the torque producing capability of the motor. And also they possess several
advantages over conventional three-phase drives such as lower torque pulsation, high fault
tolerance feature, reliability, high efficiency, lower torque ripple and reduced current per phase
without increasing voltage per phase. Specially, in fault tolerance the motor keeps working at
good performance even though one or two phases fail which is not possible in three phase

motors.

1.3 Objective of the Thesis

1.3.1 General Objective

The general objective of the thesis is to design and simulate Direct Torque Controller of five-

phase induction motor.

1.3.2 Specific Objective
The study in this thesis will address the following specific objectives:

» To study dynamic model of DTC five-phase induction motor using space vector
modulation.

» To enhance a third harmonic voltage component that determine the ability of a five-
phase induction motor to contribute a third harmonic torque component to the
fundamental torque component.

» To design PI torque and flux controller for the induction motor.

» To determine the switching sequence and duty cycle of the inverter circuit using
SVPWM technique.

» To simulate the whole integrated DTC based space vector modulation using
MATLAB/SIMULINK.

1.4  Methodology

In this study a direct torque control of induction motor is designed using space vector
modulation. The SVM is used to generate the triggering pulses which are fed to five-phase VSI
in order to produce five-phase voltages. Torque and flux will be controlled independently using

space vector modulation algorithm. In brief the following methodologies will be followed.
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e Different literatures which are related to this thesis work are studied and concepts
adopted.

e Direct torque control of induction motor is studied starting from the concept of
different reference frames, transformations and dynamic modeling’s.

e The dynamic space vector model of the induction motor are developed which are
important for torque and flux estimation and control purposes.

e The fundamental and third harmonic torque components are estimated based on
the dynamic model of the plant.

e The PI torque and flux controllers are designed.

e The switching sequence and duty cycle of the five-phase power inverter is
designed using space vector pulse width modulation technique.

e Then finally the whole control system is integrated and simulated to check its
functionality and accuracy with MATLAB/SIMULINK.

1.5 Literature Review

To start this thesis, many prior research papers have been read about direct torque control of
induction motors. Direct torque control method is one of the effective control strategies which
allow a torque control in steady state and transient operation of induction motor [2]. The main
aim of direct torque control strategies is to effectively control the torque and flux of induction

motor. Direct torque control method made the motor more accurate and fast torque response.

A simplified variation of field orientation known as direct torque control was developed by
Takahashi and Depenbrock [1, 2]. In direct torque controlled induction motor drives, it is
possible to control directly the stator flux linkage and the electromagnetic torque by the selection
of an optimum inverter switching state. The selection of the switching state is made to restrict the
flux and the torque errors within their respective hysteresis bands and to obtain the fastest torque
response and highest efficiency at every instant. Direct flux and torque control with space vector
modulation of three phase induction motor schemes are proposed in [8, 12]. The proposed
controllers are shown a significant improvement over the classical DTC strategies’. The DTC-

SVM strategies operate at a constant switching frequency.



The importance of the multi-phase machine over their three phase counterparts has been
explained in [4, 15]. Specifically, many researchers have studied detail on DTC of five-phase
induction motor. Five-phase VSI input are decoupled into the torque producing (fundamental
component) and non-torque producing (third) harmonics sets. In these research papers [6, 11],
DTC of Five-Phase Induction Motor with third Harmonics Elimination principles are introduced.
In the proposed control systems they introduced two SVM schemes to cancel out all possible low

frequency voltage harmonics.

Paper [9] has recently extended the DTC concept to a five-phase induction motor control and
they presented a comparison between the three-phase and five-phase DTC drives. The
implementation of the control system was done using 32 bit floating point TMS320C32 DSP.
The three-phase inverter has only eight voltage space vectors that can be applied to a motor,
while a five-phase inverter has 32 possible voltage space vectors. There is therefore a greater
flexibility in controlling a five-phase drive system. The authors achieved high performance in
terms of precise and fast flux and torque control and a smaller torque and flux ripple for five-

phase induction machine as compared to three phase induction machine.

An application of rotor field oriented control (RFOC) to a five-phase induction motor with the
combined fundamental and third harmonic currents was proposed in [10]. In the proposed
technique the complete theory and modeling of RFOC of the five-phase induction motor are
established. Specifically, investigation is made to improve power density and output torque of
the five-phase induction motor by injecting third harmonic of currents. By the proper dynamical
adjustment and steady state compensation, the rotor field oriented control of the five-phase
induction motor not only achieves a high drive performance, but also controls the fundamental
and third harmonic flux and torque to generate the desired nearly rectangular air-gap flux.

Five-Phase Induction Motor Drives With DSP-Based Control System was proposed in [14]. This
introduces two kinds of control schemes: vector control and direct torque control. The
implementation of these control systems was done using 32 bit floating point TMS320C32 DSP.
Vector control of the five-phase induction motor not only achieves high drive performance, but
also generates the desired nearly rectangular current waveforms and flux profile in the air-gap

resulting in an improvement in air gap flux density and an increase of 10% in output torque. The
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DTC method has additional advantages when applied to five-phase IM. The five-phase inverter
provides 32 space voltage vectors in comparison to 8 space voltage vectors provided by the
three-phase inverter. Direct torque control of the five-phase induction motor reduces the
amplitude of the ripples of both the stator flux and the torque, resulting in a more precise flux

and torque control.

Bifurcation Analysis of Five-Phase Induction Motor Drives with Third Harmonic Injection was
developed in [30]. This paper addresses, for the first time, the bifurcation analysis of a five-phase
induction motor drive when a third harmonic is injected for torque enhancement purposes. The
main focus of the paper is to present a mathematically based study of the nonlinear dynamics of
the proposed drive with torque enhancement. The overall bifurcation analysis for both
concentrated and distributed winding machines, that the harmonic injection provides not only

torque enhancement but also more robust controllers.

1.6 Thesis Organization

This thesis work is arranged in five chapters. The first chapter introduces back ground of
induction motors, statement of the problem, objectives, methodology and literature review. The
second chapter is explains the Mathematical modeling of induction motor and Direct Torque
Control techniques. In addition, the different types of d-q reference frames and space vector
concepts are elaborated. Design of PI controllers for the torque and flux control system is also
explained in this chapter. In the third chapter, concepts and mathematical explanations of space
vector modulation design are discussed. The calculating method for the reference voltages, time
duration of the space vectors and switching time of each transistor are also discussed. On the
fourth chapter, system simulation setup and simulation results are presented and analyzed.

Concluding ideas and respective recommendations are given in chapter five.



Chapter Two

Dynamic Modeling of DTC Five-Phase Induction Motor

2.1 Introduction

Direct torque control is a controller method that used to control the stator flux and the torque
directly and independently by selecting the appropriate inverter switching state. It has been
gaining more popularity since its introduction due to its exceptional dynamic response and less
dependence on machine parameters. DTC with a lookup table is more used in controlling the
induction motor because it is considered a simple and robust method. The common
disadvantages of conventional DTC are high torque ripple and slow transient response to the step
changes in torque during start-up. Recently, to overcome this problem many researchers are
doing to replace the lookup table DTC with the DTC space vector modulation in the five-phase
IM drive. This type of control further reduces the torque ripple because it can produce the
voltage reference which accurately compensates the differences between the commanded torque

and flux values and their actual values from measurement and estimation.

In five-phase motors with sinusoidal distributed stator windings, the absence of back EMF for
non-torque-producing harmonics (mostly the 3" harmonic) will result in considerable harmonic
current. This causes deformation of the phase current and extra copper losses (while not causing
torque pulsation). For sinusoidal results, the lookup table DTC and even the DTC using SVM
(with one pair of closest vectors plus the zero-vector) cannot be used in a sinusoidal wound five-
phase motor. At least two pairs of voltage vectors with the zero-vector are required for the
harmonic free operation [7].

The main features of direct torque control are given as follows:
v Direct control of flux and torque.
v Indirect control of stator currents and voltages.
v Completely a motion-sensor less control method.
v Not sensitive for rotor parameters because its need only stator flux and torque estimator.
v

High dynamic performance even at locked rotor.
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Comparison of Conventional DTC and SVM DTC Method

The principle behind direct torque control of induction motor drive is to control the flux linkage
and electromagnetic torque directly by the selecting proper inverter switching state with the help
of lookup table or SVM. The conventional DTC includes two level and three level hysteresis
controllers, three level for torque and two level for flux linkage. Even though it has many
advantages like no feedback control, no traditional PWM algorithm, no vector transformation, it
has some drawbacks like variable switching frequency, difficult to control flux and torque at low
speed, current and torque distortion during the change of the sector, a high sampling frequency
needed for digital implementation of hysteresis controllers, inherent steady state torque and flux
ripple. Due to hysteresis band controller, steady state torque and flux ripple is more in direct
torque control of induction motor which is undesirable from smooth response point of view. In
the journal paper [12], Direct Flux and Torque Control with Space Vector Modulation (DTC-
SVM) schemes are proposed in order to overcome the drawbacks of the classical DTC of
Induction motor. The DTC-SVM strategy operates at a constant switching frequency is shown in
figure 2.1-1.

Torque Pl Voltage
Trans
controller .| Source

form p VM »
Inverter

C 3 Speed
controlle

-y

¥

ation

Flux PI
controller

¥

Calculation of

FYY)

Torgue and Flux

Figure 2.1-1 Direct Torque Control with SVM

Compared with the steady-state performance of lookup table DTC, DTC-SVM results in much

lower torque ripple. Because; it uses the zero-vector instead of backward active vectors to reduce

torque ripple. The control algorithm in DTC-SVM methods are based on averaged values
9



whereas the switching signals for the inverter are calculated by space vector modulator. The
objective of this DTC-SVM scheme is to estimate a reference stator voltage vector V.., and
modulate it by SVM technique in order to drive the power gates of the inverter with a constant

switching frequency [8, 13].

2.2 Winding Design of Induction Motor

An n-phase symmetrical induction machine, such that the spatial displacement between any two
consecutive stator phases equals o = 2x/n, is considered. This will always be the case if the
number of phase is an odd prime number. There are two common types of stator winding
systems such as: sinusoidally distributed winding and concentrated winding. In the case of
single-induction motor five-phase, if the machine is designed with a concentrated stator winding,
the spatial harmonics interact with the current harmonics producing an air gap field. This
additional field rotates at fundamental speed if the order of the current and spatial harmonics is
the same. This fact leads to increase the torque density by injecting the third stator current
harmonics using the ds-gs components. The fundamental component is generated using the di;-0;
subspace, while the harmonics are injected using the ds-gs components. Therefore, the third
stator current harmonic injection can be used to enhance the torque production and the motor
needs to be supplied with the fundamental and the third harmonic of the voltage [14]. If the
induction motor is wound with the concentrated windings figure 2.2-1, the air-gap flux can be

made to take on a quasi-rectangular rather than sinusoidal shape by using the harmonics [15].

On the other hand, if the five-phase induction motor is with a sinusoidally distributed winding,
the sinusoidal output voltages should contain only the fundamental component and they can lead
to torque ripple or to be free of low-order harmonics [16]. Hence, the reference voltage space
vector is nonzero only in the plane and the SVPWM scheme has to ensure that zero average
voltage space vectors is applied in all the other planes, so that undesirable low order harmonics
do not appear in the output. This is most easily done utilizing the analytical expressions for
computation of the application times of the active vectors, such as those developed in [17] for a
five-phase VSI.

10



Figure 2.2-1 Five-phase concentrated-winding induction machines

2.3 Reference Frame

Based on speed of reference frame there are four main reference frames of motion, which could

be used to model the five-phase induction machine. These are arbitrary reference frame,

stationary reference frame, rotor reference frame and synchronous reference frame. The two

commonly employed coordinate transformations with induction machine are the stationary and

the synchronous reference frame [22].

1. Arbitrary reference frame: In this Reference frame speed is unspecified (®) and the d-g

axis can rotate at an arbitrary speed, there is no relative speed between the four coils d., q.,
d, and g,..

Stationary reference frame: In this case the d-q axis is not rotate so, the reference frame
speed is zero (o = 0). It is best suited for studying stator variables only, for example
variable speed stator fed IM drives, because stator d-axis variables are exactly identical to
stator phase A-variable.

Rotor reference frame: The reference frame speed is equal to the rotor speed (0 = ®,.).
Since in this reference frame the d-axis of the reference frame is moving at the same relative
speed as the rotor phase A winding and coincident with its axis, it is best suited when
analysis is confined to rotor variables as rotor d-axis variable is identical to phase-rotor
variables.

Synchronous reference frame: When the reference frame is rotating at synchronous speed,
both the stator and rotor are rotating at different speeds relative to it. The reference frame

11



speed is equal to synchronous speed (o = ®,). Synchronously rotating reference frame is
suitable when analog computer is employed because both stator and rotor d-q quantities

becomes steady DC quantities. It is also best suited for studying multi-machine system.

The IM may be modeled with respect to its stator, its rotor or its synchronous speed. These are
known as referencing frames. In this research, a synchronous frame is taken as a reference frame
for modeling. It makes easier to apply a direct control as all variables are seen constant with
respect to the synchronous frame. The synchronous frame is also called excitation frame

subscribed by e notation.

2.4 Dynamic Model of Five-Phase Induction Motor

The traditional per-phase equivalent circuit shown in figure 2.4-1 has been widely used in
steady-state analysis and design of induction motors, but it is not appropriate to predict dynamic
performance of the motor. The concept of direct torque control has opened up a new possibility
that induction motors can be controlled to achieve dynamic performance as good as that of DC or
brushless DC motors. In order to understand and analyze direct torque control, the dynamic
model of the induction motor is necessary. It has been found that the dynamic model equations
developed on a rotating reference frame is easier to describe the characteristics of induction
motors. It is the objective of the article to derive and explain induction motor model in relatively

simple terms by using the concept of space vectors and d-q variables. [19]

|
Rs .l Lls Lir ir Rr/s

—N— T T AN

Vs
As Lm Ar

Figure 2.4-1 Conventional Per-phase Equivalent Circuit
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When describing a five-phase IM by a system of equations, the following simplifying

assumptions are made:

> the five-phase motor is symmetrical, only the fundamental and the third harmonic is
considered, while the higher harmonics of the spatial field distribution and of the magneto
motive force (MMF) in the air gap are disregarded,

> the effects of anisotropy, magnetic saturation, iron losses and eddy currents are neglected,

> the coil resistances and reactance are taken to be constant,

Taking into consideration the above stated assumptions; the dynamic behavior of five-phase
induction motor is described by the following equations written in terms of space vectors in the

stationary reference frame [6].

d
— (4) (2.1)

vy = Rgig + r

T~ 4, (22)

v, =0=R,i, +
Where, w, = ;—te, is the speed of the rotor motor in electrical frequency unit and
Ay = Lgig + Ly i, (2.3)

A =Loi, + L, (2.4)

The above 4 equations (2.1-2.4) constitute a dynamic model of the induction motor on a
stationary stator reference frame in space vector form. These model equations may be simplified

by eliminating flux linkages as:
o4 ,
vy = Rgi, + E(les +L,i,) (2.5)
= (Rs + Lsp)is + Ly, pi;
. P . . .
0=R,i, + E(Lrlr+LmLS)—wr (Lyi, + Lpis) (2.6)

= (Rr + Lr(p — Wy ))Lr + Lm (p — Wy )is
13



From equation (2.5) and (2.6), the dynamic equivalent circuit model on a stationary reference

frame can be drawn as in figure 2.4-2.

is

Vs As

Lm Ar jwrAr S_P

Figure 2.4-2 Dynamic Equivalent Circuit on a Stationary Reference Frame

For steady-state operation with excitation frequency w,, p in equation (2.5-2.6) may be replaced

by jw, and after some algebraic manipulation, we get
Vs = (Rs + jweLs)is +jweLmir (27)
Ur = 0= (Rr/s + ja)eLr)ir +jweLm Is (28)

This exactly describes the conventional steady-state equivalent circuit of figure 2.4-1. Now, the
previous procedure can be generalized so that the dynamic model is described on an arbitrary

reference frame rotating at a speed w,, where equation (2.1-2.8) is a special case with w, = 0.

Depending on a specific choice of w,, many forms of dynamic equivalent circuit can be
established. Among them, the synchronous frame form can be obtained by choosing w, = w,.
This form is very useful in describing the concept of direct torque control of induction motors
and PM synchronous motors because at this rotating frame, space vector is not rotating. Another
possible reference frame used in direct torque control is the rotor reference frame by

choosing w, = w,.
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2.5 D-Q Reference Frame Transformation

The d—g-0 reference frame transformation has long been used successfully in the analysis and
control of three-phase electric machines [4]. The same approach is used for five-phase drive. The
five-phase motor system as shown in figure 2.5-1, five-dimensional machine variables can be
transformed into d;-g; and ds-gs reference frames and a zero sequence variables [20]. However;
the ds-qsz components do not contribute to torque production in a sinusoidal distribution of the
flux around the air-gap is assumed. A zero-sequence component does not exist in any star-
connected multiphase system without neutral conductor for odd phase numbers, but only can
exist if the phase number is even. Since rotor winding is short-circuited, zero-sequence
components cannot exist. As stator to rotor coupling takes place only in d;—g; equations,
rotational transformation is applied only to these two pairs of equations. Its form is similar to a
three-phase machine [4, 21].

The mathematical model of five-phase induction motor are transformed into a stationary (a-R3)
and synchronous (d-q) reference frames. These reference frames are decoupled into the torque
producing (fundamental component) and non-torque producing (third) harmonics sets. During
operation of a five-phase VSI, it produces 32 space vectors in the di-g; and ds-gs sub-spaces. The
30 space vectors are active space vectors and the two zero space vectors. Each active space
vector maps simultaneously into both d;-q; and ds-gs sub-space. Large vectors of the di1-g; plane
map into small vectors of the ds-g; plane, medium length vectors map into medium length

vectors, while small vectors of the d;-q; plane map into large vectors of the ds-gs; plane [16, 17].

The fundamental component and the harmonics of order 10k + 1 (k =0, 1, 2, 3...) are applied on
the d;-q; reference frame circuit in figure 2.5-1(a) to produce a rotating MMF and torque
(harmonics produce torque pulsation). The harmonics of order 10k + 3 (k = 0, 1, 2, 3...) which
are applied onto the remaining ds-qs frame in figure 2.5-1(b) [20]. These components can be
represented by the following complex space vector on a stationary reference frame [15].
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2n/5

(a) d1-g1 frame (b) d3-g3 frame
Figure 2.5-1 Vector diagram of five-phase induction motor

As shown in figure 2.5-1 the stator of induction motor consists of five-phase balanced
concentrated windings with each phase separated from each other by 72 degrees in space. When
these current flow through these windings, five-phase rotating magnetic field is produced. This
field rotates at synchronous speed in revolution per minute. By faraday’s law, this rotating stator
magnetic field induces voltages in the rotor windings causing balanced currents to flow in the
short circuited rotor. As a result, a rotor MMF is formed. These output voltages can be

transformed in to two axis coordinates by Clark and park transformation.

2.5.1 Clark and Park Transformation

The Clarke and Parke transformation is a transformation of coordinates that designed to
transform multi-phase stationary coordinate system in to two axes stationary and rotating
coordinate system respectively. Clarke transform uses five-phase voltages v,, v,, v,, v; and v,

to calculate voltages in the two-phase orthogonal stator axis, v, and v;. These two voltages in
the fixed coordinate stator phase are transformed to the v, and v, voltage components in the d-

q frame with the Park transform.
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Clark

Il

Figure 2.5-2 the (a, b, ¢, d, €) = (a-B ) projection (Clarke transformation)

Park transformation is used to transform from the stationary reference frame (a-f) in to the

rotating reference frame (d-q ).

[0

Park

—»
p— — q

Figure 2.5-3 the (a-B ) = (d-q ) projection (Park transformation)

Considering squirrel-cage induction motor, the transformations are usually based on the

following assumptions:

Slot harmonics and deep bar effects are not considered.
Space harmonics of the flux linkage distribution are neglected.
Iron losses are not taken into account.

Saturation is neglected.

YV V V V V

Neutral point is isolated.

2.5.2 Space Vector Definition

Assume v,, vy, V., v and v, are the instantaneous balanced five-phase voltage:

v, +v, +v.+v, +v, =0 (2.9)
Thus, it is possible to define the stator voltage space vector as follows [6, 20]:

Vop1 = k(v + avy, + a®v. + av, + a*v,) (2.10)

17



Vops = k(v, + a?v, + av. + a’vy + a*v,) (2.11)

Where a, a?, a*, a*? are the spatial operators

2m 4m
a=¢e a’?=¢€'3
=2 —4m
a*=els a2 =¢e s
Vap1 = Va, +]vﬁ1 Vap3 = Vay +Jvs3

K is the transformation constant, chosen as k = 2/5

The 32 space vectors are transformed into two orthogonal sub-spaces using equation
(2.10) and (2.11) in the form of power variant. In other words, power per-phase in original and

transformed domain is now kept constant, rather than the total power. The scaling factor is

therefore set to 2/5 rather than /2/5 [32]. This choice is more convenient in discussion of
SVPWM, since it makes the magnitude of the reference voltage space vector equal to the peak
value of the desired sinusoidal output phase voltage. The zero-sequence component is identically

equal to zero because of the assumption of isolated neutral point.
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Figure 2.5-4 Stationary transformation of five dimensional axis to a-f axis

The transformation of five-phase induction motor variables can be made in two steps, these are:

i.  Five-phase to two phase transformation

ii.  Two phase stationary to two phase synchronously rotating frame transformation
I. Five-phase to two phase transformation
A transformation from the five-phase stationary coordinate system to the two-phase (a-p)
stationary coordinate system is called Clarke Transformation. The idea of Clarke transformation
is that the rotating stator current vector that is the sum of the five-phase currents can also be

generated by a bi-phased system placed on the fixed axis «a and .
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The space vector defined by equation (2.10) and (2.11) can be expressed utilizing two-axis
theory. The real part of the space vector is equal to the instantaneous value of the direct-axis
stator voltage component, v, and whose imaginary part is equal to the quadrature-axis stator

voltage component, vz. Thus, the stator voltage space vector, in the stationary reference frame

attached to the stator, can be expressed as [20]:

Vap1 = Vg -i-jvﬁ1 (2.12)
Vaps = Vay +JjV, (2.13)

In symmetrical five-phase machines with stationary as-bs-cs-ds-es axes at 72 degree apart as

shown in figure 2.5-5, the alpha and beta axis stator voltages v, and v, are fictitious quadrature-

phase (two-phase) voltage components, which are related to the actual five-phase stator voltages
as follows [20, 25]:

2m 4r 4r 21
Vo1 = k(v, + vy, * cos (?> + v, *x cos (?) + v, * cos (?) + v, * cos (?>)

. (2T . (Am . (Am . (2m
Vg1 = k(0 + v, *sin (?) + v, * sin (?) — vy * sin (?) — v, * sin (?)

61T 2m 21 61T
Vo3 = k(v, + vy, * cos (?) + v, * cos (?> + vy * cos (?) + v, * cos (?) (2.14)

. (6T /(2 /(2 (6
vg3 = k(0 + vy, *sin (?> + v, * sin <?> — vy * sin <?> — v, * sin <?>

In matrix form of the five-phase to two phase transformation of the stator voltage ((a, b, c, d, e)

to (a-p)) is given as:
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Similarly, for stator current the matrix forms of a five-phase to two phase transformation ((a, b,

c, d, e) to (a-p)) is also given as:

| ig3 ]

'1 (271)
cos z
0 (27
0 n(3)
5 o)

1 cos( c

0 _ <6n)

_ sin c

(2.16)

Equations (2.15) and (2.16) are valid only for balanced system otherwise zero sequence

components are introduced.

The simplified diagram of a five-phase induction motor in figure 2.5-5 shows the stator winding

for each phase displaced 2mr/5 radians in space and their wave forms. The transformation of

stator variables to a two-phase reference frame (indicated by subscripts a-£), where the coils are

perpendicular, guarantees that there is no interaction between perpendicular windings as long as

there is no saturation.
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Figure 2.5-5 (a) five-phase windings, (b) two-phase axes equivalent (c) five-phase reference

frame wave form and (d) two phase reference frame wave form
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Il.  Two phase stationary to two phase synchronously rotating frame transformation

A transformation from the a-f3 stationary coordinate system to the d-q rotating coordinate system
is called Park Transformation. The d-q reference frame is rotating at speed w,with respect to a-p
axes as shown in figure 2.5-6. The angle between o and d axes is 6, = w,t.
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q a3
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30e
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a5 s s s s s 0.2

() (d)
Figure 2.5-6 (a) d;-q; reference frame, (b) ds-qgs reference frame, (c) two phase reference

frame wave form and (d) rotating reference frame wave form

The voltage v,, vg can be converted to voltages on d-g axis according to the following relations:
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Vg1 = Vg1 * €0S(0e) + v * sin(0,) (2.17)

Vg1 = —Vg1 * sin(0,) + vy * cos(0,) (2.18)
Vg3 = Vg3 * €0S(36,) + vp3 * sin(36,) (2.19)
Vg3 = —Vg3 * sin(36,) + vg3 * cos(36,) (2.20)

In matrix form of the two phase stationary to two phase synchronously rotating frame

transformation is given as:

Va1 cos(0,) sin(6,) 0 Va1
Vq1| _ |—sin(8,) cos(8,) 0 Vp1
vs| 7| 0 0 cos(36.) sin30,) || oo (221)
Vg3 0 0 —sin(360,) cos(36,)] | Vg3

In the reverse way; the transformation of rotating frame parameters to stationary frame is given

according to the following relations:
Vat = Var * 05(8,) = Vg1 * sin(6,)
Vg1 = Vgq * sin(6,) + vgq * cos(6,)
Vg3 = Vg3 * €05(36,) — vg3 * sin(36,) (2.22)
Vg3 = Vg3 * sin(36,) + v,3 * cos(36,)

In matrix form representation is given as:

Va1 r Vd17
cos(6,) —sin(0,) 0 0
Vg1 2 sin(0,) cos(0,) 0 0 Vq1
=z 0 0 cos(36,) —sin(360,) (2.23)
Va3 0 0 sin(360,) cos(36,) || Va3
| UB3- | Uqg_
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The general Park transformation v, and v, can be also obtained directly from v,, v, v, v4 and

v,. The matrix equation corresponding to this transformation is given as [25].

[ Va] - cos(0,) cos (Oe - 2?”) cos (Ge - 4?”) cos (ee - 6?”) cos (ee _ 8?”) 1T Va1
Var| 5| —sin(®e) —sin (Ge - 2?”) —sin (()e - 4?”) —sin (ee - 6?”) —sin <9e _ 8?”) Vp
ool 5|y a0 ) (i) enlao,-B) nfa ) ||

Since the actual stator variables either to be generated or to be measured are all in stationary a-b-
c-d-e frame, synchronous frame transform should be executed in the control. The most popular
transform between stationary a-b-c-d-e frame quantities to synchronously rotating d-g quantities

IS given in equation (2.24).

2.5.3 D-Q Dynamic Model of Induction Motor in the Synchronous Frame

The mathematical model of IM variables such as: stator voltage, rotor voltage, stator flux linkage

and rotor flux linkage are represented in the synchronous reference frame [6, 30].

The stator voltage equations:

) d

Vgs1 = Rs *lgs1 + %(Adsl) - (‘)elqsl (2-25)
_ d

Ugs1 = Ry * lgs1 t %(lqsl) + weAgs1 (2.26)
] d

Vgs3 = Rs *1lgs3 + E(Ads3) - 3C‘)e/1qs3 (227)
) d

Vgs3 = Rg % igs3 + %(Aqsg) + 3w, Ags3 (2.28)

The rotor voltage equations:

. d
Var1 = 0= Rr *lgr1 + E(Adrl) - (we - wr) Aqu (229)

, d
Vgr1 = 0= Rr *lgr1 + E(Aqu) + (we - wr) Adrl (230)
25



d
Varz = 0 =R, * g3 + E(Adr?)) - 3((“)e - wr)/lqr3 (231)

d
Vgr3 = 0=R, * iqr3 + a(;{tpﬁ) + 3(C‘)e - wr) Adr3 (232)

The stator flux linkages equations:

Ags1 = Lsigs1 + Linlar1 (2.33)
Ags1 = Lgigs1 + Linigr1 (2.34)
Aas3 = Lsigsz + Liplars (2.35)
Ags3 = Lsigsz + Linigrs (2.36)

The rotor flux linkages equations:

Adr1 = Lylgry + Linlgsy (2.37)
lqu = Lriqu + Lmiqsl (2.38)
Agr3s = Liplarz + Lipiass (2.39)
Agrs = Lipligrs + Luyigss (2.40)

Where 445, 44: d-axis and g-axis stator flux linkages
Agr» Agr: d-axis and g-axis rotor flux linkages
R, R,: Stator and rotor resistance
Vs, Vgs- d-axis and g-axis stator voltage
Vgr, Vqr- d-axis and g-axis rotor voltage
lgs, Lqs- d-axis and g-axis stator current

lgr, iqr- d-axis and g-axis rotor current
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w,, w,: synchronous speed and rotor speed

L, Ly, L, - Stator self inductance, rotor self inductance and mutual inductance

respectively.

Figure 2.5-7 shows a dynamic equivalent circuit of an induction machine based on equation
(2.25) through (2.40) [11].

Rs E— Lis Lir idrl Rr
+ .
jweAdsl
j(we-wr)Agr1
vdsl Ads1 Lm Adr1
(@
Rs igs1 Lis Lir

igri Rr

Vsl j(we-r)Adr1

(b)
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Figure 2.5-7 Dynamic Equivalent Circuits on a Synchronous Reference Frame

The d-q space vector method is generally used to describe the model of the induction motor. The

advantage of this method is as follows:

> Reduction of the number of dynamic equations,
> Possibility of analysis at any supply voltage waveform,
> The equations can be represented in various rectangular coordinate systems.

2.6 Direct Torque Control of Induction Motor

It is one of the most excellent and efficient control strategies of induction motor. This technique
is based on decoupled control of torque and stator flux and today it is one of the most actively

researched control techniques where the aim is to control effectively the torque and flux.
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2.6.1 Principle of DTC Scheme

The basic functional blocks used to implement the DTC-SVM scheme is shown in figure 2.6-1.
Three phase AC supply is given to the diode bridge rectifier which produces a DC voltage. A
high value dc link capacitor is used to reduce the ripple content in the DC voltage. The filtered
DC is the power supply to the inverter switches. The IGBT inverter switches are controlled by
the space vector modulation algorithm. The output of the inverter is connected to the stator

terminals of induction motor [8].

In the proposed system, flux and torque estimators are used to determine the actual value of the
flux linkage and torque. Instead of the switching table and hysteresis controllers in conventional
DTC, a PI controller and numeric calculation are used to determine the duration time of voltage
vectors, such that the error vector in flux and torque can be fully compensated. Four proportional
integral (P1) type controllers regulate the flux and torque error. Since the controllers produce the
voltage command vector, appropriate space voltage vector can be generated with SVM and fixed
switching frequency can be achieved. The output of the PI flux and torque controllers can be
interpreted as the reference stator voltage components in d-q co-ordinate system. These DC
voltage commands are then transformed into stationary frame a-p, the command values are
delivered to SVM block. The SVM block performs the space vector modulation of V. to obtain
the gate drive pulses for the inverter circuit [8].

Thus, the basic principle of DTC is to directly select stator voltage vectors according to the
torque and flux errors which are the differences between the references torque and stator flux
linkage and their actual values. The governing equation for torque for this scheme is due to the
cross-product of stator flux linkage and stator current space vectors. The torque and stator flux
linkage equations are computed from measured motor terminal quantities that is, stator voltages
and currents. An optimal voltage vector for the switching of VSI is selected among the thirty
nonzero voltage vectors and two zero voltage vectors by the space vector modulation algorithm.
In order to control the voltage reference vector, controlling of the stator flux and torque is
required.
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Figure 2.6-1 Schematic of proposed DTC-SVM

2.6.2 Stator Flux Control

The stator flux linkage of the induction motor can be controlled easily by controlling the direct
and quadrature stator voltages which are taken from the output of the inverter. From the stator
voltage equation (2.25), the stator flux equation can be derived. However; the stator resistance
can be assumed constant during a large number of converter switching periods Ts. The voltage
vector applied to the induction motor remains also constant during one period T. Thus, the stator
flux is estimated by integrating the difference between the input voltage and the voltage drop

across the stator resistance as given by equations(2.41)- (2.44) [18].

t
Aas1 = f (Wast — Reigsr) dt (2.41)
0

t
Aqsl = f (vqsl - Rsiqsl) dt (242)
0
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t
)lds3 = J- (Uds3 - RsidSS) dt (243)
0

t
Aqu = f (vqs3 - Rsiqs3) dt (2.44)
0

Where, )lds = Adsl + Ads?)

Ags = Ags1 + Ags3

qs
ids = idsl + ids?)
iqs = iqsl + iq53

The stator flux linkage phasor and angle is given by

A = /Adsz + g’ (2.45)

A
6 = tan 1 (=2) (2.46)
Ads
Where, A4, Vs, tgs aNd Ags, Vys, g5 are the d-axis and g-axes quantities of stator flux linkage
space vector, stator voltage space vector and stator current space vector component respectively.
By comparing the sign of the components stator flux (14, & 445) and the amplitude of stator

flux, can be localize the sector of the reference stator voltage vector [23, 24].

2.6.3 Direct Torgque Control

Torque is estimated as a cross product of estimated stator flux linkage vector and measured
motor current vector. The estimated torque is then compared with their reference values. The
total electromagnetic torque of five-phase IM is the sum of the first harmonic and third harmonic
torge [10].

The electromagnetic torque is given by

5\ /P . .
Tel = <§> (E) (Adsllsql - Aqslldsl) (247)
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5\ (P _ _
Te3 = (3) (E) (E) (Ads3lq53 - Aqs3lds3) (248)
T, =Ty + Te3 (2.49)
The mechanical equation is given by
dw
T,=T,+]— + Bw (2.50)
dt
2.7 Pl Controller

PI or two term controllers are the most widely used controllers in industries today. The name Pl

Comprises the first letter P stands for Proportional term in the controller and | stands for the
Integral term in the controller. Pl controller is applied in speed, torque, current and position

control.

Reference i/p

Kp x error Plant —o—»

Ki [ error dt

Figure 2.7-1 PI controller

The expression of PI control in time domain is:

u(t)=K, [R(t) - Y(t) ]+K, Iot[R(t) -Y(®) Jdt

u(t)=K e(t) + K, J.Ote(t)dt 2.51)
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Where: u(t) is the controller’s output signal
e(t) is the controller’s input error signal
K, is proportional control gain
K; is integral control gain

The Laplace transform of equation (2.51) and the structure of PI controller will be given as:

K K
U(s) = KyE() + L E(s) = B(s) (K, +) (2.52)
_U@s) K; Kys+K
PO =g =k s =77
K;
5
R(s) + Es) K, X UGs)
2O >
Y(s)

Figure 2.7-2 structure of Pl control

A proportional controller (K,) will have the effect of reducing the rise time and will reduce, but

never eliminate the steady state error. If K, is increasing the stead state error will be decreased

but may cause the controller signal to be large which may lead to saturation or limiting problems

with the system actuator. An integral control (K;) will have the effect of eliminating the steady

state error, but it may make the transient response worse [25].

2.7.1 Controller Design

Four PI controllers have been used in this thesis. Two torque controller and two flux controller

are designed. The PID controller performs especially well when the system has first order

33



dynamics (a single pole). PI controller is a type of state-feedback controller. And in general, for
the system with first-order dynamics the PI control is sufficient, and the D is not needed [26].

The direct synthesis technique is used to calculate the controller parameters based on the
knowledge of the process model. It simply attempts to find a controller that gives desired closed-

loop transfer function.

x . : Y | . : :
If G is the approximated process model and [—] is the desired closed loop transfer function,
P /g

the expression for the controller will be given by equation 2.53 [27].

EEIEN
s
® /d (2.53)
The specification of ( Y J is the key design decision and will be considered during the design.
Yo ),

Ideally, we would like the closed loop transfer function to have the value of unity so that the
controlled variable tracks set-point changes instantaneously without any error. However, this
ideal situation, called perfect control, cannot be achieved by feedback control because the
controller does not respond until the error is detected. For processes without time delays; the

reasonable first-order model is given by

Y 1
o = (2.54)

Where: 7, is the desired closed-loop time constant. Substituting this expression in the above

equation and solving the controller transfer function becomes:

(2.55)
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2.7.2 Torque Pl Controller Design

The transfer function of the PI controller is given by:

G.(s) = K, +K,

G.(s) =K, (1+isj (2.56)

From the expression we can see that K /z; is the gain of the integral controller and K is the

gain of the proportional controller.

The electromagnetic torque which is given in equation (2.47) has direct relationship with the g-
axis stator current. In order to relate g-axis stator voltage V,; with the electromagnetic torque,
first we have to analyze the relationship between the g-axis stator current and g-axis stator
voltage. From the mathematical model in equation (2.26) and (2.28), equation (2.56) and (2.57)

are given as follows:

K1V,
_ *qlVqgs1
qgsl — T‘L'qls - f(lqu; welﬂ)ldsl) (256)

K,V
qlVgs3
S LA LT S 2.57
gs3 1 4 TqSS (qr3 e3 ds3) ( )

Thus, the closed loop transfer function of the electromagnetic torque is given by equation (2.58)
and equation (2.59)

Kr1

Tel = Gp = 1+ququsl - f(Iqur wel'ldsl'ldrl) (258)
K
Te3 = Gp = #Vqsi% - f(Iqr?w w6311d5311dr3) (259)

Where: K7 is the plant gain and ¢, is the plant time constant and are given by the following

expressions.

KTl = leql ) Kml = (2) (g) Lmidr
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And the simplified block diagram representation with PI controller will be shown in figure 2.7-3

f(lgr,we,Ads,ldr)

Tref X Error 1 | Vas K, las K g_: Te
N E— m N

Te

Figure 2.7-3 Electromagnetic torque PI controller block diagram

In the block diagram representation the f (I, w,,A4s,14-) block which is summation of more
than two terms makes the closed loop transfer function too complicated. For simplicity of PI
controller parameter calculation, this part of the block diagram is ignored. Its effect is
compensated by tuning the controller parameter after performing the design calculation. The first
order desired closed loop transfers function from the reference input to the plant and the
expressions for the PI controller settings using the direct synthesis technique are given by
equation (2.58).

G,()G,() T, [Y] 1

l+Gp(S)Gc(S) Vqsref YSP d TCS+1 (258)
G,(s) = Kp[1+i} and G, = %
ST, 1+TqS

K, =

1
— 3 =T
K, 7,



By adjusting the closed loop transfer function to have a time constant r, =0.01 seconds the

settings for the proportional controller and integral controller will be

K,= 7.291,K; = 114.286 and 7; =0.0638

2.7.3 Flux P1 Controller Design
The closed loop transfer function of the stator direct axis flux from the state space model of the

induction motor in equation (2.25), (2.33), (2.37) is given by expression in equation (2.59).

K .
2'dsl = Gp (S) = 1,112':-1 Vdsl - f(ldrl'/lqsl,we) (2-59)
K .
2'ds3 = Gp (S) = 1)13.2'11 Vds3 - f(ldr3'/1q53,we) (2-60)
K =13 = ;]2_ =0.0638, and Ky =153 = ;— = 0.0638

And by following exactly the same design criteria in Pl torque controller the settings for the flux

controller is given by

K, = 100, K, = 1567.4 and 7, =0.0638

p

f(idr ’ /’lqs,we)

Aref Error 1 Vds R K ; Ads
K,(1+—/) 14+1s
ST;

As

y
_|_
v

Figure 2.7-4 Flux PI controller block diagram
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Chapter Three

Space Vector PWM of Five-phase Voltage Source Inverter

3.1 Introduction

Theory of Space vector pulse width modulation; when three phase supply is given to the stator of
the induction machine a three phase rotating magnetic field is produced. Due to this field flux, a
three phase rotating voltage vector is generated which lags the flux by 90°. This field can also be
realized by a logical combination of the inverter switching which is the basic concept of
SVPWM [13].

Space vector pulse width modulation has become one of the most popular PWM techniques
because of its easier digital implementation and better dc bus utilization, when compared to the
ramp-comparison sinusoidal PWM method. SVPWM for three-phase voltage source inverter has
been extensively discussed in the literature and. However, for multi-phase VSls, there are only
application specific SVPWM techniques available in the literature and more research work is
needed in this area. There is a lot of flexibility available in choosing the proper space vector
combination for an effective control of multi-phase VSIs because of large numbers of space
vectors. With reference to five-phase VSI, there are a very few journal papers found in the
literature. In this research the large space vector of SVPWM schemes for five-phase VSI are

formulated and elaborated.

3.2 Voltage Source Inverter

The process of converting DC to AC power is called inversion. Inverter is an electronic device
which creates the variable frequency from the fixed DC source in order to drive an induction
motor at a variable speed. Depending on the type of DC source supplying the inverter; it can be

classified as voltage source inverters (VSI) and current source inverters (CSI).

The DC source is usually rectified from the three phase input power. There is a DC link
connected between the rectifier and the inverter. A capacitive-output DC link is used for a VSI
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and an inductive output link is employed in CSI. The circuit diagram for a two-level voltage

source inverter for power applications is shown in figure 3.2-1.

S1

A
e ) c IM
D <

g £ £ £} ¥

N

Figure 3.2-1 Five-phase voltage source inverter power circuit

A basic five-phase VSI is a ten step bridge inverter, consisting of minimum ten power electronics
switches. Each switch in the circuit consists of two power semiconductor devices, connected in
anti-parallel. One of these is a fully controllable semiconductor, such as a IGBT, while the
second one is a diode. A step can be defined as the change in firing from one switch to the next
switch in proper sequence. For a ten step inverter each step is 36° intervals for one cycle of 360°.
That means the switches would be gated at regular intervals of 36° in proper sequence to get a

five-phase AC output voltage at the output terminal of VSI.

The ten switches are divided into two groups; upper five switches as positive group (i.e. S1, S3,
S5, S7, S9) and lower five as negative group of switches (i.e. S2, S4, S6, S8, S10 ). There are two

possible conduction modes to the switches such as [28]:

1) 180° conduction mode and
2) 72° conduction mode.
In each pattern the gating signals are applied and removed at an interval of 36° of the output

voltage waveform.
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3.2.1 Five-phase 180° Degree Conduction Mode VSl

By referring to figure 3.2-1, each switch conducts for 180° of a cycle. Switch pair in each arm,
i.e. S1-Sy; S3-Sa; Ss-Se; S7-Sg and Se-Syo are turned on with a time interval of 180°. It means that
S; conducts for 180° and S; for the next 180°.

In the ten-step 180°conduction mode of operation, five switches are on at a time, two from
positive group and three from negative group or vice versa, each switch conducts for 180° of a
cycle. But no two switches of the same leg should be turned on simultaneously in both cases as

this condition would short circuit the DC source.

3.2.2 Five-phase 72° Degree Conduction Mode VSI

The power circuit diagram of this inverter is the same as shown in figure 3.2-1for the 72 degree
mode VSI, each switch conducts for 72° of a cycle. Like 180° mode, 72° mode inverter also

require ten steps, each of 36°duration for completing one cycle of the output AC voltage.

As shown in figure 3.2-2 below; in the conduction mode 72° S; conducts with Sg for 36° then
conducts with Sg for another 36°. S; will conducts for 72° (from 72° t0144°%) 36° (from 72° to
108%) with Sgand then conducts another 36° (from 108° to 144°%) with Sio. Sswill conducts 72°
(from 144°to 216°) with Sy for 36° (from 144°%o 180°%) and then conducts for another 36° (from
180°to 216°) with S, S7 will conducts 72° (from 216°to 288°%) with S, for 36° (from 216°to 252°)
and then conducts for another 36° (from 252°to 288°%) with S4. Sewill conducts 72° (from 288°to
360°) with S, for 36° (from 288° to 324°%) and then conducts for another 36° (from 324°to 360°)
with Sg. Simply, the72° conduction mode sequence can be written as follows:-

S6 S1 S1Ss Ss Sa. S3 S10 Si0 Ss. S5 Ss. Sz S7 S7 Sa Sa So So Seand Se S

0 0
ss (1449 | 12,] s; 2169 |72, s, (2889)

Se (324°)

Figure 3.2-2 Five-Phase 72° Degree conduction Mode VSI
40



In this conduction mode the chances of short circuit of the DC link voltage source is avoided as
each switch conduct for 72%in one cycle, so there is an interval of 36° in each cycle when no

switch is in conduction mode and the output voltage at this time interval is zero [3].

3.3 Switching States of the VSI

The operating status of the switches in the voltage source inverter in figure 3.2-1 can be
represented by switching states. As indicated in Table 3.3-1, switching state ‘1’ denotes that the
upper switch in an inverter leg is on and the inverter terminal voltage V is positive (+Vgc) while
‘0’ indicates that the inverter terminal voltage is zero due to the conduction of the lower switch.
There are thirty two possible combinations of switching states in the VSI as listed in Table 3.3-2.
For example, the switching state [10000] corresponds to the conduction of S;, S4, Sg. Sg and Sio
in the inverter legs A, B, C, D and E, respectively. Among the thirty two switching states,

[11111] and [00000] are zero states and the others are active states.

Table 3.3-1 Definition of Switching States

Switching | Leg A LegB LegC Leg D Leg E
state
S1 | So | Vy | Ss | Sa | Vg |Ss| Se | Ve | St |Ss|Vp| So| Swo| Vg
1 On | Off | V4. | On | Off | V,. | on | Off | V;. | On | off | V;.| on | Off |V,
0 Off On| O |Off On| O |off On| O |[Off on| O |off | On | O
Table 3.3-2 Switching States and Phase voltages for the five-phase inverter
Space vector| On-off Vg v 2 Vg 2 Theta in
degree
141 11001 O'4Vdc 0'4Vdc _0'6Vdc _0'6Vdc 0'4Vdc 0
v, 11000 0.6V, | 0.6V, —0.4V,,| —04V,. | —0.4V, 36
Vs 11100 0.4V, 04V, | 0.4V, | —0.6V,. | —0.6V, 72
v, 01100 —0.4V,.| 0.6V, | 0.6V, | —04V, | —0.4V, 108
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Vs 01110 —0.6V,| 04V, | 04V, | 04V, | —06V,| 144
Ve 00110 —0.4V,| —04V, | 06V, | 06V, | —04V,| 180
v, 00111 —0.6V,,| —0.6V,| 04V, | 04V, 0.4V,, 216
Vg 00011 —04V,,| —04V, | —04V,| 0.6V, Vi 252
Ve 10011 04V, | —0.6V, | —0.6V, | 0.4V, 0.4V,, 288
V1o 10001 0.6V, | —04V,| —04V,| —04V, | 0.6V, 324
Vi 10000 08V, | —02v,| —02v,] —02v, | —0.2vV, 0
v, | 11101 02V, | 02V, | 02v,| —08V, | 02V, 36
vi3 | 01000 —0.2V,| 08V, | —02v,| —02V, | —02V, 72
Via 11110 02V, | 02v, | 02v,| o02v, | -08v,| 108
Vis 00100 —02V,| —02v,| 08V,| -02v, | —02v,| 144
vie | 01111 —0.8V,| 02V, | 02v,| 0.2V, 0.2V, 180
v, 00010 —0.2V,| -o02v,| -02v,| o8V, | -02v,| 216
Vg 10111 02V, | -08v,| o02v,| 0.2V, 0.2V, 252
V1 00001 —0.2V,| —02V, | —02V,| —02V, | 0.8V, 288
20 11011 02V, | o02v, | —o08v,] 0.2V, 0.2V, 324
v,y | 01001 —04V,| 06V, | —04Vv,| —04v, | 0.6V, 0
Vs 11010 04V, | 04V, | —o06v,| 04V, | —06V,| 36
Vy3 10100 0.6V, | —04V,| 06V, | —04V, | —0.4V, 72
vy, | 01101 —0.6V,| 04V, | 04V, | —06V, | 04V, 108
vys | 01010 —04V,| 06V, | —04V,| 06V, | —04V,| 144
Va6 10110 04V, | —0.6V, | 04V, | 04V, | —06V,| 180
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vy; ] 00101 —0.4V,| —04V,. | 06V, | —04V, | 0.6V, 216
Vog 01011 —0.6V,| 04V, | —0.6V,| 0.4V, 0.4V,, 252
V29 10010 06V, | -04V,| -—04v,| o6V, | -04v, | 288
V30 10101 04V, | —0.6V, | 04V, | —06V, | 04V, 324
Vo 00000 0 0 0 0 0 0
Vaq 11111 0 0 0 0 0 0

3.4 Space Vector Representation of a Five-phase VSI

In order to introduce space vector representation of the five-phase inverter output voltages, an

ideal sinusoidal five-phase supply source is considered first in figure 3.2-1. Let the phase

voltages of a five-phase pure balanced sinusoidal supply be given with equation (3.1).

v, = V2V cos(ot)

v, = V2V cos(ot — 2n/5)

v, = V2V cos(ot — 41/5)

vy = V2V cos(ot + 41/5)

v, = V2V cos(ot + 21/5)

(3.1)

The Space vector of phase voltages is defined using power variant transformation, as follow:

v =§(Ua + av, + a’v. + a*®v; + a'v,)

(3.2)

Substitution of equation (3.1) into equation (3.2) yields for an ideal sinusoidal source the space

vector is given as

¥ = V5Vexp(jwt)
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However, the voltages are not sinusoidal any more with the inverter supply. They are in general
of quasi-square waveform. Leg voltages (i.e. voltages between points A, B, C, D, E and the
negative rail of the DC bus N in figure 3.2-1) are considered first. Table 3.4-1 summarizes the
values of leg voltages in the ten 36 degrees intervals and includes the numbers of the switches

that are conducting [16].

Table 3.4-1 Leg voltages of the five-phase VSI

Switching | Switches Space Leg Leg Leg Leg Leg
state ON vector voltage voltage voltage voltage voltage

(mode) Vy Vg Ve Vp Vg
1 1,3,6,89 v, Ve Ve 0 0 Ve

2 1,3,6,8,10 v, Ve Ve 0 0 0

3 1,3,5,8,10 Vs Ve Ve Ve 0 0

4 2,35,8,10 vy 0 Ve Ve 0 0

5 2,35,7,10 Vs 0 Ve Ve Ve 0

6 2,45,7,10 Ve 0 0 Ve Ve 0

7 2,45,7,9 v, 0 0 Vi Ve Ve

8 2,4,6,7,9 vg 0 0 0 Vi Ve

9 1,4,6,7,9 v, Vie 0 0 Vi Ve
10 1,4,6,8,9 V1o Ve 0 0 0 Ve

For calculation of leg voltage space vectors, individual leg voltage values from Table 3.4-1 are
inserted in the equation 3.2-2 which defines the voltage space vector. The leg voltage space

vector for the first switching state mode is given as:

141 =§(VA + aVB + aZVC + a*ZVD + a*VE)

=Z(Vge + Vg + 0+ 0 + a'Vy,)

= %Vdc (1 + cos(2m/5) + sin(2r/5) + 0+ 0 + cos(2m/5) — sin(2m/5))
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— %Vdc exp(j0) (1 + 2 cos(21/5))

= %Vdc 2 cos(m/5) exp(jO) (34)

Similarly, the other leg voltages can be calculated in the same manner of equation (3.4) and the

results are tabulated in Table 3.4-2

Table 3.4-2 Leg voltage space vectors of the five-phase VSI

Leg voltage space vectors

2] 2/5Vy.2cos(m/5) exp(jO)

12 2/5Vy.2cos(m/5) exp(jm/5)
V3 2/5Vy.2cos(m/5) exp(j 2m/5)
Uy 2/5Vy.2cos(m/5) exp(j3m/5)
Vs 2/5Vy.2cos(m/5) exp(j 4m/5)
Ve 2/5Vy.2cos(m/5) exp(jm)

1z 2/5Vy.2cos(m/5) exp(j 6m/5)
Vg 2/5V,.2cos(m/5) exp(j 7m/5)
Vg 2/5V,.2cos(m/5) exp(j 8m/5)
V10 2/5V,.2cos(m/5) exp(j9m/5)

Phase to neutral voltages of the star connected load are most easily found by defining a voltage
difference between the star point n of the load and the negative rail of the DC bus N. The

following correlation then holds true:

Vy=v, + v,y (3.5)
Ve = v, + vy (3.6)
Ve =v. + vy (3.7)
Vp =v4 + v,y (3.8)
Vg = v, + v,y (3.9)
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Since the phase voltages in a star connected load sum to zero, summation of the equations (3.5)-

(3.9) yields [29]:

1
UnN :g(VA+VB+VC+VD+VE)

(3.10)

Substitution of equation (3.10) into equation (3.5)-(3.9) yields phase voltages of the load in the

following form:

4 1
vV, = VA_g(VB+VC+VD+VE)

5
4 1
Vp =§VB_§(VA+VC+VD+VE)

4 1
Ve ZEVC—g(VA+VB +VD +VE)

4 1
Vg =§VD —g(VA +VB +VC+VE)

4 1
Ve =§VE_§(VA+VB+VC+VD)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

The ten distinct intervals of 36 degrees duration in equation (3.11)-(3.15) can be determined

using the values of the leg voltages in table 3.4-1. Table 3.4-3 gives the phase voltages for

different switching states, obtained using equation (3.11)-(3.15) and table 3.4-1.

Table 3.4-3 Phase voltages of a star connected load supplied from a five-phase VSI.

Switching | Switches Space v, vy v, vy A
state ON vector
1 136,89 | vy 2/5V,. | 2/5Vy. | —3/5Vy | —3/5V, | 2/5V,
2 13,6810 | vy, 3/5V,. | 3/5Vy | —2/5Vy | —2/5V, | —2/5V,
3 1,358,10 | vs,, 2/5V,. | 2/5Vy. | 2/5V,. | —3/5Vy | —3/5V,
4 235810 | vy, | —2/5Ve | 3/5Va | 3/5Vi | —2/5V4 | —2/5Vg
5 235710 | wvs,, | —3/5Vae | 2/5V | 2/5Va | 2/5Ve | —3/5Vg
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6 245710 | wepn | —2/5Vae | —2/5Vae | 3/5Vae | 3/5Vae | —2/5Vg
7 24579 | v | =3/5Va | =3/5Vae | 2/5Vae | 2/5Vae | 2/5Vqa
8 24679 | wvgn | —2/5Vae | —2/5Vae | —2/5V4e | 3/5Vae | 3/5Va
9 14679 | vopn 2/5V,. | —=3/5V4 | —3/5Vy | 2/5Vy | 2/5V,
10 14689 | vigpn | 3/5Vae | —2/5Vae | —2/5Vae | —2/5Vqe | 3/5Vg

Time domain waveforms of phase to neutral voltages of the star connected load are shown in

figure 3.4-1 for the five-phase inverter operation in the ten-step mode. Phase voltages are of non-

zero value throughout the period and their value alternates between positive and negative

2/5V .and 3/5V,.. The waveforms of the phase-to-neutral voltages show ten distinct steps,

each of 36 degrees duration and hence the name of this mode of operation, ten-step mode.

Va

Ve

Ve

— 3/5Vdc

2/5Vdc

/5

27t/5)

37/5

47t/5

7T 67t/5

771t/S 87t/5

97t/5

2

Figure 3.4-1 Five-phase voltage in ten-step mode of operation
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To determine the space vectors of phase-to-neutral voltages, the instantaneous values of phase
voltages in table 3.4-3 are inserted into equation (3.2). The phase voltage space vectors for the

ten-step mode of operation turn out to be same as those of the leg voltages given in table 3.4-2.

A typical space vector diagram for the two-level inverter is shown in figure 3.4-2, where the
thirty active vectors V; to V3, form a regular decagon with ten equal sectors (I to X). The zero
vector V, and V3, lies on the center of the decagon. It obtained directly from equation (3.2) and
equation (3.11)-(3.15). The voltage components are normalized with respect to the inverter DC

link voltages V...

v. gu-axis
Vs V14 5 V2
"V24 - >0
‘ 1
v Vie/ Ve . |t/5 Vi
3 .
\Q n " di-axis
Va7
V17 Q »
Va9
V7 Q Vi Vio
Vs Vo

a) d1-qgl space vector voltage
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\ "
(s-axis

b) ds-qsspace vector voltage

Figure 3.4-2 Five-phase VSI phase voltage space vectors

3.5 Space Vector Modulation

Nowadays, when fast and cheap semiconductor devices are available, it is more desirable to use
the PWM technique in the low and middle power range. Since a PWM controlled inverter is able
to control both the amplitude and frequency of the output voltage and does not require an
additional voltage control on the DC side. This practice is based on multiple pulses in each half
AC period, with variable width. Pulse width modulation is the process of modifying the width of
the pulses in a pulse train in direct proportion to a small control signal. There are different types
of pulse width modulations. Among them, the well known are Sinusoidal pulse width modulation
(SPWM) and space vector pulse width modulation (SVPWM) [25].

3.5.1 Comparison of Sine PWM and Space Vector PWM
In summary, the basic difference between sine pulse wide modulation and space vector pulse
wide modulation are given below [16, 25].

» SVPWM is more sophisticated method compared with sine PWM.

» Sine PWM s unable to make full use of the inverter’s supply voltage and the

asymmetrical nature of the PWM switching.
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» Space Vector PWM generates less harmonic distortion in the output voltage or currents in
comparison with sine PWM.

» Space Vector PWM provides more efficient use of supply voltage in comparison with
sine PWM.

» In sine PWM the locus of the reference vector is the inside of the circle with the radius of
1/2Vdc. In Space Vector PWM the locus of the reference vector is the inside of a circle
with radius of 2/5 V.2 cos(rt/5) cos(rr/10).

.". VoltageUtilization of Space Vector PWM is 1.23108 times of Sine PWM

To implement the space vector PWM, the voltage equations in the a-b-c-d-e reference frame can
be transformed into the stationary a-f reference frame that consists of the horizontal (a) and
vertical (B) axes, as a result, ten non-zero vectors with different amplitudes and two zero vectors
are possible. Ten nonzero vectors (V1 — V1o) shape the axes of a decagonal as depicted in figure
3.4-2, and feed electric power to the load or DC link voltage is supplied to the load. The angle
between any adjacent two non-zero vectors is 36 degrees. Meanwhile, two zero vectors (Vo and

V3;) are at the origin and apply zero voltage to the load.

The objective of space vector PWM technique is to approximate the reference voltage vector Ve
using the thirty two switching patterns. One simple method of approximation is to generate the
average output of the inverter in a small period T to be the same as that of Vs in the same period
[25].

3.5.2 Principle of Space Vector PWM

There are some principles of space vector pulse wide modulation:

> Treats the sinusoidal voltage as a constant amplitude vector rotating at constant frequency.

» This PWM technique approximates the reference voltage Vs by a combination of the
large active vectors and the two zero vectors Vo and V3;.

> Vet IS generated by two adjacent non-zero vectors and two zero vectors.

» Coordinate Transformation; A five-phase voltage vector is transformed into a vector in
the synchronous d-g coordinate frame which represents the spatial vector sum of the five-
phase voltage.

> The vectors (V1to Vi) divide the plane into ten sectors (each sector is 36 degrees).
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3.6 Realization of Space Vector PWM

The space vector PWM is realized based on the following three steps:
1. Determine V,, Vs, V,.r, and angle ().
2. Determine time duration Ty, Ty, Ty.

3. Determine the switching time of each transistor (S; to Sio).

3.6.1 DetermineV,, Vg, V,f, and Angle (a)

The Voltage Space vector and its components in a-f plane are shown in figure 3.6-1. The
SVPWM scheme discussed in this section considers the outer-most decagon of space vectors in
a-f plane. The input reference voltage vector is synthesized from two active neighboring and
zero space vectors [16, 28].

B axis

oemeeeene)

€---cccccccccccccccaaa

Figure 3.6-1 Space Vector Voltages and its components in a-f8

The synchronous voltages V; and I, in section 2.7 are generated by the Pl controller of figure
2.7-1. From the park inverse transformation of synchronous voltage, the stationary

voltage V,, V; and V,..; can be determined as follows:
Vg = Vg * cos(8,) — vy * sin(6,) (3.16)
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vp = vg * sin(6,) + v, * cos(6,) (3.17)

- sl

[Vier | = [Vi* + V3 (3.19)

= tan_l(Z—ﬁ) (3.20)

a

The voltage ,, Vs, Vs and angle (o), are calculated by using the above equations. The five-

phase output voltages in the full bridge inverter at any instant of time in figure 3.2-1 can be
represented by a set of thirty two base space vectors according to thirty two switching positions

of the inverter. In figure 3.4-2 shows these base vectors V, through V,,and the two zero vectors

which correspond to switching positions resulting in zero output voltage.

3.6.2 Determine Time DurationT¢, T, Ty

With considering that Ts is sufficiently small, then the reference voltage V.., could be constant
during Ts. When the reference voltage V.. falls into sector I as shown in figure 3.6-2 the
reference voltage V.., can be found by two adjacent active vectors V; and V, and one zero

vector V. The equation of the reference voltage V,.., can be written as follows [16, 25]:-

IS . Ty _ Ty+Ty _ T
0 TO Tq T1+T,
TS‘_/)Tef = Tll71 + Tzl—/z (322)
TS s T1 + T2 + To (323)
Whereas:

-

ref — Vref eja
%Vdc 2 cos(g) exp(jO)

= %Vdcz cos(%) exp(jm/5)

<!
I

U
!
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—

V0=O

Then, it can be simplified in to equation (3.24).
Ccos (g)
sin (g)

cos(a)

sin(a) (3.24)

1oV | [0S = 1, 22 cos () 1] + 7 2Vac2cos ()

Img. axis

ccccccccccccaa)

........... Vref
> >---
T, Vi Real axis
—V
Ts 12

Figure 3.6-2 Principle of space vector time calculation for a five-phase VSI

By collecting the same terms of equation (3.24) will get the following equations:

2 s 2 s s
Realpart TVyer cos(a) = Ty < V4.2 cos (E) + T, ngC 2 cos (E) cos (g)
) ) 2 m\ . (T
Imaginerypart TV, sin(a) = T, < V4.2 cos (E) sin (g) (3.25)
By solving equation (3.25), T; and T, can be expressed as below;
( T Vyer Sin (% - a)
T, = - (3.26)
Vi sin (§)
{ T, V,er sin(a
T, = LT[() (3.27)
V5 sin (E)
\Ty = T,-T, - T, (3.28)

Where: V1 = |‘71| = V2 = |‘72| = ngC COS(%)
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Vier = Vs |, 0<ac<36°

Where T1,T,, To represents the time widths for vectors V1,V,,Vo. Ty is the period in a sampling
period for null vectors should be filled. As each switching period (half of sampling period) T;
starts and ends with zero vectors i.e. there will be four zero vectors per Ts, duration of each null

vector is Ts /4. Figure 3.6-3 gives switching pattern for all sectors.

Table 3.6-1 Shows the switching sequence Time T, T, and T, for all sectors

Sector T, T, T
! T *a*sm(z—a) Ts x a = sin(a) T,-T,-T,
5
Vs
' Ts*a*sin(z?n—a> Ts*a*sin(a—g) I,-T-T,
1! 3 21 -T -
Ts*a*sin(——a> Ts*a*sin<a——> T,-T,-T,
5 5
4m 3 -T. —
5 5
\Y Ty *a *sin(m — a) Ts*a*sin<a—4?n> T,-T,-T,
6 ; _ o
Vi Ts *a*sin(?n a) Ts »axsin(a — ) I-T1-T)
VII 7T 61 -T -
Ts*a*sin(— a) Ts*a*sin<a__) T.-T,-T,
5 5
8m VAL -T, -
Vi Ts*a*sin(— o() Ts*a*sin<a——) T,-T,-T,
5 5
IX 7T 8r -T, -
Ts*a*sin(— ) Ts*a*Sin<a—?> T,-T,-T,
X T, * a*sin(2w — a) Ts*a*sin<a—9?n> T,-T,-T,

Switching Time Duration at Any Sector:
The general equation of Switching Time Duration at Any Sector can be calculated as follows:

T +Th 41 - Ts N
j ref dt=] 74 dt+f 7 dt+f V, dt (3.29)
5 Th Th+Th 41
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T * V)ref = TyVh + Tuy1Voa (3.30)
Where:

T., T,+1 and T are the switching times of space vector voltages V;, V,, ., and V; respectively.

17)re‘f = Vref ej(a_(ns;ln))

> 2 .n—1
V, = ngcz cos(%) exp (] nTn)

= 2 ,
Vi1 = EVdC 2 COS(%) exp (] %T[)

e 5] o, [0 o)

[sin <a _ (n;ln)” = gVac2 cos (g l i (n— 171) + i (gﬂ) J[Tn+1]

5
By collecting the same terms i.e. the real part and imaginary part of equation (3.31) will get the

T|Vyer | (3.31)

following equations:

2 V.2 (T[) n—1 \
n—1 =Vyc2cos(= cos( n) T
TVyer cos| a — ( n) = [° 5 5 [ " ] (3.32)
> EV 2 cos (E) cos (E n) T
5 5 5
2 V.2 (ﬂ) om—=1 \]
n—1 =Vi.2cos|—= sm( n) T
TVyer sin| a — ( n) = |° 5 5 [ " ] (3.33)
> EV 2 cos (E) sin (E n) Tua
5 dc 5 5
By solving the above equations, T; and T, can be expressed as:
( Ts * Vyer * sin (gn—a)
T, = 2 (3.34)
¥, *sin (5)
\ TS*Vref*sin(a—ngln)
Tn+1 = ) T (335)
iy sin()
\Ty = T,-T,-Tp11 (3.36)

Where: n is the sector numbers fromn =1 to 10

2 4
Vo= [Va| = £ * Ve * cos Q)
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3.6.3 Determine the Switching Time of each Transistor

From the switching pattern figure 3.6-3, it is seen that in the first half of the switching cycle zero
space vector is applied, followed by two active space vectors and then by the second zero space
vector. The sequence followed in the second half cycle is the mirror image of the first one. The
total number of state changes in one PWM switching period is thus twenty, since each switch

changes state twice in one switching period.

T0/4 T2/2 T1/2 T0/2 T1/2 T2/2 TU/4 TD/4 T1/2 T2/2 TU/2 T2/2 T1/2 T0/4
Vo V2 Vi Vst Vi V2 Vo Vo \2 V3 Va1 Vs V2 Vo
(@) Sector | (b) Sector 11
Th | T2 Til2 T2 | TR TR |Td T | T T2 To2 T2 T2 T
Vo Ve V3 Vat V3 Vi Vo Va1 Vi 3 Vo Vs A Vat
(c) Sector 111 (d) Sector IV
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Tol4 Tal2 T2 Tol2 T2 T2 | Told Told T2 Tal2 Tol2 T2 T2 |Told
Vo Ve Vs Vst Vs Ve Vo o Ve v Va1 v Vs o
(e) Sector V (f) Sector VI
Tol4 Tal2 T2 Tol2 T2 T2 |Told Told T2 T2 Tol2 Tal2 T2 |Tod
Vo Ve Vr Vst Vi i Vo Vo Vs Vg Va1 Vg Vg Vo
(9) Sector VII (h) Sector VIII
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Tol4

Tal2

T2

Tol2

T2

Tal2 Told

Told

T2

T2 Tol2 T2 Til2

Told

Vo

Vio

Vo

Vst

(i) Sector IX

Vo

Vio Vo

o

Vio

Vi Va1 Vi Vio

(j) Sector X

Vo

Figure 3.6-3 space vector PWM switching patterns with large space vector at each sector

Based on figure 3.6-3 the switching time at each sector is summarized in table 3.6-2.

Table 3.6-2 the switching time at each sector

Sector

Upper switches

Lower switches

Slle +T2+T0/2
53:T1+T2+T0/2

Ss=Ty/2
57 = To/z
59 = Tl +T0/2

S, =T,/2

S, =T,/2
Se=T,+ Ty +Ty/2
Se=Ti+ Ty +Ty/2
Sio =Ty +Ty/2

Slle +T2+T0/2
33=T1+T2+T0/2

S5=T2+T0/2
S7=T0/2
59=T0/2

52=T0/2
S4=T0/2
S6=T1+T0/2

58=T1+T2 +T0/2
510=T1+T2+T0/2
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I S =T, +T,/2 S, =T, +Tp/2

Ss =T, + T, +Ty/2 Sy =T,/2

Se=T,+T,+Ty/2 Se =T,/2

S, =To/2 Se =T, + Ty +Ty/2

So =Ty/2 Sio =Ty + T, +Tp/2

S, =To/2 S, =T, + T, +Ty/2
v Ss =T, + Ty +Ty/2 Sy =To/2

Ss=T,+ T, +Ty/2 S¢ =To/2

S, =T, +Tp/2 Se =T, +Tp/2

So =T,/2 Sio =T, + T, +Tp/2

S, =To/2 S, =T, + T, +Ty/2
v Sy =T, +Ty/2 Sy =T, +Tp/2

Ss=T,+T, +Ty/2 Se =T,/2

S, =T, + Ty +Ty/2 Sg=T,/2

So =T,/2 Sio =Ty + T, +Tp/2

S, =To/2 S, =T, + T, +Ty/2
Vi Sy =T,/2 Se =T, + T, +Ty/2

Se=T,+ T, +Ty/2 Se =T,/2

S, =T, + Ty +Ty/2 Sg =T,/2

So =T, +Ty/2 Sio =T, + Tp/2

S, =To/2 S, =T, + T, +Ty/2
Vil Sy =T,/2 Sa =T+ T, +Ty/2

Se =T, +Ty/2 Se =T, +Tp/2

S, =T, +Ty+Ty/2 Sg =To/2

So =Ty + Ty +Ty/2 S0 =To/2
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S =T, +Ty/2 S, =T, +To/2
Vil Sy =To/2 Sa =T, +Ty+Ty/2
Ss =Tp/2 Se =T, + Ty +Ty/2
S, =T, +Ty+Ty/2 Sg =To/2
So =Ty + Ty +Ty/2 S0 = To/2
Si=T,+T,+T,/2 S, =To/2
XV Ss =T, + Ty +Ty/2 Sy =To/2
Ss =To/2 Se =T, + Ty +Ty/2
S, =To/2 Se =T, + T, +Ty/2
So =Ty +Ty/2 Sio =T, +Tp/2
Si=Ti+T,+T,/2 S, =To/2
X Sy =T, +Tp/2 Sy =T, +Tp/2
Ss =To/2 Se =T, + T, +Ty/2
S, =To/2 Se =T, + T, +Ty/2

59:T1+T2+T0/2

S10 =To/2

The analytical expression for leg voltages averaged over one switching cycle and expressed in

terms of the DC bus of the five-phase VSI can be deduced from the switching pattern shown in

figure 3.6-3 For sector | can be calculate as follow:

Vie Ty

VA :ﬁ(—?+T2 +T1+T0+T1+T2——)
Vie T

Vy = m&—7+5+n+n+n+n——)

Ve = @(———Tz T1+T0—T1—T2—&)
2T, 2 2
Vie  To

Vb =ﬁ(—?—T2—T1+TO—T1—T2—_)
Vie = T T,

VE:ﬁ(_?_TZ_i_Tl-I_TO_*_Tl Tz_?)
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Chapter Four

System Model Simulation and Results

4.1 System Model Simulation

MATLAB/Simulink is a software package which is used to model, simulate, and analyze of
dynamic systems. The mathematical equations presented in chapter two and chapter three is used
to model the five phase induction motor in Matlab/Simulink R2013a environment. Figure 4.1-1

depicts the complete Simulink model of DTC of five phase induction motor.

The overall system simulation block includes different sub-functional blocks such as: Pl
controller blocks, Coordinate Transformation blocks, SVPWM block, VSI block and IM

modeling block are sub functional blocks.

Flux calculation
powergui
Clark fransformation
L—teta vdsH—
Vgst——
/_d iabed ,_park
Areft Te T —
g W '_!ﬂ
Treft il theta
_d1 M ] Scope?
href3 iabcded HE
— V_q1 T T
Tref3 we3 Scopet
Plcontroller |
tetat Vgsa—n
Park_invers Vds3i
theta3
g3 'Alpha3
|_beta3
I
1 Theta
Park Transformation ~ Clark Transformation

Figure 4.1-1 DTC of five phase IM system simulation block diagram

The PI controller blocks are used to minimize the flux and torque errors. The Pl torque output is
g-axis voltage and the PI flux output is d-axis voltage in synchronous reference frame. The
outputs of PI controller are fed to park-inverse transformation sub blocks. And these voltages

will generate the desired a-axis and B-axis voltage references that fed to the SVPWM sub block.
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SVM Simulink block

The SVPWM simulation block, shown in figure 4.1-2, is used to determine the switching
sequence and duration of the power transistors of five-phase voltage source inverters. SVPWM
algorithm calculates the duty time of the five upper power transistors based on the a-axis voltage
and B-axis voltage fed to it from the park inverse block. Then these outputs are compared with
the output of a triangular wave repeating sequence, which is operating at frequency of PWM, to
generate pulse width modulated signals accordingly. Finally the five output signals are passed
through inverter logic operator to produce the inverse of them. These ten pulse width modulated
signals are used to drive a five phase voltage source inverter. The source codes of sector
selection, active time calculation, space vector selection and triangular wave repeating sequence

generation are written in the appendix.

\V_apha
tg tga 4..1
D L V_beta T1_T2_T0/2—{Tn g igb 81
V_aphat sector * tal tge pulse s2 _3 )
LIV _apha Space_Vector ‘ 3
B . an ime calculation for 1stharmonic —isn = tod
V_beta SECLOTT F '9 lge
V_beta1 SV Selection of 1st har. pulse generation S5
Sector Calculation
(3 \VV_apha tga tga — 8:6
V_apha3 I Sn—L gn tgb— tgb
V_beta sector + tge— tgc pulse S7 8 )
®_ : Space_Vector S8
V beta3 Sector Calculation. AV _apha T1 T2 T02 . tgd— tgd —(9 )
- tog—{ t0e 52
V_beta SV Selection of 3rd har.  pulse generation3 §10

Time calculation for 3rd harmonic

Figure 4.1-2 SVPWM generation simulation block diagram

Voltage Source Inverter block
The VSI block is used to generate five phase voltages from the DC voltage by triggering the
switching states that are generated in SVM techniques. The phase voltage output of VSI feds to

induction motor and also that used to estimate the actual flux and actual torque.
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Coordinate Transformation blocks
The different coordinate transformations such as: Clark transformation, park transformation,
Clark-inverse transformation and park-inverse transformation are written in MATLAB source

code and embedded in simulation blocks. The source codes are shown in the appendix.

IM simulation model

The simulation model of five-phase IM is not available in the simulink library. However, it is
designed using the stator resistance, rotor resistance, stator inductance, rotor inductance, mutual
inductance and moment of inertia as shown in figure 4.1-3. The five phase VSI output voltages
are transforming into o-axis voltage and f-axis voltage using the Clark transformation. These
voltages also transform in to d-q axis voltages. From these voltages will be determine the actual
stator flux and the rotor flux. Then, the d and g axis currents are calculated from d and q axis
voltage and flux variables. After that, the electromagnetic torque is developed from the
interaction of stator flux’s and stator currents that is taken as actual torque. From the mechanical

torque equation and torque load, the rotor speed and rotor position is calculated.

/_ds
- flux_ds

!_q s

—il_ds flux_gs

—_as
flux_gs1—

e
:.J E"Iﬁﬁﬂ }-h park inv clark1 @
Te1
@ —Hji @&

[ theta

inertia

pole

Figure 4.1-3 Induction Motor model block diagram
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4.2 Simulation Results of Five-Phase IM

This section deals with the simulation results of five phase IM drive system. The parameters of
the motor that are used in the simulation are shown in table 4.1-1. They are found from
MATLAB documentation.

Table 4.2-1 Induction motor and VSI parameters

Dc link voltage Vdc = 400V
Stator resistance Rs=2.8750hm
Rotor resistance Rr=2.8750hm
Stator inductance Lls=8.5mH
Rotor inductance Llr=8.5mH
Mutual inductance Lm=0.175H
Moment of inertia J=0.0008Kg.m2
Number of poles P=4

The simulation results are carried out for different reference torques and flux’s under different
loading conditions. The load torque is varied in steps (at t=0, motor is no loaded and the load is
varied in steps as 25%, 50%, 75%, and full load at 0.1, 0.25, 0.45, 0.7 second respectively) and
the corresponding variations in stator current, torque, and speed are observed and shown in
figure 4.2-1 (a) and (b), (c), and (d) respectively. It is seen that the stator current increases and
speed decreases with increasing load and the motor torque follows the load torque. The transient
oscillations of the torque for a load change from no load to load torque condition is observed and
shown in Figure 4.2-2. The system can follow the load torque T =5 Nm with a rise time of less
than 0.004 second and settling time of 0.03 second. It also gives a good overshoot value of 7.62
Nm at peak time t=0.007 sec with steady state error of 1.2%. It is able to track change in the set

point in a satisfactory way with error value less than 2%.
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Current in Amp

Five phase current

Current in Amp
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(a) Un filtered five —phase current
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(c) Electromagnetic torque and load torque
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(d) Speed response of IM
Figure 4.2-1 simulation result of five phase IM with different loading conditions

Transient response of torque

10
75—
c 5 W
5 / \V
|_
25
% 0015 003 0045 006 0075 009 0.1

Time (seconds)
Figure 4.2-2 Transient response torque at t=0.03sec

In general, the electromagnet torque, rotor speed and Stator phase currents of the system at

different load condition have good transient and steady state response. The above figures show

these properties.

The simulation results of the fundamental harmonic component and third harmonic component
values are deeply presented and discussed at following reference values:

» Torque reference Trr= 12 N/m,

> Fluxreference A, = 2 wb and

> Load torque T =6 N/m.
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4.2.1 Simulation Results of First Harmonic Components

The developed stator phase voltages which are generated from the voltage source inverter output
are shown in figure 4.2-3. As can be discussed in chapter three Phase voltages are of non-zero
value throughout the period and their value alternates between positive and negative
2/5V,. and 3/5V,.. This implies that the simulation result is similar to the analytical analysis.

The proposed control system is able to inject sinusoidal 72° to the stator of the induction motor
from the DC power supply available.

Five phase voltage

V in volt

0.3 0.4
Time (seconds)

Van phase voltage

400

voltage in volt

20 ! \ \ ! \

0.4 0.5 0.6

Time (séconds)

Figure 4.2-3 First harmonic components of five phase voltages

67



Alpha axis stator voltage
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Figure 4.2-4 First harmonic component of alpha and beta axis stator voltage

Figure 4.2-4 shows the first harmonic component of two phase alpha-axis and beta-axis stator
voltages. They are obtained from figure 4.2-3 by Clark transformations in the orthogonal fixed

reference frame. It can be observed that these quantities are sinusoidal and have phase difference
of 90°.
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Direct axis stator voltage
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Figure 4.2-5 First harmonic component of direct axis stator voltage

Quadrature axis stator voltage
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Figure 4.2-6 First harmonic component of quadrature axis stator voltage

The direct and quadrature component of voltage is given in figure 4.2-5 and 4.2-6. These
voltages are obtained from park transformation and as they expected these quantities are DC
values. Instated of five phase voltages, the d-q voltages are fed to the five phase IM parameters.
Because, five phase induction motor is not available in the Matlab/Simulink R2013a/R2015a
environment and the researcher is try to model the motor using the dynamic model stated in
chapter two. Figure 4.2-7 shows the direct and quadratuare axis currents which are generated

from the stator motor parameter and d-q stator voltage components.
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Direct and quadrature axis stator current
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Figure 4.2-7 First harmonic component of direct and quadratuare axis stator currents
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Figure 4.2-8 First harmonic component alpha and beta axis stator current

Figure 4.2-8 show the fundamental harmonics of alpha and beta currents which obtained by park
inverse transformation. Both currents are orthogonal each other. The five phase induction motor
shown in figure 4.2-9 is obtained from these quantities by Clark inverse transformation. In this
figure after the transient response, the steady state value is constant amplitude. It is clearly that

the five phase current is sinusoidal 72 electrical degrees apart each adjacent phase.
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Five phase current
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Figure 4.2-9 First harmonic component of five phase current
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Figure 4.2-10 First harmonic component of electromagnetic torque and load torque

Figure 4.2-10 shows the developed electromagnetic torque of the motor. The starting torque is
high at the transient response that oscillates for 0.03 seconds and the steady state value of torque
is tracking the load torque with less than 2% error.
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Figure 4.2-11 First harmonic component of direct axis stator flux
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Quadrature axis flux
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Figure 4.2-12 First harmonic component of quadratuare axis stator flux

Figure 4.2-11 and 4.2-12 are shows the direct and quadrature component of stator flux. Figure
4.2-13 shows the actual rotor position, as can be observe from the figure if the angle is reach at

27 rad or 360° it turns back to 0 until the simulation time is end.

Figure 4.2-14 shows sector number identification of the decagon shown in Figure 3.4-2. As
stated in chapter three, in 27 rad or 360° there are ten sectors. As observe from the figures, in one
period rotor angle (2x rad) there are corresponding ten sectors. This is one of the performance

tests that indicate the simulation is quite alright.
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Figure 4.2-13 Rotor position
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Figure 4.2-14 sector number

In chapter two was explained that direct torque control helps to independently control the flux
and torque using the direct and quadrature axis variable components respectively. The
electromagnetic torque is directly proportional to quadrature axis stator voltage (current) and the

flux is directly proportional to direct axis stator voltage (current).

As shown in figure 4.2-15 the quadrature and direct axis stator current have approximate value of
OA and 1.757A in steady state condition at no-load. The quadrature current is increased into 1.5
A when the load torgue is shifts from no-load to 2.5 Nm but the direct axis current is almost
constant values. In contrast; it can be control the direct axis stator current independently at
different reference value of reference flux without affecting the quadrature stator current as
shown in figure 4.2-16, 4.2-17 and 4.2-18. Thus, these relationship will be indicated clearly

shown that the torque and flux can be controlled independently by changing the set points.
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Figure 4.2-15 First harmonic component of d-q axis stator current at T, =No load (t=0 sec),
T.=2.5.Nm (t=0.1 sec) and 4,..f =2 Wb
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d-q stator currents
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Figure 4.2-16 First harmonic component of d-g axis current at T,.=5 Nm and 4,..=3.5Wb
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Figure 4.2-17 First harmonic component of d-g axis current at T.=5 Nm and 4,..=3Wb
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Figure 4.2-18 First harmonic component of d-g axis current at T.=5 Nm and 4,..=2.5Wb
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4.2.2 Simulation Results of Third Harmonic components

Figure 4.2-19 shows the developed third harmonic stator phase voltage and figure 4.2-20 shows

the Clark transformation of phase voltages.

©
>
£
c
@
>

Valpha in volt

40

Third harmonic phase voltage

2

y

o

(@)

-40

0 0.1

0.2

0.3 0.4

Time (seconds)

0.5

0.6

Figure 4.2-19 Third harmonic component of stator phase voltage
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Thrid harmonic stator voltage
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Figure 4.2-20 Third harmonic components of alpha and beta axis stator voltages
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Figure 4.2-21 Third harmonic component of direct and quadrature axis stator currents
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Figure 4.2-22 Third harmonic components of alpha and beta axis stator currents
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Third harmonic five phase current
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Figure 4.2-23 Third harmonic components of five phase stator currents

The third harmonic five phase induction motor current shown in figure 4.2-23 is 12.3% of the

fundamental harmonic components. The spatial angle between the adjacent phases is nearly

sinusoidal 72 electrical degrees.
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Figure 4.2-24 Third harmonic component of electromechanical torque at load of 6 Nm

4.2.3 Simulation Results of Total Electromagnetic Torque Response

Figures 4.2-25 and 4.2-26 show the total electromagnetic torque at no-load and load,

respectively. This is obtained by adding the two values of electromagnetic torques, i.e. the

fundamental component value and the third harmonic component value. As can observed from

figure 4.2-24 the third harmonic component of electromagnetic torque is about 7.5% of the

fundamental harmonic component of electromagnetic torque. Thus, DTC of five phase IM using

SVM technique is used to inject a third harmonic voltage component that determine the ability of
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a five phase induction motor to contribute a third harmonic torque component to the total torque

component.
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Figure 4.2-26 Total electromagnetic torque (Te1+Te3) at a load torque of 6 Nm
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4.2.4 Fault Tolerance Simulation Results
Fault tolerant feature of the 5-phase induction motor is observed from 5", and 2" and 5™ stator
windings opened condition is shown in figure 4.2-27 and 4.2-28. It is seen that the number of lost

phase increases, the starting current of the rest of the phases increases and rated torque decreases
gradually.
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Figure 4.2-27 Fault tolerant results of 5-phase IM with one (5™) of the phase is opened
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4.2.5 Comparison of Three-Phase and Five-Phase Simulation Results

It is realized that the five-phase induction motor drive systems offered some distinct advantages
over three-phase drive system counterparts. The torque ripple of five-phase IM shown in figure
4.2-30 (b) is lower than the torque ripple of three-phase shown in figure 4.2-29 (b). It stays for
0.002 sec in five phase induction motor and 0.05 sec for its three phase. The current per phases
in five-phase IM are reduced when compare with the three phase current as shown in figure 4.2-
30 (a) and figure 4.2-29 (a) respectively. The accelerating transient response of the five-phase
torque for a load change from no load to load torque condition is higher than the three-phase
transient response as shown in figure 4.2-30 (c) and figure 4.2-29 (c) respectively. The
simulation is incorporated with the same specification of three phase and five phase induction

motor counterparts.

Three phase current

=
o

—ian

A A . A, g, N\

XXX R
KX XIS

current in Amp
o 1

<

g

-5 et ‘"'M
V AT " g T T ™
_100 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (seconds)
a) Three phase current
Torque Response
10 —Te
8 —TL
e 6 \I\I\
= \V4
: |V
— 4
2
0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (seconds)

b) Electromagnetic torque at load of 6 Nm

81



Torgue Response

6
—Te

alp —TL
e l\ TL=2.5 Nm
e 2! \ ~
— No load

0

-2

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (seconds)

c) Electromagnetic torque at No-load and at load torque of 6 Nm

Figure 4.2-29 Simulation results for three-phase IM at different load conditions
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Figure 4.2-30 Simulation results for five-phase IM at different load conditions

4.2.6 Simulation Results with VVarying Parameters

The model simulation also works with the following motor parameters. The parameters of the

motor that are used in the simulation below are shown in table 4.2-2 and they are taken from

[21]

The simulation results are carried out for different reference inputs under different loading
conditions with the above parameters without changing the other specifications as simulated
previously. The load torque is varied in steps (at t=0, motor is no loaded and the load is varied in
steps as 25%, 50%, 75%, and full load at 0.1, 0.25, 0.45, 0.7 second respectively) and the
corresponding variations in torque, stator current and speed are observed and shown in figure

4.2-31 (a), (b) and (c) respectively. It is seen that the stator current increases and speed decreases

Table 4.2-2 Induction motor and VSI parameters

Dc link voltage Vdc = 400V
Stator resistance Rs= 10 ohm
Rotor resistance Rr= 6.3 ohm
Stator inductance Lls= 0.04mH
Rotor inductance LIr=0.04mH
Mutual inductance Lm= 0.42mH
Moment of inertia J=0.03Kg.m2
Number of poles P=4
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with increasing load and the motor torque follows the load torque. As can be observed from the
simulation result; the simulation model is generated the same output with various parameter of

the induction motor.
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Figure 4.2-31 simulation results of five phase IM with different loading conditions
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Chapter Five

Conclusion and recommendation

5.1 Conclusion

In this thesis, DTC of five phase induction motor using space vector modulation (SVM) has been
investigated. The dynamic model of the drive system and its d-g dynamic model in synchronous
reference frame with the combined fundamental and third harmonic components have been
developed. Based on estimates of the instantaneous errors in torque and stator flux magnitude,
and PI controller outputs, a voltage vectors are selected. The developed SVM algorithm is used
to generate the triggering signal of the voltage source inverter. Due to the additional degrees of
freedom, the five-phase induction motor drive presents unique characteristics for enhancing the
torque producing capability of the motor. The principle of Direct Torque Control and flux
estimation method of induction motor are also elaborated and the overall model results have been
analyzed with the help of MATLAB/SIMULINK. The difference between three-phase induction
motor and five-phase induction motor is highlighted. Also the fault tolerance simulation results
are analyzed. From the analysis of the simulation results the performance of the drive have been
presented and analyzed. The main results observed from the Simulation are as shown below.

e The fast transient accelerating torque response of the drive, steady state is attained in a
very short time approximately 0.03 seconds.

e The torque and flux can be control independently under different reference inputs and
different load torques.

¢ In the first harmonic, electromagnetic starting torque is high at the transient response that
oscillates for 0.03 second with rising time of 0.004second and the steady state value of
torque is tracking the load torque with less than 2% error.

e The third harmonic torque can be contributed 7.5% of the fundamental harmonic torque
component to the system with 4.9 % of torque ripple

e The five-phase induction motor drive systems offered better performance over three-

phase drive system counterparts.
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e The overall system gives good performance at no-load torque (0 Nm) and loaded torque
condition (6 Nm).
e The performance of DTC-SVM can be improved further by appropriate tuning of the Pl
controller gains
Hence by using this proposed technique the total electromagnetic torque density can be enhanced
by injecting the third harmonic components to the fundamental torque producing components.
The overall simulation results show a good performance of the DTC five phase induction motor
using SVM. The proposed technique may be employed in building construction for Ilift

applications and agricultural irrigation systems for water pumping in rural areas.

5.2 Recommendation

If combined application of medium and large space vectors (five vectors per switching period)
are used the torque ripped can be reduced. If intelligent controllers such as slide mode controller
or fuzzy logic controller are used instead of the ordinary PI controller, system performance could

be improved more. Also VSI with multilevel converters are preferable than two level converters.
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