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ABSTRACT

There are numerous industrial applications, such as paper mills, locomotive traction, oil
and gas, mining and machine tools, which require high performance control of more
than one electric motor simultaneously. When more than one electric motors are
employed in an electric drive, it is called, ‘multi-motor drive’. These multi-motor drives
are generally available in two configurations. The first one consists of a number of
three-phase voltage source inverters connected in parallel to a common DC link, each
inverter feeding a three-phase AC motor. This configuration allows independent control
of all machines by means of their own three-phase voltage source inverters (VSIs).
Nevertheless, this configuration needs n number of voltage source inverters for
supplying n number of AC machines. The second configuration comprises one inverter,
which feeds multiple parallel-connected three-phase motors. However, the later
configuration does not allow independent control of each motor and is suitable only for
traction application. The power converter supplying the drive system, are
conventionally, voltage source inverters. However, alternative solution could be a direct
AC-AC converter that can supply the electric drive system. Exploring this alternative
solution is the subject of this thesis.

Thus for decoupled dynamic control of AC machines working in a group (multi-motor
drive) is possible by employing multi-phase (more than three-phase) motors, where
their stator windings are connected in either series or in parallel and the combination is
supplied from a single multi-phase power converter.

This thesis explores the control techniques of multi-phase direct AC-AC converter for
such specific series and parallel-connected multi-phase motor drives. The research
presented here utilises additional degrees of freedom available in a multi-phase system
to control a number of machines independently. The concept is based on the fact that
independent flux and torque control of any AC machine, regardless of the number of
stator phases requires control of only two stator current components. This leaves the
remaining current components free to control other machines within the group.

The multi-phase multi-motor drive system fed using multi-phase direct AC-AC
converter need precise Pulse Width Modulation (PWM) technique to independently
control the drive system. The subject of this research is to propose PWM techniques for
such configurations. The thesis focuses on four different cases; five-phase, six-phase
(symmetrical and asymmetrical), and seven-phase system. Five-phase and six-phase
drive systems consists of two motors, and seven-phase drive system controls three
motors. The thesis presents various PWM techniques aimed at these drive
configuration. Carrier-based, carrier-based with harmonic injection and direct duty
ratio based PWM techniques are presented in the thesis. The independence of control of
various motors are shown by simulation and experimentation. Although, the proposed
techniques are equally applicable to series-connected drives and parallel-connected
drives, the thesis focuses on the former drive configuration. Analytical, simulation and
experimental approach is used throughout the thesis.
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Chapter 1
Introduction

1.1 Preliminary Remark

Variable speed motor drive system is required in numerous industrial applications as they
offer significant advantages compared to a fixed speed drive system. The major advantages
include higher efficiency, better power factor, reduced thermal loading and thus reduced
overall operational costs. Three-phase motor drives are traditionally used in industrial drives
due to readily available three-phase supply and off-the-shelf motor availability. Power
electronic converters are used as interface between three-phase grid supply and the driving
motor. The power converter has no limitation in number of legs being used and thus there is
no restriction in the number of phases of the converters. With the advancement in power
semiconductor technology this additional degree of freedom in power electronic converter is
now exploited by developing multi-phase supply options. Hence multi-phase (more than
three-phase) electric drives have attracted much attention in recent years due to some inherent
advantages that they offer compared to their three-phase counterpart such as lower motor
torque pulsation, less DC link current harmonics, higher redundancy and hence better fault
tolerant characteristics and lower per phase converter ratings etc. The major applications of
multi-phase drives are assumed in safety critical applications such as ship propulsion, ‘more
electric aircraft’ applications, electric and hybrid-electric vehicles, traction, mining, oil & gas
and in general purpose applications in high power range as presented in reference [1.1] -

[1.4].

A block diagram of a variable frequency drive system is shown in Fig. 1.1 The major
components of a variable drive system are: power source (grid supply), power converter for
power processing, controller that can be digital signal processor/micro-controller/field
programmable gate arrays, electric motor, sensors (voltage, current and speed) for feedback

signals. The controller can be programmed using PC.

The power supply to a variable speed drive system is obtained from power electronic
converter that is capable of providing variable voltage and variable frequency. There are four

types of power electronic converters:

1) AC/DC/AC converter with diode based rectifier,




ii) AC/DC/AC converter with PWM rectifier also called back-to-back converter,
iii) AC/AC converter called cyclo converter, and
iv) AC/AC converter called Matrix Converter.

This thesis developed control techniques for direct AC/AC converter, i.e. a Matrix

Converter.

Power
Source
g
Gate Drive
Feedback
Fe.edback Signals
Signals

PC

. /

Fig. 1.1 General block diagram of a variable speed drive

1.2 Power Electronic Converters

The power electronic converter is the heart of a variable speed drive system. It is used to
process the electrical power of utility grid and supply to the electric motor. This will act as an
interface between the utility grids and the electric motor. Huge research effort is put to
develop technically feasible and commercially viable power electronic converters. The rapid
growth in the semiconductor material and switching devices has led to significant
improvement in the power converters and also has helped in developing their several variants.
Mainly classified, the power electronic converters used in variable speed drive applications

are as presented in reference [1.5];



1) AC Voltage Regulator
ii) Cyclo converters
iii) AC-DC-AC converter with diode based rectifier called an inverter

iv) AC-DC-AC converter with active rectifier or PWM rectifier called back-to-back

converter
v) AC-AC converter called Matrix Converter.

AC voltage regulators have limited use since they can only vary the voltage while the output
side frequency is same as the input side frequency. The power semiconductor switching
device used should have bi-directional power flow characteristics. Bi-directional switching
can be obtained by connecting anti-parallel BJTs, or MOSFETs, or IGBTs. In some
applications Triacs and Thyristor based voltage regulators are also used. Other ways of
obtaining bi-directional power flow is shown in Fig. 1.2. This is further elaborated in Chapter
3. The output voltage in AC voltage regulator varies from 0 to input voltage magnitude.

Hence the maximum voltage transfer ratio is 1.

A. Diode bndge with B. Two anti_parallel IGBT C. Two anti-parallc'el NPT-IGBT with
single IGBT with series diode reverse blocking capability

Fig. 1.2. Possible discrete implementations of a bi-directional switch.

Cyclo converter is fully controlled direct AC-AC conversion. Both output voltage magnitude
and frequency are controllable. The maximum output voltage magnitude is same as input
voltage magnitude while the output frequency is limited to 33% of the input frequency.
Hence the application of cyclo converter is also limited but they are used where small speed

control range is needed and is mostly used in high power drive system.

AC-DC-AC converter with diode based rectifier is most commonly employed in variable

speed drive system because of its simplicity and low cost. Several types of diode based
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rectifiers are in practice but mostly three-phase bridge type rectifiers are the most common.
The output of rectifier contains ripple that can be minimized by using a filter. The output of a
rectifier is used to feed inverter system through DC link capacitor. Large values of DC link
capacitors are usually used to offer constant voltage to the inverter. Rectifiers are

uncontrolled but the inverter is controlled using different types of pulse width modulation.

AC-DC-AC converter with controlled rectifier or active rectifier called back-to-back
converter is also employed where bi-directional power flow is required. The rectifier is
controllable and the power factor can be controlled and can be even made unity. The source
side current is sinusoidal. In case of regeneration of drive system, power can flow back to the
utility grid and this is only possible when active rectifier is used. The output voltage
magnitude is limited by the amount of DC link voltage and the type of PWM method
employed.

Direct AC-AC converter system mostly called Matrix Converter consist of arrays of bi-
directional power semiconductor switches (bi-directional switches are shown in Fig. 1.2).
Three-phase utility grid system is connected to the output through the matrix arrays. Each leg
has three bi-directional switches and any output can be connected to any input line through
the switching action of bi-directional power switches. The voltage of input side appears at the
output side and the current in any phase of the load can be drawn from any phase of the
utility grid. A small LC filter is connected at the source side to remove the current ripple
(Which appears due to switching action). Matrix Converter has the following major

advantages:
e Sinusoidal input and output currents
e Controllable input side power factor
e No bulky DC link capacitor is needed
e Bi-directional power flow.

The major disadvantage with the Matrix Converter is the low output voltage, in case of three-
phase configuration the output is 15% less than the input side. In case of five-phase output
the output is almost 20% lower than the input side. Higher the output number of phases,
lower the output voltage magnitude. To enhance the output voltage, over-modulation is
required and also AC chopper can be used in conjunction with the Matrix Converter.

Additional shortcoming of a Matrix Converter is its complex control.



1.3 Features of Multi-phase Motor Drive

An obvious question arises, why the thesis topic is chosen on multi-phase motor drive when
three-phase drive is being successfully used in industries for decades? The simple answer lies
in the inherent advantages that a multi-phase drive offers compared to their three-phase
counterpart. Some of the known advantages of multi-phase motor drives are given in

reference [1.1]:

a. Reducing the amplitude of torque pulsation and increasing the frequency of torque
pulsation in inverter fed multi-phase drive system when inverter is operating in square
wave mode. The frequency of torque pulsation is 2n*fundamental frequency, where n
is the number of phases. Thus for instance in a five-phase machine the torque
pulsation occurs at 10 times the fundamental frequency while in three-phase case it is

6 times the fundamental.

b. .Higher efficiency compared to the three-phase counterpart. This is attributed to the
fact that the stator excitation produces a field with lower space harmonic in case of

multi-phase machine when compared to three-phase machines.

c. Higher torque density in multi-phase machines compared to the three-phase machines.
The reason behind this is that apart from fundamental, higher current harmonic
contribute towards the torque development in concentrated winding machines. For
instance in case of a five-phase machine, third harmonic along with the fundamental
may be injected to enhance the torque production and similarly in case of a seven-
phase machine, 3rd and 5th harmonics may be utilised. Thus in general harmonics
lower than the phase number may be utilised effectively to enhance the torque
production. This is a special characteristic of multi-phase machines and is not

available in a three-phase machine.

d. Greater fault tolerance than their three-phase counterpart and offers more reliable
solution. If one phase of a three-phase opens, the machine may continue to run but it
requires special arrangement for starting (i.e. a divided DC bus with a neutral point)
and the machine has to be heavily de-rated to avoid excessive heating. In contrast in
case of five-phase machine, the machine will start, accelerated, reject load transient
and continue to run normally with minimal de-rating even with a loss of one phase. In

5



case of a seven-phase machine unnoticeable change occurs even with a loss of up to
two phases. This trend continues with higher phase number. Thus multi-phase
machine drive is suited ideally for safety critical applications such as ship propulsion,

air craft applications & defence and emergency services applications.
e. Less volume to weight ratio
f. Better noise and vibration characteristics
g. Lower DC link current harmonics
h. Reducing rotor current harmonics

i. Reducing current per-phase without increasing voltage per-phase. This reduction in
power per-phase translates into the reduction in the rating per converter leg. Thus the
series/parallel combination of power semiconductor switches may be avoided and
consequently avoiding the associated static and dynamic voltage sharing problems.
This is one of the driving forces behind the accelerated use of multi-phase machines

in high power drive applications.

14 Analyzed Drive Topologies

In this thesis, multi-phase multi-motor drive system is analyzed. The focus of the research is
on the development of control schemes for multi-phase Matrix Converter feeding multi-phase
multi-motor drive system. When referring to multi-motor drive system, means more than one
machine are controlled simultaneously either independently or under identical operational

conditions. In three-phase multi-motor drive system, two topologies are possible:

1) X number of three-phase motors with independent vector control, which is fed using
X number of three-phase inverters with 3X legs. Motor/inverter sets connected in

parallel, with common DC link. This configuration is shown in Fig. 1.3a.

i1) X number of three-phase motors which is fed using one three-phase inverter. In this
structure motors have to be identical and to operate under the same load torque with

the same angular speed. This is shown in Fig. 1.3b.

Both these drive topologies do not offer independent control of connected three-phase

motors.
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Fig. 1.3. Three-phase multi-motor drive system.

Multi-phase drive system can however, offer independent control of more than one machine
when supplied from a single variable voltage and variable frequency power source and field

oriented control is employed as shown in reference [1.6].

This is a generalized concept where multi-phase machine’s stator can be either connected in
series or in parallel while supply is given from only one power source and all the machines
can be controlled independently both in transient and steady state conditions. The topologies

investigated in this thesis are:
e Five-phase series-connected two-motor drive system
e Six-phase series-connected two-motor drive system
e Seven-phase series-connected three-motor drive system.

It is important to mention here that the main purpose of the thesis is to develop pulse width
modulation techniques for three-phase input and multi-phase (5-phase, 6-phase, 7-phase)
output to produce appropriate fundamental frequencies. Further to note, that the developed
PWM are equally applicable to series-connected drive and parallel-connected drive systems.
Series-connected or parallel-connected refers to stator winding connection and rotors are

independent.

It is evident from the dynamic model of multi-phase machine in given reference [1.7], that
only two orthogonal current components namely d-q is responsible for torque production and

rest of the components do not contribute to the torque production rather they are loss



producing and they are limited only by leakage inductances. This finding is important as the
field oriented control principle of a three-phase machine can be extended very easily to the
multi-phase machine as shown in reference [1.6]. The extra non-torque current components
are further utilized recently to control other machine in series/parallel-connected multi-motor
drive system presented in references [1.8] - [1.12]. This is a general concept where n number
of multi-phase machine’s stator windings can be connected either in series or parallel and the
supply is given from a single multi-phase voltage source inverter and all the machines in the
group can be controlled independently using field oriented control principle. The number of
connectable machines depends upon the phase number and if the phase number is even or
odd for instance in a five-phase and six-phase system two machines can be connected, in
seven and eight-phase system three machines can be connected and controlled independently.
The specific case of five-phase system is presented in reference [1.10-1.11], six-phase system
is presented in reference [1.8-1.9] and seven-phase system is presented in reference [1.12].
The basic principle of control lies in the fact that the d-q component (torque producing) one
machine becomes the x-y (non-torque producing) component of the other and vice versa. This
is possible by appropriate phase transposition in the connection of the two or more stator
windings. The major advantage of such concept is reduction in the number of power
converters used, e.g. in case of a five-phase machine, instead of using two separate converters
just one converter is sufficient. The major disadvantage of this concept is increase in the
losses because current of all machines is carried by all the stator winding of the machines.
This is worst in case of five- and seven-phase systems but it is marginally better in case of a
six-phase system where a six-phase machine and three-phase is connected in series. The six-
phase machine’s stator current cancels out at the point of interconnection of three-phase
machine. Thus the losses of six-phase machine will increase marginally if small three-phase
motors are used and three-phase motor’s losses will not alter. The application of a five-phase
two-motor drive system is identified in a winder drive where the winding and unwinding
machines can be the two series-connected machines. In this special application, situation
never arises when both the machines are loaded to rated condition. When load on one
machine increases, the load on the other machine decreases. The application of six-phase
two-motor drive system is identified in a situation where six-phase machine can be used as
main driving motor such as in ship propulsion and three-phase machine can be used for
auxiliary function such as for pumping. The basic structure of five-phase series-connected

two motor drives, six-phase series-connected two motor drives and seven-phase three-motor



drive are shown in Fig. 1.4. These three drive system topologies are used in the present thesis

for developing their control using direct AC-AC multi-phase Matrix Converter.
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Fig. 1.4a. Five-phase series-connected two-motor drive structure.
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Fig. 1.4b. Six-phase series-connected two-motor drive system.
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Fig. 1.4c. Seven-phase series-connected three-motor drive system.
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Since the thesis explores the Pulse Width Modulation (PWM) of AC-AC Matrix Converter
for controlling multi-phase multi-motor drive system, it is important to present state-of-the-
art in the PWM techniques of such converter. A review on the state-of-the-art in the Matrix
Converter is presented in references [1.13] - [1.16]. Power circuit of a general three-phase to
n-phase Matrix Converter is shown in Fig. 1.5. The determination of appropriate PWM
method for complex Matrix Converter topology especially for multi-phase output is a key
issue. The restriction imposed on the PWM strategies are: the input phases must not be short
circuited and the output phase should not be open circuited.

I'hree - phase Input

@gml ' s i
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& Ly % L
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Filter - n=phasc output ny
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Fig. 1.5. Outlay of a three-phase to n-phase direct Matrix Converter.

The early modulation method proposed by Alesina and Venturuni [1.17] - [1.18] for three-to
three-phase Matrix Converter may still be extended for multi-phase Matrix Converter
topology with some modifications, but the output voltage magnitude will once again be
limited to 50% of the input voltage magnitude. Thus it is not practical to use this method due
to small output voltage magnitude. Similar concept is put forth in reference [1.19], where the
outputs are dealt independently and PWM method is presented focusing on three-to single-
phase and three-to three-phase Matrix Converter. This thesis describes the application of
optimum control theory to N-input K-output Matrix Converters based on the transformation
of actual converter topology into a suitable equivalent structure. The topologies and control
properties of the most common Matrix Converters are analyzed by developing the general
anti-transformation criteria.

Space vector PWM approach used for three-to three-phase Matrix Converter, offering higher
output voltage magnitude as references [1.20]-[1.21], although can be extended to multi-

phase topology as presented in references [1.22]-[1.24], is highly complex due to large
10



number of space vectors available. For instance in a three-to five-phase Matrix Converter
total number of space vector generated are 2'° = 32768, nevertheless, due to constraints
imposed by switching actions, 3° =243 vectors are useful. Following the analogy with five-
phase three-level voltage source inverter, the number of space vectors that can be used to
generated sinusoidal output is further limited to 93 as in reference [1.22]. Nevertheless, space
vectors PWM for real time processing still poses a challenge. The output voltage magnitude
with space vector PWM in a three to five-phase Matrix Converter is limited to 78.86% of the
input magnitude for linear modulation range. This limit can further be raised by exploiting
over-modulation region. No work has so far been reported on over-modulation of the multi-
phase Matrix Converter and also this is not the subject of this thesis.

Carrier-based PWM scheme is the simplest approach for controlling a Matrix Converter.
Carrier based PWM is one of the recently developed modulation strategies for the Matrix
Converter in three-to three-phase topology. As in the traditional sinusoidal PWM used in
voltage source inverters, it employs the carrier and reference signals. The implementation of
this scheme is simpler compared to the space vector PWM by using conventional UP/DOWN
counters, which are embedded in most of the single chip microcontrollers. However, the
carrier signal employed in this PWM is discontinuous and thus the method is intuitively
difficult to understand. In addition, increasing the limit of modulation is a trivial task. Since,
offset is added in this PWM, it is not suitable for topology where input and output neutral
needs connection.

Another simpler and modular modulation approach, compared to the space vector PWM was
developed called ‘direct duty ratio PWM’, which offers the advantages of simpler real time
implementation as shown in reference [1.25]. This approach is modular in nature and it is
seen that this can be employed for any phase number or switch number of the Matrix
Converter. The major advantage of this modulation scheme is that it is highly intuitive and
flexible, and can be applied to any topology of the Matrix Converter as the concept is based
on ‘per output phase’.

This thesis focuses on direct AC-AC three-phase to n-phase Matrix Converter fed
series/parallel-connected multi-motor drive system. The emphasis is placed on the
development of appropriate PWM techniques for five-phase, six-phase two-motor drive and
seven-phase three-motor drive (Fig. 1.4). The major aim is to develop two fundamental
frequency output for two-motor drive and three fundamental frequencies output for three-
motor drive from multi-phase Matrix Converter. The pulse width modulation techniques
developed in this thesis are:
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e C(Carrier-based PWM
e Direct duty ratio based PWM.

1.5 Research Objectives

The present research is based on the development of mathematical model of three-phase input
and multi-phase output direct AC-AC Matrix Converter and exploring their control algorithm
for the multi motor drive system. The principle set objectives of the proposed research are:

i) To investigate the current state-of-the art in multi-phase motor drive research area by
carrying out comprehensive literature review from available data bases.

ii) To review the modelling procedure of a five-phase series-connected two-motor drive,
a six-phase and three-phase series-connected two-motor drive and a seven-phase
three-motor drive using general machine modelling approach.

iii) To review the modelling procedure of a three-phase to five-phase Matrix Converter, a
three-phase to six-phase Matrix Converter and three-phase to seven-phase Matrix
Converter using space vector concept.

iv) To investigate the operation of a three-phase input and five-phase output Matrix
Converter for producing two independent fundamental frequency components using;
i) carrier-based PWM, ii) direct duty ratio based PWM assuming series-
connected/parallel-connected two motor drive system being fed using this power
source.

v) To investigate the operation of a three-phase input and six-phase output Matrix
Converter for producing two independent fundamental frequency components using
carrier-based PWM, assuming series-connected/parallel-connected two motor drive
system being fed using this power source.

vi) To investigate the operation of a three-phase input and seven-phase output Matrix
Converter for producing three independent fundamental frequency components using
carrier-based PWM, assuming series-connected/parallel-connected three motor drive

system being fed using this power source.

1.6 Layout of the Thesis

The complete thesis is organized into eight different chapters. Chapter 1 starts with the

introductory remark and provides a review of basic literature available on the specific topic of
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multi-phase motor drives. An overview on the existing power electronic converter topologies
is presented. A question is raised as to why at all the proposed research is looking into the
multi-phase motor drives and in support a number of existing advantages are highlighted. An
overview of the drive configuration investigated in the thesis is elaborated. Brief introduction
to the Matrix Converter is elaborated. The objectives of the research are set and are

discussed.

Chapter 2 presents literature review in the multi-phase multi-motor drive control research. At
first state-of-the art in multi-phase drive system is discussed. This is followed by the
description on conventional Matrix Converter topology and its control is elaborated. Finally
multi-phase Matrix Converter topology is discussed along with its control and work done so

far in the literature.

Chapter 3 is dedicated to the existing control technique of conventional three-phase to three-
phase direct Matrix Converter. The control can be divided into scalar and vector control
approaches. The limitation of lower output voltage is rectified by harmonic injection.

Theoretical maximum limit of output voltage is achieved and elaborated.

Chapter 4 is dedicated to the modelling of a multi-phase series-connected multi-motor drive
system. Three configurations are taken up for discussion: five-phase series-connected two-
motor, six-phase two-motor and seven-phase three-motor. Modelling is done assuming multi-
phase induction machines. Although this concept of series connection is independent of type
of machines, but only one type of machine is considered to show the viability of the
approach. Phase variable modelling approach is used with general assumption of sinusoidally
distributed mmf. This is followed by transformation of the model in the rotational reference
frame and then in the stationary reference frame. The developed model is validated using

MATLAB/SIMULINK approach assuming ideal sinusoidal supply.

Chapter 5 elaborate the space vector model of multi-phase Matrix Converter. Three different
topologies are discussed: three-phase to five-phase, three-phase to six-phase and three-phase
to seven-phase. For n-phase input and m-phase output, the number of switching states is 2™™
and after imposing the constraints, the remaining switching states are elaborated in this

chapter.

The PWM approaches of multi-phase Matrix Converter are complex and challenging due to

their circuit configuration and AC signals at both input side and output side. Hence, simpler
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approach of carrier-based PWM is discussed in Chapter 6. At first carrier-based scheme for
single-motor drive is elaborated followed by multi-phase multi-motor drive system. Five-
phase single-and two-motor drive, six-phase single and two-motor drive and seven-phase
single-and three-motor drive topologies are discussed. Simulation and experimental results

are included to validate the PWM schemes.

Chapter 7 elaborate another PWM technique based on direct duty ratio calculation. This is a
simple approach that is highly modular in nature since the computation is done one per-leg
basis. Five-phase single-motor and two-motor drive system is discussed. Simulation and

experimental results are included.

Chapter 8 is the final chapter, and provides a summary of the thesis and the salient points
from each chapter. Conclusions are made as to the viability of the series-connected/parallel-
connected multi-phase multi-motor drive fed using three-phase input multi-phase output
direct Matrix Converter. Future research work possible related to this area is suggested and

reported in this chapter.

References used in each chapter are given at the end of each chapter itself and hence no
separate references chapter is given. List of publications out of this thesis is provided at the

end.

1.7  Novelty and Contribution of Thesis

The major contributions of the thesis are as follows:

e Development of mathematical model of multi-phase multi-motor drive system.
Mathematical model of a five-phase two-motor drive and a six-phase two-motor drive
is obtained from the literature and is further developed in and reported in the thesis.
Mathematical model of seven-phase three-motor drive system is not reported in the
literature and is developed in this thesis based on phase variable concept. The
developed model is then transformed into three orthogonal planes using general
transformation matrix. The mathematical model developed is verified using
simulation approach. The developed mathematical model helps in developing
decoupled control scheme.

e Development of simple control algorithms for decoupled dynamic control of five-
phase two-motor drive, six-phase two-motor drive and seven-phase three-motor drive.
Control algorithm is developed based on sinusoidal carrier-based PWM scheme and
direct duty ratio based PWM scheme.
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Chapter 2
Literature Review

2.1 Introduction

Traditionally, variable-speed electric drives are based on three-phase configuration of an
electric machine and a power electronic converter. Such a situation is the relic of a bygone
era, when machines were supplied from the grid. Since the power electronic converter can be
viewed as an interface that decouples three-phase mains from the machine, the number of
machine’s phases does not have to be limited to three in variable-speed drives as shown
reference [2.1]. Nevertheless, three-phase machines are still customarily adopted for variable
speed applications due to the wide off-the-shelf availability of both machines and converters.
However, in all applications where a machine is not readily available, multi-phase machines
(machines with more than three phases on stator) offer a number of advantages as shown in
reference [2.2]. These include (but are not limited to): i) possibility of splitting the required
per-phase power rating across more than three phases, thus reducing current rating of the
semiconductor components (of exceptional importance in high-power and high-current
applications), ii) a significant improvement in fault tolerance of the drive, since any AC
machines (regardless of the number of phases) requires only two currents for independent
flux and torque control of the machine (in a three-phase machine open-circuit fault in one
phase means that there are not two independent currents available for control anymore;
however, an n-phase machine can continue to operate with a rotating field in post-fault
operation as long as no more than (n-3) phases are faulted), and, iii) a potentially better
efficiency due to reduced space harmonic content of the magneto-motive force.

Although the multi-phase variable-speed drive systems have been a subject of research
interest for the last 50 years, it is the last ten years that have seen an enormous growth of the
quantum of knowledge in the area as presented in reference [2.1]. This has been initiated by
numerous specific application areas, such as high power industrial applications, electric ship
propulsion, locomotive traction, electric and hybrid electric vehicles, etc., where advantages
of multi-phase systems outweigh the initial higher cost of the development.

In general, the conversion of an input ac power at a given frequency to an output power at a
different frequency can be obtained with different systems, employing rotating electrical

machinery, non-linear magnetic devices or static circuits containing controllable power
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electronic switches. Restricting the discussion of AC/AC power frequency conversion to
static circuits, the available structures can be divided in “direct” and “indirect” power
conversion schemes. Indirect schemes consist of two or more stages of power conversion and
an intermediate DC-link stage is always present. A typical example of two stage indirect
AC/DC/AC power frequency conversion is the diode-bridge rectifier-inverter structure, in
which an AC power is firstly converted to a DC power (diode rectifier), and then converted
back to an AC power at variable frequency (inverter). In direct conversion schemes a single

stage carries out the AC/AC power frequency conversion. This is the subject of the research.

2.2 Multi-phase Motor Drive Systems

Multi-phase ac machine can be either induction or synchronous. The induction machine can
be either a wound or cage type, it is the later design which has been extensively discussed in
the literature. In synchronous category it can either be a permanent magnet, with field
winding or reluctance type. The stator of a multi-phase can be designed with sinusoidal
winding or with concentrated winding. Both machines differ in properties due to different
distribution of their mmf waves. Some of the properties of multi-phase machines which are

independent of their type and are highlighted in references [2.3]-[2.10].

MMF produced by stator excitation have lower space harmonics and this affect a number of

characteristics of a multi-phase machine such as their efficiency and power factor.

e The frequency of torque ripple in a multi-phase machine fed using a multi-phase
inverter operating in square wave mode is 2n, where n being phase number, thus

increasing phase number correspondingly increases the frequency of torque ripple.

e Only two current components are required for the torque/flux control of an ac
machine irrespective of number of phases thus the extra current components available

in multi-phase machines can be utilised for other purposes.

e Due to sharing of power among large number of phases the power per phase gets
reduced for handling same amount of power as that of a three-phase machine. The
power sharing by each inverter leg also reduces and thus lower rating power

semiconductor can be used.
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e Due to availability of large number of phases a multi-phase machine is more fault
tolerant compared to their three-phase counterpart. Since only two current
components are required for torque/flux control a multi-phase machine do not pose
any problem in the event of occurrence of fault unless there is a loss of more than n-3

phases occurs.

The consequence of mmf with lower space harmonic in multi-phase machine is their higher
efficiency and lower acoustic noise. Higher frequency of torque ripple once again put less
stress on the driving load and quieter operation of the machine. Higher efficiency of multi-
phase machine compared to three-phase machine may be explained as follows: consider two
machines of identical design with different phase numbers. If both machines have to develop
same amount of torque at same speed, then they must have same rotor copper losses, same
air-gap mmf and same fundamental component of stator current. The higher efficiency is
attributed to lower stator copper losses. The stator copper losses will reduce with increasing

phase number as given in Table [2.1].

Table 2.1. Reduction in stator copper loss vs phase number of machine.

Phase Number 5 6 9 12 15
Reduction in stator C,. Loss | 5.6% | 6.7% | 7.9% | 8.3% | 8.5%

It is important to note here that the rotor copper losses and iron losses (since air gap mmf is
unchanged) will remain unchanged with the change in machine phase number. The reduction
in stator copper losses is due to that fact that the stator current lower order harmonic changes.
The use of higher phase number increases the pole number of the harmonic components and
thus reducing their magnitude and consequently reducing the stator copper losses due to these
harmonic components.

Reduction in the magnitude of torque pulsation and the increase in the frequency of torque
pulsation in an inverter (operating in 180° conduction mode) fed multi-phase is their another
salient feature. as in reference [2.11], it is demonstrated that the air gap field produced by q’h
harmonic component of excitation current in a 2P pole machine with » balanced phases will
have pole-pair numbers given by:

B=P(q-2kn)  k=0,£1,22,%3,..... (2.1)

Positive values of B correspond to forward rotating fields and negative values represents

backward rotating field. For fields of the same pole number to be produced by two distinct
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excitation components , with frequencies f; and f5, (2.1) shows that there must be solution to

the equation:
Plg, ~2kyn) = Plg, —2kyn) 2.2)
from which one gets:
(91— 42) = (2kyn = 2kyn) = 2n(ky k) (23)
Thus the frequency of torque pulsation is:

(g1 —g2)f =2nf(ky — k) (2.4)

where k; and k; are integers. Equation (2.4) reveals that the frequency of torque pulsation in a
balanced n-phase machine is produced at all even multiples of the product of the phase
number and the fundamental frequency of the supply. For instance in a three-phase machine
the torque ripple frequency exist at multiple of 300 Hz, in a five-phase machine it shifts to
500 Hz . Thus higher the phase number higher will be the torque pulsation frequency.

One important property of a multi-phase machine with concentrated stator winding is
enhancement in average torque produced by the machine by injecting higher order harmonic
currents [2.12-2.15]. This is a special characteristic of a multi-phase machine which is not
available in a three-phase machine. All harmonic current of the order between fundamental
and n can be injected along with fundamental to improve the torque production. For instance
in a five-phase machine 3™ harmonic can be added and in a seven-phase machine 3™ and 5t
can be added with the fundamental as presented in reference [2.1]. In even phase number
machine only quasi six-phase configuration is utilised for torque enhancement by injecting 3™
harmonic as shown in reference [2.16].

Assuming an odd phase number machine with one neutral point, there exist n-3 additional
current components and thus the same number of additional degree of freedom. This

additional degree of freedom may be used for various purposes, such as:

e Enhancement of torque production by injecting higher order current harmonics
in concentrated winding machines as above mentioned.

e Fault mitigation and providing fault tolerant operation. A number of
publications are available in this regard, some of them are given in reference

[2.17-2.27]. In the event of a fault (one phase out) in a three-phase drive with
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star-connected stator winding and isolated neutral point, the two available
healthy phase currents become identical with 180° phase shift. Hence it is no
more possible to independently control the remaining two phase currents unless
a divided DC bus along with a neutral point is provided as demonstrated in
reference [2.28]. In contrast to this, multi-phase machine may still generate
rotating mmf with the loss of upto n-3 phases. The phase redundancy concept
was developed by Jahns in reference [2.29] for multi-phase machine and it was
shown that machine normal operation of a multi-phase machine is possible with
appropriate post fault strategy. The simplest post fault strategy can be adopted
for a machine with n=pk phases (p = 3,4,5...., k = 2,3,4,...) and the complete
winding is configured as & windings with a phase each, with k isolated neutral
points and & independent p-phase inverters. In the event of a fault in any phase
of p set, then the complete set of p-phases is taken out of the service. For
instance in case of quasi six-phase machine with two set of three-phase
windings one set is completely taken out of the service rendering the supply to
only one set and thus the complete drive operate with half torque and power. In
case of a 15-phase motor with three set of 5-phase windings, one or more
complete 5-phase windings may be taken out of the service to keep the drive
running with reduced rating. This simple strategy is although easy to implement
and no change is required in the software but this may not be suitable for safety
critical applications as there is a huge loss in developed torque. In such
situations, machine with one neutral point is better suited. This is so since the
currents of all the remaining healthy phases are regulated to offer an optimum
solution. The post fault strategy is application dependent and three different
situations may occur as highlighted in reference [2.25]. Assuming loss of one
phase, strategy 1 could be to maintain the same torque level as that of the pre

fault conditions without any pulsation. In this case the increase in currents in

healthy phases are inevitable and the currents increase by a factor and

n
(n-1)
correspondingly the stator copper losses will also increase but there will be no

change in the rotor copper losses. The second strategy is based on the keeping

the stator copper loss under post-fault condition to the same level as that of the

in the

pre-fault condition. The stator current has to be increased to

(n-1)
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remaining healthy phases. The torque and power reduces and the rotor copper
loss increases. The third strategy keeps the stator current during post fault at the
same level as that of pre fault condition. In this scheme the stator copper losses
n

(n-1)

with corresponding increase in the rotor copper loss. All three scheme discussed

reduced by a factor of , however, the torque level and power is reduced

in reference [2.25] assumes load whose torque varies as square of speed. All
these strategies require configuring the software in post-fault operation.

e Another useful purpose of additional degree of freedom in terms of extra current
components is the independent control of two or more multi-phase machine
whose stator windings are connected in series or parallel. A number of
published work is available on this issue which is taken up in detail in next

section

It is important to emphasize here that the additional degree of freedom available in multi-

phase motor drive can be utilised for one purpose at one time as given in reference [2.1].

2.3

Three-phase input and three-phase output Matrix Converter

A direct AC-AC converter is proposed in reference [2.30] called ‘Matrix Converter’ has been

the focus of an intensive on-going research. Several aspects of the Matrix Converter has been

investigated in the literature. Most commonly the control techniques have been explored, and

comprehensive review is presented in references [2.31-2.32]. From the literature review, it is

seen that the control characteristics of a direct AC-AC Matrix Converter when used in

variable speed drives application, are:

The output voltage magnitude and frequency should be controlled independently;

The source side (utility grid side) current should be completely sinusoidal and the
power factor angle of the source side should be fully controllable

The output voltage to input voltage ratio should be maximum

The Matrix Converter should satisfy the conflicting requirements of minimum low
order harmonics distortion and minimum switching losses

The Matrix Converter input side is connected to the utility grid and hence prone to
unbalancing and distortion. The control should compensate for such operational
conditions

The control should be computationally efficient.
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The control scheme originally proposed in reference [2.33], although characterized by better
performance than naturally commutated cyclo-converters, it had significant output voltage
limitations and serious output voltage waveforms distortion with high total harmonic
distortion.

An alternative high switching frequency control technique was proposed in reference [2.34]
which was more effective than traditional control techniques, but still can generate a
maximum output voltage equal to half of the input voltage magnitude. This is a scalar control
approach and had serious limitation of reduced output voltage and practically had no
attraction. Further to the this, other limitation is the poor factor control at the source side.
Another control approach was proposed in references [2.35-2.37], where a Matrix Converter
is considered as composed of two stages i.e. rectification and inversion. Hence the input
voltages are first “rectified” to create a fictitious DC bus and then “inverted” to obtain
variable voltage and variable frequency waveform. However, the limitation of output voltage
magnitude and uncontrolled source side power factor was still un resolved.

The direct PWM method developed by Alesina and Venturini [2.34] limits the output to half
the input voltage. This limit was subsequently raised to 0.866 by taking advantage of third
harmonic injection as shown in reference [2.38] and it was realized that this is maximum
output that can be obtained from a three-to-three phase Matrix Converter. Indirect method
assumes a Matrix Converter as a cascaded virtual three-phase rectifier and a virtual voltage
source inverter with imaginary DC link. With this representation, space vector PWM method
of VSI is extended to a Matrix Converter as given in references [2.39]-[2.40]. Although the
space vector PWM method is suited to three-phase system but the complexity of
implementation increases with the increase in the number of switches/phases. Motivated from
the simple implementation, carrier-based PWM scheme has been introduced for Matrix
Converter as shown in reference [2.41-2.43]. Carrier based PWM is the latest modulation
strategy for the Matrix Converter. As in the traditional sinusoidal PWM used in voltage
source inverters, it employs the carrier and reference signals. The implementation of this
scheme is simpler using conventional UP/DOWN counter which are embedded in a single
chip microcontrollers. This chapter focuses on different Matrix Converter modulation

strategies based on space vector modulation.

24 Multi-phase Matrix Converter

The power circuit topology of a three-phase to k-phase Matrix Converter is illustrated in Fig.

2.1. There are k legs with each leg having three bi-directional power switches connected in
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series. Each power switch is bi-directional in nature with anti-parallel connected Insulated
Gate Bi-polar Transistors (IGBTs) and diodes. The input is similar to a three-phase to three-
phase Matrix Converter having LC filters.
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Fig. 2.1. Power Circuit topology of Three-phase to k-phase Matrix Converter.

The load to the Matrix Converter could be a star-connected R or R-L or an AC machine. As
far as the research on multi-phase output AC-AC converters is concerned, there has been
relatively little development until recently. Theoretical principles of such a converter have
been established in reference [2.44]. Probably the first considerations of a real world
application of a three to n-phase Matrix Converter application, in more-electric aircraft, have

been reported as shown in reference [2.45]. During the last four years or so, Matrix Converter
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with multi-phase output have quickly gained in importance, with a significant number of
papers dealing with the subject as discussed in references [2.46]-[2.54]. This is a consequence
of accelerated pace of developments in the multi-phase drive area in general.

The determination of appropriate PWM method for complex Matrix Converter topology,
especially for multi-phase output, is a key issue. The restrictions imposed on the PWM
strategies are that the input phases must not be short circuited and none of the output phases
should be open circuited.

The early modulation method, proposed by Alesina and Venturini as shown in reference
[2.34] for three-phase to three-phase Matrix Converter, may still be extended for multi-phase
Matrix Converter topology with little modifications, but the output voltage magnitude will
once again be limited to 50% of the input voltage magnitude. Thus it is not practical to use
this method due to the restricted output voltage magnitude. Space vector PWM approach used
for three-phase to three-phase Matrix Converter, offering higher output voltage magnitude as
given in reference [2.34], although extendable to multi-phase topology as presented in
reference [2.52], is highly complex due to large number of space vectors available. For
instance, in a three-phase to five-phase Matrix Converter total number of space vectors
generated is 2'° = 32768. Nevertheless, due to constraints imposed by the switching actions,
only 3° = 243 vectors are useful. Following the analogy with five-phase three-level voltage
source inverter, the number of space vectors that can be used to generate sinusoidal output is
further limited to 93 as discussed in reference [2.52]. Nevertheless, space vector PWM for
real time processing still poses a challenge. The output voltage magnitude with space vector
PWM in a three-phase to five-phase Matrix Converter is limited to 78.86% of the input
magnitude for linear modulation range. This limit can further be raised by exploiting the
over-modulation region. No work has so far been reported on over-modulation of the multi-
phase Matrix Converter.

Carrier-based PWM scheme has been introduced for three-phase to multi-phase Matrix
Converter as discussed in references [2.50] - [2.51]. Carrier based PWM is one of the recently
developed modulation strategies for the Matrix Converter in three-phase to three-phase
topology. As in the traditional sinusoidal PWM, used in voltage source inverters, it employs
the carrier and reference signals. The implementation of this scheme is simpler compared to
the space vector PWM due to the use of conventional UP/DOWN counters, which are
embedded in most of the single chip microcontrollers. However, the carrier signal employed

in this PWM is discontinuous and thus the method is intuitively difficult to understand. In
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addition, increasing the limit of modulation is not a trivial task. Since an offset is added in
this PWM, it is not suitable for topology where input and output neutrals needs connection.
Another simpler, compared to the space vector PWM, and modular modulation approach was
developed recently and is called ‘direct duty ratio PWM’ (DPWM). It offers the advantages
of simpler real time implementation as presented in reference [2.54]. This approach is
modular in nature and it is shown that this can be employed for any phase number or switch
number of the Matrix Converter. The major advantage of this modulation scheme is that it is
highly intuitive and flexible, and can be applied to any topology of the Matrix Converter,
since the concept is based on ‘per output phase’.

Multi-phase Matrix Converter is suitable for application in renewable energy system. In
multi-phase wind generation, a multi-phase Matrix Converter is used as an interface between
the generator and utility grid. The input side of multi-phase Matrix Converter is n-phase and
output is 3-phase since this is to be connected to utility grid as given in reference [2.55].
Simulation results are presented in reference [2.55] for the concept of higher phase input and
lower phase output. For the same Matrix Converter configuration, space vector PWM is
elaborated and five-phase is successfully transformed to three-phase and connected to the
utility grid in reference [2.56]. The major advantage of this configuration is high voltage
transfer ratio which can go up-to 104% of the input as given in reference [2.56]. Multi-phase
electric generators (that can be used in wind turbine driven configuration) possess all the
listed advantages of a multi-phase machine. The multi-phase to three-phase Matrix Converter
can give finer resolution and higher magnitude output voltages and hence better performing
overall multi-phase generation system. A dual three-phase Permanent Magnet Synchronous
Machine (two stator windings with 30° phase displacement) is considered as a possible
solution for electric ship propulsion, in conjunction with a Matrix Converter driven by a
modified direct torque control as presented in reference [2.57]. The Matrix Converter is
controlled using space vector pulse width modulation as shown in reference [2.57]. The
machine is supplied by two sets of transformers, each one providing six-phase secondary by
phase shifting the three-phase primary voltages. Each of these secondary six-phase voltages
is then applied to a separate Matrix Converter that gives a three-phase output. There are two
alternatives to the original Matrix Converter topology; called single-sided Matrix Converter

and indirect Matrix Converter, as shown in Fig. (2.2.)
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Fig. 2.3. Indirect Matrix Converter with rectifier and inversion stage as shown in reference
[2.58].

A single-sided multi-phase Matrix Converter that supplies unidirectional current to run a
switched reluctance motor is proposed in reference [2.59]. The topology do not use bi-
directional power switches. The converter essentially consists of a controlled rectifier applied
separately to each one of the load phases. Therefore, by adding more rectifiers, more phases
can be supplied. In essence, the topology provides easier commutation, modulation and
higher fault tolerance and modular structure.

A single sided Matrix Converter supplying brushless DC motor with fault tolerant property is
proposed in reference [2.60]. High fault tolerance and power density are claimed and results
are provided for a five-phase BLDC machine supplied by single sided Matrix Converter.
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Application of a single-sided Matrix Converter supplying a five-phase brushless DC drive for
applications in the more electric aircraft is proposed in reference [2.61]. The real time
implementation is done using a field programmable gate array (FPGA) and hysteresis control
is employed. Hysteresis control is employed in order to maximize the system robustness and
remove the elements imposing the highest risk of failure. Experimental results are provided
for a range of operating conditions including field weakening region and single-phase open-
circuit fault.

The indirect Matrix Converter, discussed in reference [2.62], is a topology which employed
active rectifier instead of diode based rectifier. The topology uses a fully controllable rectifier
with bi-directional switches. Contrary to conventional Voltage Source Inverter, this topology
does not include a large bulky capacitor in the DC-bus, to increase the system robustness.
The clamping circuit, consisting of a diode and a smaller capacitor, use to protect from
overvoltage in the DC-link if the inductive load continues to draw current when the inverter
stage is turned off. The two stages, rectifier and inverter, are controlled independently but are
synchronized. The rectifier control aims to create maximal DC-bus voltage and minimal
distortion to the source side current, which is controlled to be in phase with the input voltage
for unity power factor operation. The inverter part of indirect Matrix Converter control relies

on accepted modulation techniques for multi-phase VSIs [2.1].

2.5 Summary

This chapter present the state-of-the art in the development of multi-phase motor drive
system. Advantages of multi-phase motor drive over three-phase drive system are
investigated and the literatures are cited where such advantages are highlighted. The
developments in the control algorithms of multi-phase power converters are addressed. The
multi-phase power converters can be AC-DC, DC-AC and AC-AC. The focus of the research
is AC-AC converter and hence literature related to AC-AC converter is mostly cited. At first
conventional three-phase input to three-phase output Matrix Converter is taken up for
discussion and the relevant literature are cited. This is followed by the discussion on three-
phase input and multi-phase output Matrix Converter is elaborated. Some recent works are

reported in the literature and the findings are summarized.
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Chapter 3
Over-View of Modelling and Control of
three-phase by three-phase Matrix-
Converter

3.1 Introduction

In general, conventional Matrix Converter topologies consist of three phase input to single-or
three-phase output. The complexity of the Matrix Converter circuit configuration makes the
phase control and the determination of suitable modulation strategies a difficult task. Two
different mathematical approaches have been considered in the past to face this problem,
namely the Modulation Duty-Cycle Matrix(MDCM) or Alesina-Venturuni approach (scalar
method) and the Space Vector Modulation (SVM) approach. In recent literature two different
latest modulation techniques are introduced namely-Carrier based PWM technique and Direct
Duty-ratio based PWM technique (DDPWM). This chapter discusses the conventional Matrix
Converter topology (three-phase input and three-phase output) and different modulation

techniques for the control of Matrix Converter.

3.2 Control Algorithms for Matrix Converter

There are several different open-loop and closed-loop control methods suitable for Matrix
Converters. The open-loop methods can be considered as pure modulation strategies if load
control strategies are ignored. In addition, a closed-loop control system does not usually
control the converter itself, but rather the load, so that they also contain a modulator. Thus
modulation is one of the key issues with Matrix Converters (MC). Before the modulation
techniques are discussed in detail, the basic connection of Matrix Converter is explained.

In Fig. 3.1 subscripts d and r in the IGBTs label stand for direct and reverse respectively and
they refer to the output current flow direction, which is assumed to be direct or positive when
it is from the input to the output. With reference to Fig. 3.1, when the output phase,
accordingly to the main control algorithm, has to be commutated from one input phase to

another, two rules must be respected by any commutation strategy:
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Fig. 3.1. Three phase (input) to single phase (output) basic connection.
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1) The commutation does not have to cause a short circuit between the two input
phases, because the consequent high circulating current might destroy the
switches;

i) The commutation does not have to cause an interruption of the output current
because the consequent overvoltage might likely destroy the switches.

To fulfil these requirements some knowledge of the commutation conditions is mandatory.

In order to carry out a safe commutation, the voltage between the involved bi-directional
switches or the output current must be measured.

These information are required in order to determine the proper sequence of the devices
switching state combinations that does not lead to the hazard either of a short circuit or of an
overvoltage and provides the safe commutation of the output current. This is the common

operating principle of all the commutation strategies that have been proposed in literature.

3.3 Modulation Duty Cycle Matrix Approach

The basic scheme of three-phase Matrix Converters has been represented in Fig. 3.2. The
switching behaviour of the converter generates discontinuous output voltage waveforms.

Assuming inductive loads connected at the output side leads to continuous output current
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waveforms. In these operating conditions, the instantaneous power balance equation, applied
at the input and output side of an ideal converter, leads to discontinuous input currents. The
presence of capacitors at the input side is required to ensure continuous input voltage
waveforms. In order to analyse the modulation strategies, an opportune converter model is
introduced, which is valid considering ideal switches and a switching frequency much higher
than input and output frequencies. Under these assumptions, the higher frequency
components of the variables can be neglected, and the input/output quantities are represented

by their average values over a cycle period 7. .

3 Phase Input

13

1s
) Vo | Su Sy { Sas
1

AC Isg X

_®_Fw] I J_

= TTeT
Input Filter

VAlv Vclv

VBl"

3 Phase Output

Fig. 3.2. General topology of three phase to three phase Matrix Converter.

The input/output relationships of voltages and currents are related to the states of the nine

switches, and can be written in matrix form as shown in reference [3.1]

Vol my mpp M3 || Vi
Vo2 | =|Ma1 Mpy My3 || Vi 3.1)
Vo3 | |[M31 M3y M3z || V3
i my o mp o mp3 || i
lip |=| My myy My3 ||y
) . (3.2)
Liz | M3 Mzp M3z || 1,3
with 0 <my, <1, h=1,2,3 k=1,2,3. (3.3)
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The variables my are the duty-cycles of the nine switches S, and can be represented by the
duty-cycle matrixm, . In order to prevent short-circuit on the input side and ensure

uninterrupted load current flow, these duty-cycles must satisfy the three following constraint
conditions:

mll +m12 +m13 =1

My + Myy + My3 = 1

(3.4)
m31 +m32 +WI33 =1

The determination of any modulation strategy for the Matrix Converter, can be formulated as
the problem of determining, in each cycle period, the duty-cycle matrix that satisfies the
input-output voltage relationships of equation (3.1),the required instantaneous input power
factor, and the constraint conditions from the equations (3.3)-(3.4). The solution of this
problem represents a hard task and is not unique, as documented by the different solutions
proposed in literature. It should be noted that in order to completely determine the
modulation strategy it is necessary to define the switching pattern, which is the commutation
sequence of the nine switches. The use of different switching patterns for the same duty-cycle
matrix leads to a different behaviour in terms of number of switch commutations and ripple

of input and output quantities.

A. Alesina-Venturini 1981 (AV method)

A first solution, obtained by using the duty-cycle matrix approach, has been proposed in
reference [3.2]. This strategy allows the control of the output voltages and input power factor,

and can be summarized in the following equation, valid for unity input power factor (o; = ;).

My :%{1 + 2qcos[ao —(h —1)2%}00{,50 - (k_l)%[}} (3.5)

Assuming balanced supply voltages and balanced output conditions, the maximum value of
the voltage transfer ratio q is 0.5. This low value represents the major drawback of this
modulation strategy. The allocation of the switch states within a cycle period is not unique
and different switching patterns lead to different input-output ripple performance. A typical

double-sided switching pattern usually adopted is represented schematically in Fig. 3.3. It is
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possible to see by using this modulation technique, 12 switch commutations occur in each

cycle period (a commutation takes place when the value of h or k in m;, changes).

B. Alesina-Venturini 1989 (Optimum AV method)

In order to improve the performance of the previous modulation strategy in terms of

maximum voltage transfer ratio, a second solution has been presented in reference [3.3]. In

this case the modulation law can be described by the following relationship:

27(k - 1)}

Mpp ==

3

1+2qcos{ﬂ,~ —

+
6 2.3

! .{Co{%_zﬂg—w]

B cos(3a0) cos(3ﬂi)} ~

(3.6)

e

In particular, the solution given in equation (3.6) is valid for unity input power factor.
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Fig. 3.3. Double-sided switching pattern in a cycle period Tp.

For unity power. factor (a; = Bi), and the maximum voltage transfer ratio ¢ is 0.866. It should

be noted that in a complete solution, valid for values of the input power factor different from

unity, has been deri

ved. The corresponding expressions for m,, are very complex and require

the knowledge of the output power factor.
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3.4 Space Vector Control Approach

The Space Vector Approach is based on the instantaneous space vector representation of
input and output voltages and currents. Among the 27 possible switching configurations
available in three-phase Matrix Converters, 21 only can be usefully employed in the SVM

algorithm, and can be represented as shown in Tab. 3.1.The first 18 switching configurations
determine an output voltage VeCtOI‘Z and an input current vector Z , having fixed directions,

as represented in Figs. 3.4(a) and (b), and is referred to as “active configurations”. The
magnitude of these vectors depends upon the instantaneous values of the input line-to-line
voltages and output line currents respectively. The last 3 switching configurations determine
zero input current and output voltage vectors and is referred to as “zero configurations”. The
remaining 6 switching configurations have each output phase connected to a different input
phase. In this case the output voltage and input current vectors have variable directions and

cannot be usefully used to synthesize the reference vectors as shown in references [3.4-3.6].

A. SVM Technique

The SVM algorithm for Matrix Converters presented in this paragraph has the inherent
capability to achieve the full control of both output voltage vector and instantaneous input

current displacement angle as presented in reference [3.1]. At any sampling instant, the
output voltage vector Z and the input current displacement angle ¢, are known as reference
quantities (Figs. 3.4 (a) and 3.4 (b)). The input line-to-neutral voltage vector \7, is imposed
by the source voltages and is known by measurements. Then, the control of ¢ can be
achieved controlling the phase angle f, of the input current vector. In principle, the SVM

algorithm is based on the selection of 4 active configurations that are applied for suitable time

intervals within each cycle period 7, . The zero configurations are applied to complete T .

In order to explain the modulation algorithm, reference will be made to Figs. 3.5 (a) and (b),

where Z and Z are assumed both lying in sector 1, without missing the generality of the

!

analysis. The reference voltage vector v_a is resolved into the components Z and v_o" along
the two adjacent vector directions. The Z‘ component can be synthesised using two voltage

vectors having the same direction of Z’. Among the six possible switching configurations
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(£7, £8, £9), the ones that allow also the modulation of the input current direction must be
selected. It is verified that this constraint allows the elimination of two switching
configurations (+8 and -8 in this case). The remaining four, can be assumed to apply the
positive switching configurations (+7 and +9). The meaning of this assumption will be

discussed later in this paragraph. With similar considerations the switching configurations

required to synthesize the Z" component can be selected (+1 and +3).

Table 3.1. SWITCHING CONFIGURATIONS USED IN THE SVM ALGORITHM.

cnn::f)ig;t:a}iim] Switches On Yo o 4 B:
+1 Sy S S 2/3 u,, 0 2/43 i, /6
-1 S Sy Su | -2/3 w, 0 2/N3i, -m/6
+2 Sty S S| 2/3 u, 0 2/N3 i, /2
-2 Sis S, S, -2/3 vy, 0 -2/N3 i, /2
+3 S Sy Sy 2/3 vy, 0 2/N3i,  n/6
-3 Sn Su S| -2/3u, 0 2/N3 i, Tn/6
+4 S, Sy S 2/3 vy 2n/3 2/N3 i, /6
—4 S, S, &, -2/3 w,, 2n/3 2/N3i, -n/6
+5 S S, Sy 2/3 vy, 2m/3 2/N3 i, w2
—5 S S Sm | -2/3uy, 2m/3 2/N3 i, w2
+6 S, Sy S, 2/3 vy, 2n/3 2/N3i,  Tn/6
—6 Sis Sy S| -2/3wy, 2m/3 2/N3i, Tn/6
+7 Sy Sn Sy 2/3 vy, 4m/3 2/N3i,  -m/6
-7 S Sy Sa | -2/3 4m/3 2/N3i; -m/6
+8 Sie S S 2/3 vy, 4m/3 2/43 i, /2
-8 Sy Sn S| -2/3 uy, 4m/3 2N3 i, w2
+9 S Su S 2/3 vy, An/3 2/N3 iy 7n/6
-9 S Sm S| -2/3uy, 4m/3 2/N3 i, Tn/6
0, F IS 0 - 0 -
0, S Sn Sy 0 - 0 -

3 Siz Sy S 0 - 0 -
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Fig. 3.4. Direction of the output line-to neutral voltage vectors generated by the active
configurations.

=l

+1

a. b.
Fig. 3.4a. Output voltage vectors modulation principle. Fig. 3.4(b) - Input current vectors
modulation principle.

Using the same procedure, it is possible to determine the four switching configurations
related to any possible combination of output voltage and input current sectors, leading to the
results summarized in Tab. 3.2. Four symbols (I, II, III, IV) are also introduced in the last row
of Table. 3.2 to identify the four general switching configurations, valid for any combination
of input and output sectors. Now it is possible to write, in a general form, the four basic
equations of the SVM algorithm, which satisfy, at the same time, the requirements of the
reference output voltage vector and input current displacement angle. With reference to the

output voltage vector, the two following equations can be written:

Table 3.2. Selection of the switching configurations for each combination of output voltage

and input current sectors.
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Sector of the output voltage vector

1or4d 2orbd Jorf
@ & lord | +9 | +7 | <3 | +1 | +6| =4 | 49 | 47|43 | +1 | +6 | +4
=X
°B g 2orb5 | +8 | +9 | +2 | 43| +5| +6 | +8 | +9 | +2 | +3 | +5 | +6
g2
EE= Jor6 | +7 | 48 | +1 | 42| +4| 45 | 47 | 48 +1 | 42| +4 | +5
| 11 111 v | I1 111 IV | I1 11 v
=5t v s = 2y cos| @, — % |/ LK) (3.7)
3 3
—w_ el VeV _ 2 -~ ) jl(x,-D)xs3
v,"=v, 0" +v, O =$v0 cos[ao +?je [(K1)=73] (3.8)

With reference to the input current displacement angle, two equations are obtained by
imposing to the vectors v,'8’ +v," 8" andv," 5" +v,"" 5" to have the direction defined by
B;. This can be achieved by imposing a null-value to the two vectors component along the

direction perpendicular to e’ (i.e. je’” ), leading to

i I . iB j(K.-1)x/3
(Wf5l+*bH5H)J@”%¥(’ <0 (3.9)

(voﬁyn . VOIVéJV).je,]'ﬁiej(Ki_l)”/?’ ~0 (3.10)

In equations (3.7)-(3.10) «, and ,Ei are the output voltage and input current phase angle

measured with respect to the bisecting line of the corresponding sector, and differ from o,

and ,B,- according to the output voltage and input current sectors. In these equations the

following angle limits apply

<a,<+

0\|§1
oy

—% ﬁ<+— (3.11)

s, 6", 6™ 8" are the duty-cycles (i.e. 8'=t'/T ) of the 4 switching configurations,

K\=1,2,..,6 represents the output voltage sector and K=1,2,...,6 represents the input current
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sector. v , vl ,véﬂ , v!' are the output voltage vectors associated respectively with the

switching configurations I, I, III, IV given in Tab. 3.2. The same formalism is used for the
input current vectors.
Solving equations (3.7)-(3.10) with respect to the duty-cycles, after some tedious

manipulations, leads to the following relationships as seen from reference [3.7]:

cos(&o - Zj cos( B, - Zj

5= (-1 =g
(-1) Nk o (3.12)
cos(o?o —Z)cos(,g’o +73Zj
o= e (3.13)
3 cosg,
P cos(&o+73[)cos(ﬁo —;Tj
s = (1) Neka (3.14)
3 cosg,
) cos(&o +73[jcos([5‘0 +73[j
5" =(-1)"" g
(-1) Nk o (3.15)

Equations (3.12) - (3.15) have a general validity and can be applied for any combination of

output voltage sector K  and input current sector K,.It should be noted that, for any sector

combinations, two of the duty cycles calculated by equations (3.12)-(3.15) assume negative
values. This is due to the assumption made of using only the positive switching
configurations in writing the basic equations (3.7)-(3.10). A negative value of the duty-cycle
means that the corresponding negative switching configuration has to be selected instead of
the positive one. Furthermore, for the feasibility of the control strategy, the sum of the

absolute values of the four duty-cycles must be lower than unity.

6" +] 8" |+]o™|+|s" <1 (3.16)

The zero configurations are applied to complete the cycle period. By introducing equations

(3.12)-(3.15) in equation (3.16), after some manipulations, leads to the following equation.
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fi Joos]

qg<— =
2 cosa,cospf,

(3.17)
Equation (3.17) represents, at any instant, the theoretical maximum voltage transfer ratio,
which is dependent on the output voltage and input current phase angles and the displacement
angle of the input current vector. It is useful to note that, in the particular case of balanced

supply voltages and balanced output voltages, the maximum voltage transfer ratio occurs

when equation (3.17) is a minimum (i.e. when cos B,- and cose, are equal to 1), leading to

q£§|cos¢i| (3.18)

Assuming unity input power factor, equation (3.18) gives the well-known maximum voltage
transfer ratio of Matrix Converters 0.866.Using the SVM technique, the switching pattern is
defined by the switching configuration sequence. With reference to the particular case of
output voltage vector lying in sector 1 and input current vector lying in sector 1, the
switching configurations selected are, in general, 0, 05, 03, +1, -3, -7, +9. It can be verified
that there is only one switching configuration sequence characterized by only one switch
commutation for each switching configuration change, that is 03, -3, +9, 01, -7, +1, 02. The
corresponding general double-sided switching pattern is shown in Fig. 3.5.

The use of the three zero configuration leads to 12 switch commutations in each cycle period.
It should be noted that the possibility to select the duty-cycles of three zero configurations
gives two degree of freedom, being 5, + 9, + 5, =1-95, =0, — 5, —J,. These two degree of
freedom can be utilized to define different switching patterns, characterized by different
behaviour in terms of ripple of the input and output quantities. In particular, the two degree of
freedom might be utilized to eliminate one or two zero configurations, affecting also the

number of commutations in each cycle period.
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Fig. 3.5. Double-sided switching pattern in a cycle period Tp [3.7].
3.7 Carrier-Based PWM Approach
A. Carrier Based Control Strategy
Considering a balanced three-phase system, the input voltages can be given as
V= |V| cos(at)
Vp= |V| cos(wt — 27/ 3) (3.19)

Vp= |V| cos(wt —4r/3)

The duty ratios should be so chosen that the output voltage remains independent of input
frequency. In other words the three-phase balanced input voltages can be considered to be in
stationary reference frame and the output voltage can be considered to be in synchronous
reference frame, so the that input frequency term will be absent in the output voltage as
shown in references [3.8-3.10]. Hence the duty ratios d ,,d,, and d_, are chosen as

d =kcos(wt - p),

d,=kcos(wt—27/3- p), (3.20)
d,, =kcos(wt—4r/3-p)

Therefore the phase A output voltage can be obtained by using the above duty ratios as
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V,= kAV[cos(a)t) ecos(wt— p)+cos(wt—2x/3)ecos(wt —27/3— p)

+cos(wt —4rx/3)ecos(wt —4r /3 - p)]
(3.21)

In general equation (3.21) can be written as:

v,= %kj cos(p) (3.22)

In equation (3.22), cos(p) term indicates that the output voltage is affected by the choice of

pand later it will be explained that the input power factor depends on p. Thus, the output
voltage V', is independent of the input frequency and only depends on the amplitude V of the

input voltage and k4is a time-varying signal with the desired output frequency @,. The 3-

phase reference output voltages can be represented as:

k,=mcos(aw,t),

ky =mcos(w,t —27/3),

k. =mcos(w,t —4x/3) (3.23)
Where kz and k¢ are the reference output voltage modulating signals for the output phases B

and C respectively. Therefore, from equation (3.22), the output voltage in phase-4 is:

v,= {%kAI; cos(p)} cos(w,t) (3.24)

B. Application of Offset Duty Ratios

In the discussions, mentioned in the section (3.7. A), duty-ratios become negative which are
not practically realizable. For the switches connected to output phase-A, at any instant, the
condition0<d ,.,d,,,d, , <1 should be valid. Therefore, offset duty ratios should to be added
to the existing duty-ratios, so that the net resultant duty-ratios of individual switches are
always positive. Furthermore, the offset duty-ratios should be added equally to all the output
phases to ensure that the resultant output voltage vector produced by the offset duty ratios is
null in the load. That is, the offset duty-ratios can only add the common-mode voltages in the

output. Considering the case of output phase-A as shown in reference [3.9]:

d,+d,+d =k, cos@xt—p)+k, cos@t—2m/3—p)+k, cos@t—4rx/3—p)=0 (3.25)
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To cancel the negative components from individual duty ratios absolute value of the duty-
ratios are added. Thus the minimum individual offset duty ratios should be
D, ()= |0.5 cos(wt — p),D, (1) = |0.5 cos(wt —27/3— p)|and ..D_(t)= |0.5 cos(wt—4rx/3— p)|

respectively. The effective duty ratios ared , + D, (¢),d,, + D,(t),d,, + D, (z)' The same

holds good for the input phases b and c. The net duty ratio d_ , + D, (¢)should be
accommodated within a range of 0 to 1.

Thus0<d_,+D,(t)<1,ie 0<k, cos(at—p)+ |kA cos(awt — p)| <1. This implies that in the
worst case 0< 2k ,|<1The maximum value of |k |or in other words ‘m in equation (3.23) is

equal to 0.5. Hence the offset duty-ratios (Fig. 3.5) corresponding to the three input phases
are chosen as
D, (1)=[0.5cos(w,1),
D, (1) =[0.5cos(w,t —27/3)
D.(t) = |O.5 cos(w,t — 47r/3)|

: (3.26)

OFFSET

Magnitude

Fig. 3.6. Modified offset duty ratios for all input phases.

Thus the modified duty ratios for output phase-4 are

d, =D,(t)+mcos(w,t),
d,, =D, (t)+mcos(w,t—2r/3), (3.27)
d.,=D.(t)+mcos(w,t—4r/3)
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In any switching cycle the output phase has to be connected to any of the input phases. The
summation of the duty ratios in equation (3.27) must equal to unity. But the summation

{Da ®)+D,(t)+ D, (t)} is less than or equal to unity as shown in Fig. 3.5. Hence another
offset duty-ratio (1—{D,(¢)+D,(t)+D,(t)})/3 is added D,(¢),D,(t)andD,(t)in equation
(3.27). The addition of this offset duty-ratio in all switches will maintain the output voltages
and input currents unaffected. Similarly, the duty-ratios are calculated for the output phases B
and C.

If k,, kyand k_are chosen to be 3-phase sinusoidal references as given in Equation (3.23),

the input voltage capability is not fully utilized for output voltage generation. To overcome
this, an additional common mode term equal to [— {max(k o ky. ko) +min(k A,kB,kC)}/ 2]is
added as in the carrier-based space-vector PWM principle as implemented in two-level
inverters. Thus the amplitude of k,, kyand k. can be enhanced from 0.5 to 0.57.

Thus the duty-ratios for output phase-A are modified as:

d,=D,()+(A—{D,(1)+ D,(1)+ D.(1)})/3+[k,, —{max(k ;,ky,kc)+
min(k ,,k,,k.)}/2]x cos(awt - p)

dyy =D, () +(1~{D, (1) + D, (1) + D,()})/3+ [k, — {max(k ;.. k) +
min(k ,,ky,k.)}/ 2]xcos(wt —27/3— p)
d.,=D,(t)+(~{D, (t)+ D,(6) + D (1)})/3+[k, — {max(k ..k, k) +
min(k ,,k,,k.)}/2]xcos(awt —4x/3— p)

(3.28)

3.8  Direct Duty Ratio Based PWM approach

In this section, the pulse width modulation technique is discussed based on duty ratio
calculation in conjunction with the generalised three-to three-phase topology of the proposed
Matrix Converter. The duty ratio based PWM (DPWM) is developed by using the concept of
per-phase output average over one switching period as discussed in references [3.10-3.11].
The developed scheme is modular in nature and is thus applicable to the generalised
converter circuit topology.

It is assumed that a switching period Ty of the carrier wave consist of two sub-periods, 7
(rising slope of the triangular carrier) and 75 (falling slope of the triangular carrier). When the

carrier changes from zero to the peak value, the sub-period is called 7', and when the carrier
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changes from peak to the zero value it is termed as sub-interval 7. The input three-phase
sinusoidal waveform can assume different values at different instants of times. The maximum
among the three input signals is termed as Max, the medium amplitude among three input
signals is termed as Mid and the smallest magnitude is represented as Min. During interval 7
(positive slope of the carrier), the line-to-line voltage between Max and Min (

Max{v 4,vg,vc}—Min{v 4, vg,vc}) phases is used for the calculation of duty ratio and no

consideration is given to the medium amplitude of input signal. The output voltage should
initially follow the Max signal of the input and then should follow the Min signal of the input.

During interval T, two line voltages between Max and Mid ( Max{y 4,vg,vc}—Mid{v 4,vg,ve))
and Mid and Min (Mid{v 4,vg,vc}—Min{v 4,vg,vc}) is calculated first, and the largest among the

two is used for the calculation of the duty ratio. This is done to balance the volt-second
principle. Two different cases can arise in time period 7, depending upon the relative
magnitude of the input voltages. If (Max-Mid) > (Mid-Min), the output should follow Max for
certain time period and then follow Mid for certain time period. This situation is termed as
Case I. This is further explained in the next section. Similarly, if Max-Mid <Mid-Min, the
output should follow at first Mid of the input signal and then Min of the input signal and this
is termed as Case II. Thus DPWM approach uses two out of three of the line-to-line input
voltages to synthesis output voltages, and all the three input phases are utilized to conduct
current during each switching period. Case I and Case II and the generation of gating signals

are further elaborated in the next section.

1) Case-I: For condition (Max-Mid) = (Mid-Min), the generation of gating pattern for K"
output phase is illustrated in Fig. 3.6 for one switching period. To generate the

pattern, at first the duty ratio D,k € a,b & c, 1s calculated and then compared with

high frequency triangular carrier signal to generate the &” output phase pattern. The
gating pattern for the ™ leg of the Matrix Converter is directly derived from the
output pattern. The switching pattern is drawn assuming that the Max is the phase ‘A’
of the input, Mid is the phase ‘B’ and Min is the phase ‘C’. The switching pattern
changes in accordance with the variation in the relative magnitude of the input phases.
The output follows Min of the input signal if the magnitude of the duty ratio is more
than the magnitude of the carrier and the slope of the carrier is positive. The output
follows the Max of the input signal if the magnitude of the carrier is more than the
magnitude of the duty ratio irrespective of the slope of the carrier. Finally, the output

tracks Mid if the magnitude of the carrier signal is smaller compared to the magnitude
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of the duty ratio and the slope of the carrier is negative. Thus, the resulting output
phase voltage changes like Min—Max—Max—Mid. These transition periods are

termed as, #;,4,,t3and ¢4 and these four sub-intervals can be expressed presented in

references [3.10-3.12]:

ti1 = Dy 6T

tra = (1= Dy O,

tx3 = (1= Dy N1- 6T (3.29)
trg = Dy (1= 6T

Ty =t +to +i3+igg

Where Dy, is the " phase duty ratio value, when Case I is under consideration and & is

defined by s = %, which refers to the fraction of the slope of the carrier. Now, by using the
volt-second principle of PWM control, the following equation can be written:
I
vZkTS = J‘vokdt =Min{v 4,vg,vc it +Max{vA,vB,vC}.(tk2 + tk3)+Mid{vA,vB,vC}.tk4
0
(3.30)

Substituting the time intervals expressions from equation (3.29) into equation (3.30), yield

T,
* 1 N 5.MH{VA,VB,Vc}—§.Md{VA,VB,VC}+
Vok = _jvokdt =Dy

0

J+Max{vA,VBaVC} (3.31)

5 Mid{v 4,vg,vc}—Max{v 4,vp,ve}

Where Ty is the sampling period, v,;,v,; are the reference and actual average output voltage
of phase ‘k’, respectively and v,,vg,v- are the input side three-phase voltages. Max, Mid and

Min refer to the maximum, medium and minimum values, D; represents the duty ratio of the

power switch.
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Fig. 3.7. Output and Switching pattern for k™ phase in the Case 1.

The duty ratio is obtained from equation (3.31) as:

_ Max{v4,vp,ve} = vor (3.32)
A+ 5(Mid{VA,VB,Vc} _Min{vavBaVC})

Dpy

Where A =(Max{v,vg,ve}—Mid{v,,vg,vc})

Similarly, the duty ratios of other output phases can be obtained which can subsequently be
used for implementation of the PWM scheme.

ii) Case-1I: Now considering another situation of Max-Mid <Mid-Min. The output and
the switching patterns can be derived once again following the same principle laid
down in the previous sub section. Fig. 3.7 shows the output and switching pattern for
the " output phase. Here once again a high frequency triangular carrier wave is
compared with the duty ratio value, D,, to generate the switching pattern. The only
difference in this case when compared to the previous one is the interval when the
magnitude of the carrier signal is greater than the magnitude of the duty ratio and the
slope is negative. Then, the output should follow Mid instead of Max. Contrary to
Case I, for this situation the output must follow Max of the input. The time intervals

thstea-tiz and ¢4 are the same as in equation (3.29) and now the output phase voltage

is changed with the sequence of Min— Max— Mid— Min. The volt-second principle is
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now applied to derive the equation for the duty ratio. The volt-second principle

equation can be written as:

T
* o o
VokIs = Ivokdf = Min{v4,vg,veh -ty +1ea) + Maxtv 4,vg,ve )ty + Mid{v 4,vg,ve} tys (3.33)
0

Now once again substituting the time expression from equation (3.29) into equation

(3.33), one obtains:

T
s 17 Min{v 4,vp,ve} —6.Max{y 4,vp.vc =
Vok =F_[Vokdf =Dy
50

Mid{VA,VB,Vc}+5.Mid{VA,VB,Vc} (334)
0.Max{v 4,vg,vc}—O.Mid{v 4,vg,vc}+ Mid{v 4,vg,vc}
The duty ratio can now be obtained as:
Dy 5.A+(Mzd{vA,vB,vC}—vok) (3.35)

- §.A+(Mid{vA,vB,vC}—Min{vA,vB,vC})

The switching signals for the bi-directional power switching devices can be generated by
considering the switching states of Fig. (3.6) and of Fig. (3.7.) Depending upon the output
pattern, the gating signals are derived. If the output pattern of phase “k” is Max (or Mid, Min),
the output phase “k” is connected to the input phase whose voltage is Max (or Mid, Min).

The input voltages are at first examined for their relative magnitudes and the phases with
maximum, medium, and minimum values are determined. The information about their
relative magnitudes are given to the next computation block along with the commanded
output phase voltages. The computation block either uses equation (3.32) or equation (3.35)
to generate the duty ratios depending upon the relative magnitude of the input voltages. The
duty ratio obtained goes to the PWM block. The PWM block calculates the time sub-interval
using equation (3.29). The gating pattern is then derived accordingly and given to the Matrix

Converter.
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Fig. 3.8. Output and Switching pattern for K" phase in the Case II.

3.9 Summary

This chapter encompasses the modelling and control issues of a three-phase input and three-
phase output Matrix Converter. Modelling based on space vector approach is elaborated in
several literature which is summarized in this chapter. Control issues are also discussed in
this chapter. It is seen that the first PWM reported in the literature, called ‘scalar control’
produces only 50% output, in other words, the maximum obtainable output voltage is only
50% that of input voltage. The control approach is improved by injecting harmonic
components and the output is raised to 86% of the input value. The quality of output voltage
is further enhanced by employing space vector PWM technique. The implementation of space
vector PWM is quite complex. This is followed by the discussion on Carrier-based PWM and
direct duty ratio based PWM.
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Chapter 4
Modelling of Multi-phase Multi-motor
Drive System

4.1 Introduction

Concept for multi-motor drive systems, based on utilization of multi-phase machines and
multi-phase power converters, have been proposed almost a decade ago as specified in
reference [4.1]. Since field oriented control of any multi-phase machine requires only two
stator current components, the additional stator current components available in multi-phase
machine can be used to control other machines. It has been shown that, by connecting multi-
phase stator windings in series/parallel with an appropriate phase transposition, it is possible
to control independently all the machines with supply coming from a single multi-phase
power converter. One specific drive system, covered by this general concept, is the five-phase
series-connected two-motor drive, consisting of two five-phase machines and supplied from a
single five-phase voltage source inverter. Such topology has been analysed in a considerable
depth as discussed in references [4.1]-[4.2] and experimental verification of the existence of
control decoupling in this two-motor drive has been provided in references [4.3]-[4.6]. The
studies are based on inverter current control in the stationary reference frame, using phase
current control in conjunction with hysteresis or ramp-comparison current controllers. The

experimental rig utilizes ramp-comparison current control as shown in reference [4.3].

The control techniques developed so far for the five-phase voltage source inverter feeding
five-phase series-connected two-motor drive, once again are based on pulse width
modulation. Carrier-based sinusoidal PWM are used in reference [4.4]. A modification in the
scheme is suggested in reference [4.4] where fifth harmonic is injected in the reference
voltages. With the harmonic injection the output voltage magnitude is increased, similar to
single-motor drive. A number of space vector PWM techniques have been reported for a
multi-phase VSI (five, six, seven and nine phases) for single motor drive in references [4.7-
4.25] where attempts have been made to generate sinusoidal waveform. Considering five-
phase system there exist two orthogonal planes namely d-g and x-y. Unwanted low-order
harmonics are generated in the output of a five-phase VSI when the space vectors of x-y plane

are not eliminated completely and they result in distortion in stator current and losses in the
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machine having sinusoidal mmf distribution. In case of concentrated winding machine, low
order harmonic currents are injected along with the fundamental to enhance the torque
production. In such cases it is desirable to produce low-order harmonic along with the
fundamental as illustrated in reference [4.27].
The use of other types of power converters such as direct AC-AC converter, back-to-back
converter is rarely used in the literature to control the multi-phase multi-motor drive system.
Use of direct Matrix Converter is elaborated further in Chapters 5-7.
A specific case of, six-phase two-motor drive is presented in reference [4.6] where a
symmetrical six-phase machine (60° phase displacement with single neutral point) connected
in series with a three-phase machine is described. Similar to series connection of multi-phase
machines, parallel connection are also possible with independent control of each machine and
supplied from one inverter as shown in reference [4.26]. The series-connected multi-motor
drive increases the copper losses of both machines and thus lowers the efficiency. However,
it is suggested that for special applications where the load requirement is such that all the
motors are not fully loaded simultaneously, this technique is beneficial. One such application
is identified as winder drive.
Another drive system, covered by the general concept of series and parallel connection, is the
seven-phase series-connected three-motor drive, consisting of three seven-phase machines
and supplied from a single seven-phase voltage source inverter. This drive system is reported
in references [4.27-4.28]. However, no mathematical model of the overall drive structure is
presented in the literature. The modelling of seven-phase series-connected drive system is
covered in this chapter.
A number of space vector PWM techniques have been reported for a seven-phase VSI for
single motor drive references [4.28-4.30] where attempts have been made to generate
sinusoidal waveform.
Considering a seven-phase system there exist three orthogonal planes namely d-g, x/-yI and
x2-y2. Unwanted low-order harmonics are generated in the output of a seven-phase VSI when
the space vectors of x/-y/ and x2-y2 plane are not eliminated completely and they result in
distortion in stator current and losses in the machine having sinusoidal mmf distribution. In
case of concentrated winding machine, low order harmonic currents are injected along with
the fundamental to enhance the torque production. In such cases it is desirable to produce
low-order harmonic along with the fundamental.
This chapter elaborate the modelling of three different drive structures;

e Five-phase series-connected two-motor drive
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e Six-phase series-connected two-motor drive, and

e Seven-phase series-connected three-motor drive.

4.2 Modelling of five-phase series-connected two-motordrives
Block diagram of the two-motor drive systems is illustrated in Fig. 4.1.

Source Machine 1 Machine 2

al a2

bl b2

cl c2

d1 d2

el

THIL
THT

e2

Fig. 4.1. Five-phase series-connected two-motor drive structure.

In Fig. 4.1, the source is a five-phase power converter that can be either a direct AC-AC
converter (Matrix Converter) or a voltage source inverter, which directly feed a five-phase
machine. The five-phase machine has open-end windings, the second end of the first machine
windings are connected with appropriate phase transposition to the second five-phase
machine. The second end of the windings is shorted to form the star point. The connection

scheme is given in Table 4.1.

Table 4.1. Connectivity matrix for five-phase two motor drive as shown in reference [4.3].

Machine a b C d e

number

I al bl ol d1 el
2 a2 ) ) b2 4

A. Modelling of series-connected five-phase two-motor drive

Due to the series connection of two stator windings according to Fig. 4.1 the following
voltage and current relations can be written as shown in reference [4.9].
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vV, =V

asl

+ vasZ

vB = vbsl +vcs2

VC = vcsl + Ves2
_ (4.1)
Vp = Vas TV
vE = vesl +Vds2
lA = lasl = lasZ
ZB - lbsl lcsz
i.=1i,=I
C csl es2
) . (4.2)

In a general case the two machines, although both five-phase, may be different types i.e.
induction machine or permanent magnet synchronous machine or synchronous reluctance
machine etc, and therefore, may be with different parameters. Let the index ‘1’ denote
machine 1 that is directly connected to the five-phase source (note that the source can be any
power electronic converter such as inverter or Matrix Converter) and let the index ‘2’ stand
for the second machine 2, connected after the first machine through phase transposition. It is
important to note that the modelling of the two-motor drive system is independent of the type
of power converter being used as source. MC denotes the Matrix Converter.

Voltage balance equation for the complete system can be written in a compact matrix form as

- d(Li)
v=Ri+ R (4.3)
where the system is of the 15" order and:
ZMC iMC
v=| 0 i=| i, (4.4)
0 £r2
YMC = [VA VB VCc VD VE ]T
MC 1. . . . . TT (4.5)
L= [lA lp ¢ Ip lE]
. . . . . T
L= [larl Ibrl lerl  lan Zerl]
(4.6)

lrzz[laFZ br2  ler2  ldr2 lerZ]
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The resistance and inductance matrices of equation (4.3) can be written as:

Bs] + B.ﬂ (_) Q
R=| 0 R, 0 (4.7
0 0 R,
le +L52 ' Lsrl éer '
L = Lrsl Lrl Q (48)
L, 0 L

rs2

Super script’ in equation (4.8) denotes sub-matrices of machine 2 that have been modified
through the phase transposition operation, compared to their original form. The sub-matrices
of equations (4.7)-(4.8) are all five by five matrices and are given with the following
expressions (o =27/5):

Ry =diag(Ry; Ry Ry Ry Ry)

Bsz =diag(Rs2 Ry Ry Ry Rs2)

R, =diag(R,y R Ry Ry Rpy)

R,y = diag(er Ry Ry Ry Rr2)

(4.9)

Lg+M, Mcosa M cos2a M,cos2a M, cosa
M cosaa L, ,+M, M,cosa M, cos2a M, cos2a
L,=|Mcos2a M,cosa L, ,+M, M cosa M, cos2a (4.10)
M cos2a M,cos2a M,cosa L, ,+M, M cosa
M, cosaa M, cos2a M,cos2a M, ,cosa L, +M,

L,+M, M,cos2a M,cosa M,cosa M,cos2a
M,cos2a L,+M, M,cos2a M,cosaa M,cosa
L,'=| M,cosaa M,cos2a L,+M, M,cos2a M,cosa 4.11)
M,cosaa M,cosa M,cos2a Lg,+M, M,cos2a
M,cos2a M,cosa M,cosa M,cos2a L ,+M,

Lj,+M, Mcosa M,cos2a M cos2a M, cosa
M,cosaa L, +M;, M;cosa M,cos2a M, cos2a
L.,=|M cos2aa M,cosa L, +M, M cosa M,cos2a (4.12)

M, cos2a M,cos2a M ,cosa L, +M, M, cosa
M cosa Mcos2a M, cos2a M ,cosa L, +M,

Lyj,+M, M,cosa M,cos2a M,cos2a M, cosa
M,cosaa Lj,,+M, M,cosa M,cos2a M, cos2a
L,=|M,cos2a M,cosa L,,+M, M,cosa M,cos2a 4.13)
M,cos2a M,cos2a M,cosa L,,+M, M,cosa
M,cosa M,cos2a M,cos2a M,cosa L,,+M,
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cos 6, cos(0, +a) cos(@, +2a) cos(6, —2a) cos(d, —a)
cos(6, —a) cos 6, cos(t91 +a) cos(t91 +2a) cos(t91 —Za)

L, =M, cos(H1 - 2a) cos(H1 —a) cos 6, cos(6’1 + a) cos(6’1 + 2a)
cos(6, +2a) cos(d, —2a) cos(, —a) cos g, cos(é?, + a) (4.14)
cos(c91 + a) cos(c91 + Za) cos(H1 - Za) cos(H1 - a) cos &,
Lrsl = é:}’l
cos b, cos(0, +a) cos(f, +2a) cos(@, —2a) cos(0, —a)]
cos(8, —2a) cos(d, —a) cos b, cos(@, +a) cos(8, +2a)
L,.,'=M, cos(0, +a) cos(@, +2a) cos(@, —2a) cos(d, —a) cos 0,
cos(ﬁz — a) cos b, 005(92 + a) cos(6, +2a) 005(92 - 20:) (4.15)
_cos(tS’2 + Za) cos(6’2 - Za) 005(6’2 - a) cos b, cos(0, +a) |
érsZ '= LZ}’Z ‘

Expansion of equation (4.3) produces the following:

yMEV TR AR, 0 0 )M [Lg L' Lgy Lgo'|  |iM€
yv= Q = (_) Brl Q lrl + Lrsl Lrl Q E lrl +
Q (_) Q EVZ lr2 Lrszv Q er irz
_ J p -
0 Eésrl ELS}"Z iMC
d .
d \ L0
dt£rs2 0 0 ’
where:
[ sin6, sin(6, +a) sin(6, +2a) sin(6,-2a) sin(4,-a) |
sin(6, —a) sin 6, sin(6, +a) sin(6, +2a) sin(6, —2a)
%I_ﬂ,rlz—a)lM1 sin(6, —2a)  sin(6, —a) sin 6, sin(6, +a)  sin(6, +2a)
sin(6, +2a) sin(6,—2a) sin(6, -a) sin 6, sin(6, +a) 4.17)
| sin(6 +a) sin(f +2a) sin(g -2a) sin(6,-a) sin6, |
i]_ﬁ'sl:iéfrl
dt dt
and
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sin @), sin(6, +a) sin(6,+2a) sin(6,-2a) sin(6,-a)
sin(6, —2a)  sin(6, —a) sind, sin(6, +a)  sin(6, +2a)
%Lm '=—w,M,| sin(6,+a) sin(6,+2a) sin6,-2a) sin(6,-a) sin @),
sin(6, —a) sin @), sin(6, +a)  sin(0, +2a) sin(6,-2a)| (4.18)
sin(6, +2a) sin(6, -2a) sin(6,—a) sin @), sin(6, +a)
d. . d ..
Eémz :Z_er

Torque equations of the two machines in terms of source currents and their respective rotor
currents and rotor positions are obtained as:
(iAiarl +iBibrl +iCicr1 +iDidr] +iEier] )Sil'l 0] +(iEiar1 +iAibrl +iBicr1 +iCidr] +iDierl)Sin(01 +a)+

T, =—PAM, (iDiarl il Figien Tigign +icier1)5m('91 +2a)+(iCiar1 +ipipg Fipien Tigign +iBierl)

SN0y —20) + (il +icipy +ipiyy +ipign +i4ie )sin@, —a)

(iAiarZ Hiplyo Hipley Tiglgs +icier2)Sin92 +(iCiar2 H gl Fiplen Tiglan +iEier2)Sin(92 +a)+
Ty ==PsMiligion +iciss +igiers +iplap +igie SN0 +20) gy +igins +icin +igign +ipies)
sin@, —20) +(ipi, o +igiyg Figion +icigy +i g )sinGs —a)
(4.19)
The model given with equation (4.16) and (4.19) together with equations (4.7)-(4.15) and
equations (4.17)-(4.18) constitutes the 15™ order model of the complete two-motor drive with
phase transposition in the series connection of stator windings in phase-variable form. The

equations of motion are:

do, R

=g, -1
r J]( el Ll)
do, P
—==—=(T,-T
r Jz( 2 LZ) (4.20)

4.2b Model in the Rotating Reference Frame

In order to simplify the phase-domain model of Section 4.2a, the decoupling transformation
is applied. The Clark’s decoupling transformation matrixin power invarient form given in

reference [4.2] is:

a 1 cosa cos2a cosl3a coséda |

B 0 sina sin2a sin3a sinda
C= \/Z X 1 cos2a cos4a cosba cos8a (4.21)
- 5 . . . .

¥ 0 sin2a sin4a sinba sin8a

of[1/V2 V2 N2 12 12
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The new variables are defined as:

fog =CrMC f= (4.22)

Application of equation (4.22) in conjunction with equation (4.3) can be written as follows

(the notation £, =2.5M, and L, =2.5M, applies further on):

Matrix Converter/stator voltage equations:

vl = (Ryg + R )ity + Lyt + Liga + Lyt )i + Ly c0S(6 ) pigyy — Ly sin(6y )pig -

a)lel(Sin(el Jigar1 +cosl6} )iﬂrl)
v € = (Ryy + R i + Lyt + Lo + Ly JPif'S + Ly 08(6))picyrs = Lyt sin(6) )pig1 -
Ly (Sin(91 igyr1 +cosl6} )iﬂrl)
v = Ry + R "€ +(Ligt + Liga + Lt )i’ + Ly €08(62)Piges = Lz sin(62) i -
@y Ly (Sin(92 Jiga +c0s(62 )i g2 )
(4.23a)

'€ = (Ryy + Ry )iy +(Lygy + Liga + Lyt )Pis’ + Lyp 5in(62)pigy 2 + Ly c08(05 )iy +
() (005(92 Jigr2 —sin(63 )i 3,2 )

véVIC = (Rsl + RsZ )l-é\/[C + (Llsl + LlsZ)pig/[C (4-23b)
where, p =%

Rotor voltage equations of machine 1:

. MC . .MC .
Vort =0=Ryigey + Ly c08(60) )pigy ~ + Lyy sin(@4 )pig~ +(Lyyy + Lyt )Pigrr -
L, (sin(01 )iglc —cos(6, )i%c)

) . .MC .MC .
Vg1 =0=Ryi g1 — Lyt sin(@ )pigy ~ + Ly cos(@ )pig~ +(Liyy + Lyt )pi 1 —
L, (cos(@l )ié/lc + sin(91 )l.;\}/[C)

(4.24a)

Vxrl = 0= erixrl + Llrlpixrl
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Vyrl = 0= eriyrl + Llrlpiyrl

Vorl = 0= eriorl + Llrlpiorl

Rotor voltage equations of machine 2:

Vara = 0= Rygigys + Ly cos(63 ) piy'S + Ly sin(6; )piiwc +(Lya + L2 )iy —
an Ly (sin(6?2 )z)jcw c_ cos(6?2 )zf,/[ C)
Vg2 =0=R,9igo — Ly sin(6 )pitC + L5 cos(6, )Piyc +(Lyy + Ly )pigr

@) L,» (cos(@z )iiwc + sin(@z )i)]l/fc)

Vir2 =0=Rypiy) + Lipo Piyyn (4.24b)
Vyr2 = 0= eriyrZ + Llr2piyr2

Vor2 =0=Ry2ip0 + Ljpo Pl

Electromagnetic torque equations of two machines are obtained as:

T =RLyy [005(01 )(iarli%/lc - iﬂrligz/lc)_ Sin('gl )(iarliglc + iﬂrli%C)J

-MC

(4.25)
. .MC . .MC . . MC | .
Tep =P Ly [005(92 )(lar2ly — g2ty )_ Sm(‘92 )(lar2lx + Lgraly )

The torque equations of the two machines show that the torque of machine 1 entirely depends
upon the a-axis and B-axis components of source current (Matrix Converter), while the torque
developed by machine 2 is due to x-axis and y-axis components of source current (Matrix
Converter). This implies that torque of machine 1 can be controlled by controlling a-axis and
B-axis components of source current while torque of machine 2 can be controlled by
controlling x-axis and y-axis components of source current. Thus an independent control of
two machine is possible. It can be seen from equations (4.23)-(4.24) that the x-axis, y-axis
current and o-axis components of the two rotors are completely decoupled from the rest of
the system. Hence they can be omitted from further consideration. The zero-sequence
component current of stator will be zero for isolated neutral system. Hence the equation for
inverter zero-sequence component can be omitted as well. Rotor x, y, and zero-sequence
component equations, as well as the stator zero-sequence component equations are

nevertheless retained for the time being, for the sake of completeness.
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4.2¢ Model in the stationary reference frame

Rotational transformation is applied to the rotor equations of both machines 1 and 2 of the
two-motor system model, to obtain the model in the stationary common reference frame. The
rotational transformation matrix of equation (4.26) is applied to the rotor of machine 1 and
equation (4.27) is applied to the rotor of machine 2. Since all the x-y components and zero-
sequence components are decoupled, rotational transformation needs to be applied to the a-

axis and B-axis components only.

cos(ﬁl) sin(ﬂl) 000
—sin(f) cos(B) 0 0 0
D=l o 0 100 (4.26)
0 0 010
0 0 0 01
[ cos(p,) sin(B,) 0 0 0]
—sin(f,) cos(B,) 0 0 0
D,=| 0 0 100 (4.27)
0 010
0 0 00 1]

The angles of transformations are g, =-6, and B, =0, (6, =[wdt,0, = [w,dt) (the instantaneous

angular positions of the d-axis of the common reference frame with respect to the phases ‘a’
magnetic axes of the rotors) and @,,®, are the electrical angular speeds of rotation of the
machine 1 and machine 2, respectively.

By omitting the x-y and zero-sequence equation for rotor windings and the zero-sequence

equation of the power source (Matrix Converter), the complete d-q model in stationary

reference frame for the two five-phase series-connected machines can be written in developed

form as:

Stator Equations:

MC -MC .MC . MC MC
va  =Rgig  + L1 + L) pig  + Ly pigr + Reoig — + Lo pig
MC -MC -INV . -MC -MC
Vg = Rsllq +(Lyst + Ly )plq + Lmlplqu + Rs2lq + Lls2plq
INV NV .
INV ANV I NV di dign 428
Ve =Rgiy L ———+ Repix " +(Lgga + L) ——+ Ly —F ( )
dt dt dt
dilNV ANV di 5
INV INV Yy INV Yy qr
Vy o = Rslly + Ly + RSZZy +(Lis2 + Lin2) dt + Ly dt

Rotor Equations:
Of machine-1
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. -MC . .MC .
Va1 =0= erldrl +Lypig  + (Llrl + Ly )pldrl T o (Lmllq + (Llrl + Ly )lqu) (4.29)

. MC . MC .
Var1 = 0= Rygig,g + Ly pig — + (Lypt + Ly )Pigr1 — o (Lmlld + (L1 + Ly )ldrl)
Of machine-2

. -MC . .MC .
Varp =0= Rr2ldr1 + Lyopiy  + (Llr2 + Ly )pldr2 ) (LmZZy + (Llr2 + Ly )lqr2)

. MC . -MC .
Vgr2 = 0= erlqrz + Lm2ply + (Llr2 + LmZ)plqr2 ) (LmZZx + (Llr2 + Lm2)ldr2)

(4.30)
In addition, the individual stator voltage equations can be derived as;
Vst = Rgi™ + (Lt + L)) iy’ + Ly pigy
Vsl = Rslif,” C 4Ly + Lm1)pi§4 €y Ly pign
Vsl = RslichV[C +Lls1pi)jcwc
Vsl = Rsliyc + Llslpi)]}/lc
(4.31)
Vas2 = Roaid"C + (Liga + Ly ) pid’C + Lynaigy
Vgs2 = RSZi)jyIC + (Lls2 + LmZ)pin + LmZiqu
Vxs2 = Rs2i£luc +Lls2pi£luc
T Vys2 T RSZi(j]MC + LZSZiéMC
Torque equations of the two machines become:
Ty = ALy (idrliéuc - icjyciqu) (432)
Ty = Pszz(idrzin ~iy! Ciqrz) |

When the phase variable equations are transformed using decoupling matrix, three sets of
equations are obtained, namely d-¢, x-y and zero sequence. In single five-phase motor drives,
the d-q components are involved in actual electromagnetic energy conversion while the x-y
components increase the thermal loading of the machine. However, the extra set of current
components (x-y) available in a five-phase system is effectively utilised in independently
controlling an additional five-phase machine when the stator windings of two five-phase
machines are connected in series and are supplied from a single five-phase power source.
Reference currents generated by two independent vector controllers, are summed up as per

the transposition rules and are supplied to the series-connected five-phase machines.
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4.2d Simulation Results

Simulation is done for one five-phase IM fed using ideal voltage source , one machine is run
at 40 Hz and second machine run at 30 Hz with constant v/f. The results are shown in Fig.
4.2. The independence of control is seen from the simulation results. The results also validate

the model of derived in the previous section.
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Fig. 4.2. Response of Five-phase Two-motor drive supplied by ideal voltage source, a.
Torque of machine 1, b. Torque of machine 2, Speeds of machine 1 and 2, d. Rotor fluxes for
machine 1 and 2.

4.3 Modeling of a Six-phase Series-connected Two-motor Drive System

Connection diagram for series connection of stator windings of a six-phase and a three-phase

machine is shown in Fig. 4.3 as presented in reference [4.3].
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C cl
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Fig. 4.3. Connection diagram for series connection of a six-phase and a three-phase machine.

655582

4.3a Phase Variable Model

This section develops the model of the complete six-phase two-motor drive system by
considering the three-phase machine as a virtual six-phase machine. Let the parameters and
variables of the six-phase machine be identified with index 1, while index 2 applies to the
three-phase machine. Since the system of Fig. 4.3 is six-phase, it is convenient to represent
the three-phase machine as a ‘virtual’ six-phase machine, meaning that the spatial
displacement a stays at 60° and the phases a2, b2, ¢2 of the three-phase machine are actually
phases a2, c¢2, e2 of the virtual six-phase machine with spatial displacements of 120°. Hence
the three-phase machine can be represented as a virtual six-phase machine with the following

set of equations:

=R +dZ32
\4 i
Ls2 T 2282252 dt (433)
‘// L l +Lsr2 r2
dy
v, =R i, +—=2
Zr2 T80 dr (4.34)
l/_/y Lr21)2 +Lrs2 52

where
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T

cs2 0 Ves2 0]
5.52 = [iaSZ 0 ic.vZ 0 ie.vz O]T (435)

KSZZ[I//aSZ 0 v 0 v, O]T

ZSZZ[VaSZ 0 v

T
‘_}r2 = [V ar2 0 v('rZ 0 verl 0]

iy=[ins 0 i, 0 i, O] (4.36)

Zr2

4 5 = [l//arZ 0 Wch 0 l//erZ O]T

—r

The matrices of stator and rotor inductances are given with (a =27/6):

[ L,+M, 0 M,cos2a 0 M,cosda O]
0 0 0 0 0 0
L,- M,cos4a 0 L,+M, 0 M,cos2a 0 (4.37)
’ 0 0 0 0 0 0
M,cos2a 0 M,cosda 0 L ,+M, 0
0 0 0 0 0 0
[ L,,+M, 0 M,cos2a 0 M,cos4a O]
0 0 0 0 0 0
L,- M,cos4a 0 L,,+M, 0 M,cos2a 0 (4.38)
- 0 0 0 0 0 0
M,cos2aa 0 M,cosda 0 L,+M, O
0 0 0 0 0 0]
while mutual inductance matrices between stator and rotor windings are:
cos(@z) 0 cos(@2 —4a) 0 cos(@2 —2a) 0]
0 0 0 0 0 0
Y, cos(é’2 —Za) 0 cos(@z) 0 cos(@2 —4a) 0
sr2 2 0 0 0 0 0 0 (439)
cos(é’2 —4a) 0 cos(@2 - Za) 0 005(92) 0
i 0 0 0 0 0 0]
Lrsz = LZ}Z
Resistance matrices are:
R, =diag(R, 0 R, R, 0) (4.40)
R, =diag(R, 0 R, 0 R, 0) '
and the machine torque is:
(iaSZiaVZ + icsZicr'Z + iesZier'Z ) Sin 92 + (ieSZiar'Z + iasZiCVZ + icsZieVZ )Sin(02 - 4“) +
I, =-hM, (4.41)

+ (ics2iar2 + ie.inch + iaSZierZ )Sin(HZ - 2&)
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Correlation between machine voltages and source voltages is given with Fig. 4.3, where the

phases of the three-phase machine are now labelled as a2, c¢2, e2. Hence

Vy=VatVar Vg =V T Ve Ve Ve tVe

(4.42)
Vp = Vs Ve Vg =V TV Ve =V 1V,
Correlation between machine currents and source currents is the following:
lgs1 Ly
ibsl i B
Ies] ic| _ .mc
L1 =1 =l. |7 (4.43)
Lds1 135)
iesl iE
it LiF ]
las2 iy+ip
Ibs2 0
lces2 ip+i
io=| =" (4.44)
lds2 0
k2] L O]

Voltage equations of the complete two-motor system are formulated in terms of source
currents and voltages. The system is of the 18™ order, since the three-phase machine is
represented as a virtual six-phase machine. However, three rotor equations will be redundant

(equations for rotor phases b, d, f). The complete set of voltage equations can be written as:

v Ry+Ryo 0 0 M) [|Lg+Ly Ly Ly |i"™
0 |= 0 R,y 0 | i |+p L, L,y 0 | i, (4.45)
Q Q Q Brz ir2 Lrs Q er £r2

All the inductance, resistance and null sub-matrices are of six by six order. Primed sub-
matrices are those that have been modified, with respect to their original form as equation
(4.45), in the process of series connection of two machines through the phase transposition

operation. These sub-matrices are equal to:
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(R, 0 0 R, 0 0]
0 R, 0 0 R,
R 0 0 R, 0 0 R, (4.46)
=* IR, 0 O R, 0 0
RSZ 0 RSZ
|0 0 R, 0O 0 R,|

[L,+M, M,cos2a M,cosda L,+M, M,cos2a M,cosda]
M,cosd4a L,+M, M,cos2a M,cosd4a L,+M, M,cos2a
e M,cos2a M,cosda L,+M, M,cos2a M,cosda L,+M, (4.47)
= | L,+M, M,cos2a M,cosda L,+M, M,cos2a M,cosda
M,cosd4a L,+M, M,cos2a M,cosd4a L,+M, M,cos2a

| M,cos2a M,cosda L, +M, M,cos2a M,cosda L,+M, |

cos 6, 0 cos(6,—4a) 0 cos(6,—2a) 0
cos(6,-2a) 0 cos f, 0 cos(6,—4a) 0
.y 005(92 —4a) 0 cos(é’2 —Za) 0 cosd, 0
Sz TR cosé, 0 cos(6,—4a) 0 cos(6,—2a) O (4.48)
cos(6,—2a) 0 cos 6, 0 cos(6,—4a) 0
cos(6,—4a) 0 cos(6,-2a) 0 cosé, 0
érsZ '= (éer ,)T

Torque equations of the two machines can be given in terms of inverter currents as:

(G +ip)igs + (g +ip )iy + (i +ip )i,y )sin G, +
T,=-PM, +((zC +ip )iy, + (i, +ip)i,, + (i, +zE)lw2)sin((92 —4da)+ (4.49a)

+((iB + iE )iarZ + (lC + iF )icr2 + (lA + iD )ier2 )Sin(HZ - 2@)

(’A Lyt F gy Tl Fiplgy T iply, +ipls) )Sm‘gl +
(’F Ly Ll gl Ficlyy Fiply,y tigis )Sln(el —Sa)+
T, =—PM, (’E byt F gy 1yl +iply il Hipis, )Sln(el —4a)+ (4.49b)
(’D Lyt Flglyy F gl g Figh, ey )Sln(el —3a)+
(’c bt T plyyy F gl T iplyy ey gy )Sm(@ —2a)+
(IB byt Tk Fiplyy Figly Fiplyy ¥4, )Sm(@ -a)

4.3b Model in the Rotating reference frame

To obtain orthogonal form of the model, the following Clark’s decoupling transformation

matrices in power invariant form are applied to the phase variable model:
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cosa cos2a cos3a cosda cosSa

1

0 sina¢ sin2a sin3a sinda  sinSa
1 cos2a cosd4a cosba cos8a coslOa
0

(4.50a)

sin2a sinda sin6a sin8a  sinl0a
o.[1/N2 1Nz N2 N2 12 12
Ofl1/v2 -1/N2 N2 N2 N2 N2

3 1 cos2a cosda
Cy = \/: 0 sin2a sinda (4.50b)

V2 12 2

Axis components of source output phase voltages are:

v 4]
MC
Vﬂ VB
MC
MC _|Vy | _ vc
Yap =| mc |~ Q(6) v (4.51)
vy 'D
Wi VE
_vé‘{c_ LVF |

Application of equation (4.50a) - (4.50b) in conjunction with equation (4.42) produces:

vgf c Vatva | [ Vasl |
V% « Vb1 tVe2 Vs
Vo = Vgi =C(e) Vet +Vez | _| Vit #3202 (4.52)
vy Vdl Va2 Vyst T \/Ev,b’s2
Wi Vel +Vea | [ Vorst +42v052
v Viitve ] | Vo—a

The complete decoupled model of the six-phase two-motor drive system. Matrix Converter-

stator voltage equations are obtained as:

Mc MC MC . . .
Ve =Ryip +Lgpi; +pL,, (Cosgllurl —sm Hll/irl)

mc -MC -MC : -
vy =Ryi;  +L,pig~ +pL,, (s1n6’z

1Farl

—cosH,i/m)

V€= R+ Ly il 42 (RoV2iM + Ly pN2i + L,y p (008 O, 0 —sin B3, ))
v = RN + Ly, pi)” +\/5(Rs2\/§i‘yc + L, pN2iYC + Lmzp(sin Oriy,y + €08 Oy, ))

V(I){C =R i;)‘ic +Ly,p i(KC + \/5 (Ryz \/Ei;)‘{rc + Llszp\/zi(‘KC )
Voo = Ryig" + Ly pig (4.53
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where L, =3M,, I,

m

, =1.5M,. Relationship between inverter current axis components and

axis components of stator currents of the two machines is found in the following form:

MC .
la - lasl

MC .

g =lga

MC . . [

lx - lxsl - las2/ 2

MC _ - / 4.54
by =ha = lﬂs2/ 2 ( )
MC . . [

oy, =l = lo‘vz/ 2

MC .

oo =l g

Rotor voltage equations of the six-phase machine result in the form:

. . - IMC : -MC
0=R,i, +L,pi, +pL, (cos G, +sinGiy, )

0=R,ig +L, pig, +pL, (_Sin G, +cos ‘911'246) (4.55)

0=R i, +L,pi, k=xrl, yrl, 0+rl, 0—rl
While rotor voltage equations of the three-phase machine become:

0=R,i,, +L,pi,,+pJ2L,, (cos 0,i" +sin 921';}“’)

0=R,ig, +L,pig, +py2L,, (—sin 6,1 +cos 0, ) (4.56)

0= R,,iy,, + Ly, Pl
Torque equations of the two machines are:

. -MC . -MC : . -MC . -MC
T:el = Plel [Cos(al)(lm‘llﬁ _lﬂrll )_Sln(el)(larlla +lﬂrllﬂ ):|

TeZ = \/EP)ZLmZ |:COS (92 )(imziyc - iﬁrzi;wc ) —sin (‘92 )(imziMC + iﬁrzlffc ):|

(4.57)

43¢ Transformation of the model into the stationary common reference frame

Rotational transformation is applied to rotor equations of the two machines. The obtained
model in the stationary common reference frame is described as following. Since the x-y and
zero-sequence components of the rotor voltages and currents are zero, the complete model in
the stationary reference frame for the six-phase and the three-phase series connected
machines consists of ten differential equations. The developed form of inverter voltage

equations is:
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MC _ .MC
Vo = Rslla

+ (L/sl +L, )Pl}yc + L, piy

V;‘alc = Rﬂij?uc +(Ly + Lm1)Pl'2‘74C +L,pi,,
V)]CMC = Rsli,iuc +L[s1pi)]r|/fc + ﬁ{RSZﬁlyC + (LISZ + Lm2)p\/§l)]ruc + Lm2pidr2}
, (4.58)
V,C-/[C = R.yli;MC + Lz.ylpifc + \/E{sz \/EZ,MC +(Lyy + Lmz)P\/Ein + Ln72piq)‘2}
V(IJ\/frC = Rsll.(j)lilr(: + Llslpi(;\i[rc + \/5 {Rs2 \/Elé\:ff + LISZP\/EZ.(IJVJ{C}
W= Ry Ly il
Rotor voltage equations of the six-phase machine are:
0 = eridrl +Lmlpi;‘t/lc + (Llrl +Lm1 )pidrl + a)l (Lmligic +(L1r1 + Lml )iqu )
e i (4.59)
0= erlqu + Lmlplp + (L/rl +L, )plqu - (Lmll + (Llrl +L, )ldrl)
and rotor voltage equations of the three-phase machine are:
0=R i, + \/szzpin (Ler +L,, )pidr2 +, (Lm2 \/Eiyc + (L1r2 +L,, )iqr2) (4 60)
0 = Ri‘ZquZ + \/ELMZpliMC + (L/r2 + LmZ )pl.qu - 0)2 (Lm2\/§ljuc + (L/r2 + LmZ )idr2 )
Torque equations of the two machines are
T;I = I)lel |:idrliz;wc _iyciqu]
4.61)

] . .MC  -MC-
T;2 - 21)2Lm2 |:ldr2ly —I lqr2:|

The mathemetical equations developed in this section is verified assuming ideal sinusoidal

source. The independence of control is observed from the Fig. 4.4.

Time (s)

a.
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Torque IM2 (NM)

1600

1400

1200

=
(=}
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=]

800

600

400
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200

. Time (s) -

C.

Fig. 4.4. Response of Six-phase Two-motor drive supplied by ideal voltage source.

4.4  Modelling of A Seven-Phase Series-connected Three-Motor Drive System

A seven-phase system, when transformed, has four orthogonal components in a seven
dimensional space. However, for field oriented control only two components are needed
(component with 90 phase shift).Hence in a seven-phase system, at least three orthogonal
pairs are available to control realizable three field oriented controllers. Thus, if the stator
windings of three seven-phase machines are connected in series (without any change in the
rotor part), all these three machines can be controlled independently as presented in reference
[4.6]. To obtain decoupled control of all the three machines, it is important that the d-q
current of one machine becomes the x-y of the other two machines. Similarly, the x-y of the

first machine becomes the d-q of the others. With such arrangement, the component that will

74



produce the rotating magnetic field in one machine will not produce any rotating magnetic
field in the other two machines. This component is then responsible for the torque production
while the other component will be limited by the leakage impedance, will not produce any
torque. This is achieved by proper phase transposition, between the stator winding
connections.

The power supply to three series-connected machine is given by a seven-phase voltage or
current controlled PWM inverters or Matrix Converter. In other words, it is possible to
independently implement field oriented control of three seven-phase series-connected
machines using a single power converter source. In this chapter seven-phase induction
machines with spatial displacement of 2n/7 between the phases are considered. Although the
concept of independence of control of series-connected machine do not pose any constraints
on the type of machine being used. The connection diagram showing three seven-phase
machines with stator winding connected in series and supplied by a single power source is
given in Fig. 4.5. The stator winding of the three machines are connected in series while the
three rotors can independently take three different loads. The three series-connected machines

can run under identical loading conditions or they are independent of taking up any loads.

N YTV at YTV

A / Vast \ / Vas2

~~ bt Y

B / VbSi \ / VbS2
c

YY) Ch YY)

b \ Vdst \ Vdss

E YT €1 YTYN

\ VeSt / \ Vesa
~~v]_f4

i \v& / \vFSz
qi

MACHINE 1 (s1) MACHINE 2 (52) MACHINE 3 (S3)

Fig. 4.5. Seven Phase Series-Connected Three-Motor system.

The phase transposition rule of three machine connections is given in Table 4.2. The
machines are labelled as M1, M2 and M3 (in column), the phases of the power source are

shown in the rows.



Table 4.2. Connectivity Matrix.

Machines A B C D E G
- aj by C d €1 i g1
M2 b} C2 €2 125} b, d, i)
M3 a3 23 f; €3 d3 C3 b3
4.4a Phase Variable Model

Phase variable model of two seven-phase induction machines connected in series according

to Fig. 4.5 is developed in state space form. Power source (Matrix Converter) voltage of each

phase after series connection as shown in Fig 4.5 can be as they are determined in an

appropriate summation of stator phase voltages of individual machine with respect to the

stator phase connection.

The current through each phase winding is:

After adding angular displacement of frequency, the supply voltage will become:

=Vas1+Vas2+Vass
=Vps1+Veso +Vass
=Ves1+Ves2 +Vgs3
=Vis1+Ves2+Vess
=Ves1 +Vps2+ Vi3
=Vm1+Vas2 +Vps3
=Vegs1+ Vo +Vess

Tas 1 = 1as 2 I 3
Tps 1 = Tes 2 = Ly 3
Tes 1 = Tes 2 = 1g5 3
Tys 1 = Tgs 2 Ies 3
Tes 1 = Tps 2 = 1 p53
Iy = Tgs 2 = Ips 3
Tos 1+ 1 5o+ Tes s
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V4 =WNSin(2zf\ () + V2 Sin(2f5 (1)) + V3 Sin(27f3 (1))

Vg =WSin(27f, (1) + 27%) + Vo Sin(2rf5 (1) + 4%) +V3Sin(2af5 () + 67%)
Ve =V Sin(27f, (1) + 4%) +V,Sin(2f, () + 87%) +V3Sin(2af5 (1) + 127%)
Vo = iSin(2afy () + O7/) + V3 Sin(2f () + 127/0) + V3 SinQaf (1) + 47/4)
Vi = ViSin(afi (0)+87/0) + VaSin(af (1) + 27/5) + V3 Sin(2af (1) + 107/
Vi =ViSin2af; (6)+10%/0) + V1 Sin(2af (6) + O7/5) + Vs Sin(2af3 (6)+ 27/5)

Vi = ViSinQafi (0) +127/0) + ¥ Sin(af (1) +107) + V3 Sin(2f3 (6) + 87/5)

(4.64)

Each phase to neutral voltage of power source is indicated with capital letters. The connected

three seven phase machines all parameters may be different. The denomination 1 indicates

the first machines parameters 2 and 3 for other two. First machine is directly connected to

seven phase inverter and phase transposed voltage is supplied to next machines.

The voltage equation in matrix form for the complete system can be represented as:

where :

vri+ Y or v=Ri+1%
- T dt dt

MC

Zrl
Y2

Y3

<
I

le + ESZ + Bs3 0 0 0
0 Ry 0 0
0 0 R, 0
0 0 0 R,

=
I

MC

[

i

I~

)

I3
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(4.65)

(4.66)

(4.672)

(4.67b)



1 1
]:sl + LSZ + ]—453

L
L=| >
L

L

rsl
1
rs2
1
rs3

1
Lsrl Ler
Lrl 0
0 L,y
0 0

.
Lsr3
0
0

Lr3 i

(4.68)

The superscript 1 indicates the modified inductance matrices according to the phase

transportation rule. The sub inductance matrix for the inductance of stator and rotor can be

represent in seven by seven matrix format as:

The phase difference between each

Laas  Laps
Lpas  Lips
Leas  Leps
=|Laas Labs
Leas  Leps
L fas L fbs
_Lgas Lgbs
Loar  Labr
Lpar  Lppr
Lear  Lepr
Liar  Lapr
Lear  Lepr
L far L fbr
L gar Lgbr

Laes  Lads  Laes
Lpes  Lpas  Lpes
Lees Leas  Lees
Laes  Lads  Laes
Lecs  Leds Lees
L fes L. fds L fes
Lgcs Lgds Lges
Lacr  Lagr  Laer
Lper  Lpar  Lper
Leer  Lear  Leer
Lacr  Lagr  Laer
Leer  Ledr Leer
L fer L fdr L fer
Lgcr Lgdr L ger

Lafs Lags |
Ly Lipgs
chs chs
Lars  Lygs
Leﬁ Legs
Lgs Lies
Lefs ngS_
Lafr Lagr |
Ly Lpgy
chr chr
Ldfr Ldgr
Lefr Legr
Ly Lper
Lo Lggr |

(4.69)

(4.70)

phase is denoted as o = 27% and ‘M’ is mutual

inductance between windings. After adding this values for all three stator and rotor windings

|t~

L+ M
MCosa
MCos2a

=| MCos3a

MCos3a
MCos2a

i MCosa

MCosa

L, +M
MCosa
MCos2a
MCos3a
MCos3a
MCos2a

MCos2a
MCosa
L, +M
MCosa
MCos2a
MCos3a
MCos3a

MCos3a
MCos2a
MCosa
Lig+M
MCosa
MCos2a
MCos3a

78

MCos3a
MCos3a
MCos2a
MCosa
L, +M
MCosa
MCos2a

MCos2a
MCos3a
MCos3a
MCos2a
MCosa
L, +M
MCosa

MCosa |
MCos2a
MCos3a
MCos3a
MCos2a
MCosa

Lls +M ]

(4.70a)



I~

|~

B~
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_Llsl +M1 M Cosa MCos2a MCos3a M Cos3a M;Cos2a M;Cosa |
MCosa Lig+M; MCosa M Cos2a MCos3a M Cos3a M Cos2a
MCos2a M Cosa L +M; MCosa MCos2a MCos3a M Cos3a

Ly =|MCos3a MCos2a M Cosa L +M; MCosaa MCos2a M;Cos3x
M Cos3a M Cos3a M Cos2aa M Cosa Ly +M; MCosaa M Cos2a
M Cos2a M Cos3a M Cos3a M Cos2aa M Cosa Lig+M, MCosa
| MCosa M Cos2a M Cos3a M Cos3a M Cos2a M Cosa Ly + M |
(4.70b)
_Lls2 +My MyCos2a MyCos3a  MoCosa  M,Cosa MoCos3a M,Cos2a |
MyCos2a  Ljp, +My, MyCos2a MyCos3a M,Cosa M,Cosa M,Cos3a
M>Cos3a  M,Cos2a  Ligy+My, MyCos2a M,Cos3a  M,Cosa  M,Cosa
MyCosa  MyCos3a  MyCos2a Ly +My, MyCos2a M,Cos3a M,Cosa
MyCosaa M,Cosaa M,Cos3a M,Cos2a L, + My, M,Cos2a M,Cos3a
M,Cos3ax  M,Cosaa  MyCosa M,Cos3a M,Cos2a Ligy+M, M,Cos2a
| M3Cos2a MyCos3a MpCosa MpCosa MpCos3a MyCos2a Ly, + M |
(4.70c)
[ L3+ M3 MsCos2a  MyCos3a  MsCosa  MsCosa MsCos3a M3Cos2a ]
M3Cos2a  Liz+ My  M3Cos2a M3Cos3a M3Cosa MzCosa M3Cos3a
MsCos3a M;Cos2a  Ljy+Mz M3Cos2a M;Cos3a MzCosa MzCosa
MsCosa  M3Cos3a M3Cos2a  Ljy+Mz M3Cos2a M;Cos3a MzCosa
MsCosa M3Cosa  M3Cos3a M3Cos2a  Ljgz + M3 M3Cos2a M3Cos3a
M;3Cos3aa M3Cosa MizCosa  M3Cos3a Ms3Cos2a Ljy + Mz M3Cos2a
M3Cos2a M3Cos3a MzCosa M3Cosa M3Cos3a M3zCos2a Ly + Msj |
(4.70d)
[ L, +M1 MCosa MCos2a MCos3ax M,Cos3a M,Cos2ac M,Cosc ]
MCosa Lpi+M; MCosa M Cos2a MCos3a M;Cos3a M Cos2a
MCos2aa  MCosa L +M; MCosa MCos2a MCos3a M Cos3c
=|M|Cos3a M Cos2aa M Cosac Ly +M; MCosa MCos2a M Cos3cx
M,Cos3a M Cos3a MCos2a M Cosac Lj+M; MCosa M|Cos2a
M Cos2a M Cos3a M Cos3a MCos2aa M Cosac  Lj1+M; MCosa
MCosa M Cos2a MCos3a MCos3a M Cos2a M Cosa Ly + M |
(4.70e)



Lyo + M3
M,Cosa
M;,Cos2a

=| M,Cos3a

M,Cos3a
M,Cos2a

~

Ly3 =

Lsrl =M,

1
ésr2 =M

1
L5r3 =Mj

M,Cosa

Lypz + M3
M;Cosa
M;Cos2a
M5Cos3a
M;Cos3a
M;Cos2a
M;Cosa

Cos 0,
Cos(0) — o)
Cos(6; —2a)
Cos (0, —3a)
Cos(6; +3a)
Cos(0; +2a)
Cos(6) + o)

Cos 6,
Cos (6, —2a)
Cos (0, +3a)

Cos (0, + a)
Cos (6, — )
Cos (0, —3a)
| Cos (0, +2a)

2

Cos 03
Cos (03 —3a)
Cos (05 + )
Cos (05 —2a)
Cos (05 +2a)
Cos (05 — )
Cos (0, +3a)

MyCosa MyCos2a MyCos3a M,Cos3a M,Cos2a  M,Cosa |
Ly +My  MyCosa MyCos2a MoCos3a M,Cos3a M,Cos2a
MyCosa  Lpp+My, MyCosa M,Cos2a MyCos3a  M,Cos3a
M>Cos2a  MyCosa  Ljp+My MyCosaa MoCos2a M,Cos3a
M,Cos3a M,Cos2a M,Cosa Ly, +My, MyCosa M»Cos2a
M,Cos3a M,Cos3aa M,Cos2ac  M,Cosa  Ljy+M, MyCosa
MyCos2a M,Cos3a M»Cos3a M,Cos2a MyCosa  Lyp + M, |
(4.70f)
M3Cosa MzCos2ac M3Cos3a M;Cos3a M3;Cos2a MzCosa |
Lys+M3  Mi3Cosa M3Cos2a M;Cos3a M3zCos3a M3Cos2a
MsCosa  Lpz+My  MiCosa  M3Cos2a MzCos3a M3Cos3a
M3Cos2a MizCosa  Lpz+Mz  MzCosa MzCos2a M3Cos3a
M;Cos3a M3Cos2a  MiyCosa  Ljpz+Mz  MiCosa  M;Cos2a
M;Cos3a M3Cos3ac M3Cos2a MzCosa Lj3+My M3Cosa
M3Cos2a M3Cos3a M3Cos3a M3Cos2a M3Cosa L3+ Mj |
(4.70g)
Cos(0y +a) Cos(6) +2a) Cos(0) +3a) Cos(6) —3a) Cos(6) —2a) Cos(6) —a) |
Cos 0, Cos(0) +a) Cos(6) +2a) Cos(0) +3a) Cos(6) —3a) Cos(6; —2a)
Cos(6; — a) Cos 6, Cos(6; +a) Cos(6; +2a) Cos(6; +3a) Cos(6; —3a)
Cos(0) —2a) Cos(6) —a) Cos 6, Cos(0) +a) Cos(6) +2a) Cos(6;) +3a)
Cos(0) —3a) Cos(0) —2a) Cos(6) —a) Cos 6, Cos(0) +a) Cos(6) +2a)
Cos(0) +3a) Cos(6, —3a) Cos(6; —2a) Cos(6, —a) Cos 6, Cos(6) + o)
Cos(0) +2a) Cos(6) +3a) Cos(0) —3a) Cos(0) —2a) Cos(0) —a) Cos0, |
(4.70h)
Cos (0, +a) Cos (0, +2a) Cos(0,+3a) Cos(6)-3a) Cos(6-2a) Cos (6, - a) |
Cos (0, —a) Cos 6, Cos (0 +a) Cos (6, +2a) Cos(0,+3a) Cos(8,-3a)
Cos (0 —3a) Cos(0, -2a) Cos(0,—-a) Cos 6, Cos (0 +a) Cos (6, +2a)
Cos (0, +2a) Cos (0, +3a) Cos (0, —2a) Cos (0, -a) Cos (0, —a) Cos 6,
Cos 6, Cos (6, +a) Cos(6,+2a) Cos(6,+3a) Cos(6,-3a) Cos (6, — )
Cos (0, —2a) Cos (6, —a) Cos 0, Cos (0 +a) Cos (6, +2a) Cos (0, +3a)
Cos (0y +3a) Cos(0y -3a) Cos(0, -2a) Cos(6,—-a) Cos 6, Cos (0 + @) |
(4.70i)
Cos (03 +a) Cos(03 +2a) Cos(0y +3a) Cos(03-3a) Cos(0y-2a) Cos(03—a) |
Cos (03 —2a) Cos (05 —a) Cos 05 Cos (03 +a) Cos (03 +2a) Cos (0, +3a)
Cos (05 +3a) Cos (05 +3a) Cos(03 —2a) Cos(0;-a) Cos(0;—3a) Cos 05
Cos (03 —a) Cos 05 Cos (03 +a) Cos (05 +2a) Cos(05+3a) Cos (65 -3a)
Cos (05 +3a) Cos (05 —-3a) Cos(03 —2a) Cos (0, —a) Cos 05 Cos (05 + )
Cos 6, Cos (03 +a) Cos (05 +2a) Cos(05+3a) Cos(0;3-3a) Cos (05 — )
Cos (03 —3a) Cos (03 —2a) Cos(03 —a) Cos 05 Cos (05 +a) Cos (03 —3a) |
(4.709)
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While putting all the matrices in the equation (4.65), the following is obtained:

1

r 1 1 1
KMC le +BS2 +Bs3 0 0 0 ZMC LSI +L 52 +LS3 és”l L 2 T3
0 _ 0 Brl 0 0 zrl i érsl érl 0 0 d
= : 1 =
0 N A I N LA
0 0 0 0 Br3 l'r_?, él,.ﬁ 0 0 ér3
o 4y dp dp]
p dtfsrl dt dt— 3 B MC
—L 0 0 0 "
dtirSI L
i 1 0 0 0 Iy
dt 2 i 5
d L -7
iy 0 0 0
7dt rs3 ]
where
Sin6, Sin(6 +a) Sin(6 +2a) Sin(6+3cx) Sin(6,-3a) Sin(6-2a)
Sin(6 — o) Sin6, Sin(@+a) Sin(6+2a) Sin(6 +3a) Sin(6 -3a)
Sin(6, —2a) Sin(6, — ) Sin6, Sin(6 +a)  Sin(6, +2c) Sin(6, +3a)
4” L, =—aoMy| Sin(6 —=3c) Sin(6 —2a) Sin(6 -a) Sin6, Sin(6 +a) Sin(6 +2a)
Sin(6, +3a) Sin(6-3a) Sin(6 -2a) Sin(6 -a) Sin6 Sin(6, + o)
Sin(6, +2a) Sin(6 +3a) Sin(6-3a) Sin(6-2a) Sin(6-a) Sin6,
| Sin(Q +a) Sin(6+2a) Sin(6+3a) Sin(6-3a) Sin(6 -2c) Sin(6 -a)
Sin 6, Sin(6, +a) Sin(6, +2a) Sin(6,+3a) Sin(6, -3a) Sin(6, -2a)
Sin(6, —-2a) Sin(6, —a) Sin 6, Sin(6) +a) Sin(0, +2a) Sin(6, +3a)
Sin(6, +3a) Sin(6, —3a) Sin(0, -2a) Sin(6, —a) Sin 0, Sin(6, + a)
%léirz =-w,M,| Sin(6, +a) Sin(6, +2a) Sin(6, +3a) Sin(6, -2a) Sin(6,-a)  Sin(6, -a)
Sin(6, —a) Sin 6, Sin(0, +a) Sin(6, +2a) Sin(6, +3a) Sin(6, -3a)
Sin(6, =3a) Sin(6, —2a) Sin(6, —a) Sin 6, Sin(6, +a)  Sin(0, +2a)
| Sin(0, +2a)  Sin(0, +3a) Sin(0,-3a) Sin(6,-2a) Sin(6; -a) Sin 6,
Sin 05 Sin(0; +a) Sin(63+2a) Sin(0;+3a) Sin(6;-3a) Sin(6;-2a)
Sin(6; —3a) Sin(6; -2a) Sin(6;-a) Sin 6y Sin(6; +a)  Sin(6; +2a)
Sin(6; +a) Sin(0; +3a) Sin(0;+3a) Sin(0;-2a) Sin(6;-a) Sin(0;-3a)
%téiﬁ =—w3M;| Sin(6; -2a)  Sin(6; —a) Sin 6 Sin(6; +a) Sin(6;+2a) Sin(6; +3a)
Sin(6; +2a) Sin(6; +3a) Sin(6;-3a) Sin(6;-2a) Sin(6, —a) Sin 65
Sin(0; — a) Sin 6, Sin(0; +a) Sin(03+2a) Sin(6;+3a) Sin(0; -3a)
| Sin(0 +3a)  Sin(0;—3a) Sin(63-2a) Sin(03-a) Sin 05 Sin(6; + o)
d 1 d . m
Eérsl = Eé srl
d 1 d 1
ELMZ = EL sr2
d i d  n
—L ,=—0L
a3 T g e
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-MC
1

zrl
ir2

Zr3

4.71)

Sin(6, — ) |
Sin(6, —2c)
Sin(6, —3a)
Sin(0, +3a)
Sin(6, +2c)
Sin(6, + )
Sin6,

(4.71a)

Sin(6y —a) |
Sin(6, -3a)
Sin(6, +2a)
Sin 6,
Sin(6, —a)
Sin(6, +3a)
Sin(6, + a)

(4.71b)

Sin(0; —a) |
Sin(6, +3a)
Sin 0
Sin(6; —3a)
Sin(6; + a)
Sin(6; — )
Sin(63 - 3a) |

(4.71b)

(4.72)



Torque equations of the seven-phase induction machine in terms of source currents and their

respective rotor currents and rotor positions are:

lAlarl +iplppl +icicy +ipip) Yigien TIFlf1 +iGig)Sind) +
IGiarl t14lpr1 T iBlcr1 Ticiar Tiplesl TIELfi1 +lFlgr1)Sm(91 +a)+

IFigr +iGiprt +1gler) TiBigr) +iCler) +Ipifi) +ipigy)Sin(0) +2a)+

IDlarl TiElpr) Yipicyl TiGide +igler + lBlfrl + lClgrl )Sin(6) —3a) +

Ty = =BM,|(igian +iFip +iGict +idig +ipien +icifr +ipign)Sin(6) +3a) +
(ician +ipipyt +igicr +ipign +iGien +i4i 51 +igig)Sin(6) —2a)+

|\iglay +icip1 +ipleyt Higpign +ipien TiGif +14igq)Sin(0y —a) |
(4.73)

lAlarz +ilpy +iCler T ipidyy T ipler2 TIFlfi +iGigr)SinGy +
iGlary +iglpry +iBleyy TiClary +ipleyd +IELfio Tipig)Sin(0) +a)+

iFigry +iGipr2 +igler +iBlgy +iciey +ipifo +igpig2)Sin(0y +2a)+

iDlgr2 YiEip2 Yipic) YiGigo +igie +lBlf}’Z +lClgr2)Sm(92 3a) +

iClary +ipipy) il +ipign TiGlen +i4lf0 +iBig2)Sin(0y —2a)+

Ty ==PoM;|(igiays +iFipe +iGicr +ildy +iBiers +ici fra +ipig2)Sin(0, +3a)+

lBlarz +icipry Tipicry TiEld) Tipled YiGifo Higlgn)Si0y —a)
(4.74)

(aiars +iipe3 +icice3 +ipig3 +ipie3 +ipif3 +iGig3)Sin03 +
(Giars +idipy3 +ipice3 +iciars +ipies +ipifs +ipig3)Sin(03 +a)+
(Fpiars *iGins +idies vigiges +icies +ipips +ipig3)Sin(03 +2a)+
Tes ==PsM 3| (ipias +ipip3 +iGices +iglays +igies +icifps +ipig3)Sin(03 +3a)+
(piars +igipes +ipics +igias +igiers +ipifs +icig3)Sin(03 —3a)+

(ciars +ipipes +igics +ipigs +iGies +igifs +ipig3)Sin(03 - 2a)+

_(iBiars +icipe3 T iplers Tipiars Yipie3 Tigifs +igig3)Sin(03 —a) |
(4.75)

Equation of motion:
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da pl

a9 - T

% ( el —Tr1)

dowy _ pj

49 _Prr T

dt J2 ( e?2 L2) (476)
dos _ p3

293 _P3r,,-T

dt J3 ( e3 L3)

4.4b Model in the rotating reference frame

The decoupling transformation matrix to transfer from phase variable form to power invariant

form of seven phase system can be written as:

Cosa  Cos2a Cos3a Cosda  Cos5ac Cos6ba |

Cos3a Cos6ax Cos9a Cos12a  CoslSa  Cosl8a
I Sinda Sinba  Sin9a  Sinl2a SinlSa Sinl 8a

oz Vs Ve Vg Ja Vi VAl

The first two rows of the decoupling matrix is defined all variables that will lead to

X2

1
a
Y 0 Sina  Sin2a  Sinda  Sinda SinSaa Sinba
X 1 Cos2a Cosda Cos6a Cos8a CoslOa Cosl2a
C= g)’l 0 Sin2a Sinda  Sinbax Sin8a  Sinl0a  Sinl2a (4'77)
(€ 5 |
0

fundamental flux and torque production (o, B components). The last row defined the zero

sequence components and all x-y components are noted in middle.

The new variables are defined with transformation matrix:

v =Myl = o

V;% — v

V;Sﬁ =y

iy =CiMC

L.;lﬂ _ci” (4.78)
_;% = Ci"

_aﬂ i

Inv

aﬁ =Cy ,l/fﬂ—Cz ‘/’aﬂ cy”?, Vs =S¥

The superscripts, MC stand for Matrix Converter quantities; rl, r2 and r3 refer to the rotor of

machine-1, machine-2 and machine-3.
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Application of the new variables in to voltage equation will yield following voltage

equations:

€1 VMC Cfl iaﬂMC gl laﬁinv
= =af ;o ;o
O |-[&] - 1iaﬁz +[L]d/dt ~ 1iaﬁz
0 Q_ laﬂr Q_ laﬂr
0 gllaﬂﬁ gllaﬁr3
I 1. M)
R +R,+R5; 0 0 0 |C igg
0 Ry 0 0|Cl,
= +
0 0 Erz 0 Q_léaﬂrz
0 0 0 Rslcy
1 I /(e 0
+L53 LS}’I 52 sr3 - Eaﬂ d
1. rl —L
L(gl LO g Y glz-aﬂrz " ‘Zit_ml
=r2 g_zaﬂ E]_JIZ
1. 3 Fs.
00 Le| |cYil |G,
dt_r.ﬂ

d d 1
—L —L
dt=" arT e

0 0

0 0

0 0

(4.79)
d |
—L —
dt_ 5r3 Q_llaﬂMC
0 Q—ll-aﬂrl
1. 2
0 Q— Zaﬂr
1. 3
0 _Q_ laﬂr
(4.80)

Multiply both sides with the decoupling transformation matrixC and separate terms of three

machines will give:

MC
Kaﬂ Rsl +532 +Es3
0 | 0
0 0
0 0
cL,c' crL,ct
-1 -1
4icL,,C CL,,C
dt 0 0
0 0

This equation further written as:

_i MC
0o 0 o]
. 1
Ry 0 0| ig | d
0 R 01,
22 Eaﬂr dt
0 0 Ryl
| fer
_i MC
00 cLc
.7
1 -1
00 _aﬂz +di Qrﬁc
. r
0 0| iy t 0
0 0l . 3 0
laﬂ
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crL_c’!

—=rsl=

cL_.C™!

—=sr3=

-1
CL,C

_i MC
CL, 0 o™
1 i
CL,C" 00 '“ﬂz L
. r
0 0 0,
0 0 0 .
£aﬂ
_i MC
0 0|
-
0 ol fs
. ¥
00 laﬂ’
00 i r3
_aﬂ
(4.81)



MC
Kaﬂ
o | 0
0o | 0
0 0
Ls2] 0 Lsr2I
“ap —ap
d| 0 0 0
dt rs2! 0 Lr2]
—af —ap
0 0 0

After taking individual matrices and solving, the top

[ =l )

Laﬂ
.ol
£aﬂ
.2
laﬂ
3

MC)

.or
Eaﬂ i

_z Mc
0o o ||
.ol
0 0 Lap d
R, O i ﬂr2 dt
0 £r3 .3
| tas
Ls3] 0 0 Lsr3'
“ap —ap
d| 0 0 0 0
dt| 0 00 0
érs3l 0 0 Lr3]

af

next three rows are that of three rotors.

MmcC
Zaﬂ le + 552 + £s3
0 B 0
0 0
0 0
_LSZI 0 Lsr2] 0_
—aff —aff
d 0 0 0 0
dt LrsZI 0 Lr21 0
—af —af
L0 0 0 0

0

dt| 0

Individual sub matrices can be written as:

CL,C'=

[ L +2.5M,;

0

S O O o O

0
LlSl + 25M1
0

S O o O
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éaﬁ

(= - = =]

i rl
~apf

(= = -

0
0
Lig

MC]

.3
| fap |

Lrl

. MC|
£a[ﬁ
.7l
£aﬂ
.2
Eaﬂ

row belongs

le Lsrl
—ap —ap
i ér;l ér;
dt a, Q
0 0
0 0
Lsr3l ] laﬂMC
5 i rl
0 _aﬂ
0 i r2
3! A
L .r3
“ap B £aﬂ
0 0 0
0 0 0
0 0 0
Llsl 0 0
0 Ly O
0 0 L
0 0 0

(4.82a)

to the stator and the

(=]

S O

(4.82b)

(4.83)



Ly, +2.5M, 0 0 0 0 0 0]
0 Lp+25M; 0 0 0 0 0
0 0 Ly 0 0 0 0
erg_lz 0 0 0 Ly 0 0 0
0 0 0 0 I, 0 0 (4.84)
0 0 0 0 0 L, 0
0 0 0 0 0 0 L]
[Cos(6)) -sSin(6) 0 0 0 0 0]
Sin(6;) Cos(6,) 0 0 0 0 0
0 0 00 0 00O
CL,,C'=25M 0 0 00000
0 0O 00000 (4.85)
0 0 00 0 00O
0 0 0 0 0 0 0]
—1_L —1)T
(—jérsl(—j - Césrl(—j (4.86)
(L, 0 0 0 0 0 0]
0 L]sz 0 0 0 0 0
0 0 L[SZ +2.5M2 0 0 0 0
CL,C'=| 0 0 0 Ly +25M, 0 0 0 A
0 0 0 0 Lo 0 0 (4.87)
0 0 0 0 0 Ly O
00 0 0 0 0 L]
L,, 0 0 0 0 0 0]
0 L, 0 0 0 0 0
0 0 Llr2 +2.5M2 0 0 0 0
CL,C'=| 0 0 0 Ly+25M, 0 0 0
0 0 0 0 Ly, 0 0 (4.88)
0 0 0 0 0 L, O
00 0 0 0 0 Ly,
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0 0
0 0
Cos (6,) —Sin(6,)
CLy,,C™" =2.5M,| Sin(0,) Cos (6,)
0 0
0 0
0 0

S O O O O o O

S O O O o o O

S O O O o o O

-1 -1
Qérszg = (CLS}"Q.C

L 0 0 0

0 Ly 0 0 0

0 0 L 0 0

CLsC'=[ 0 0 0 Ly 0
0 0 0 0 Lg+25M,

0 0 0 0 0

0 0 0 0 0

(L, 0 0 0 0

0 Lys 0 0 0

0 0 L, O 0

CLAC'=[ 0 0 0 Ly 0
0 0 0 0 Ly,3+25M,

0 0 0 0 0

| 0 0 0 0 0
0 0 0
0 0 0
0 0 0
CL,,C™' =25M5] 0 0 0
COS(03) —Sin(03) 0
Sin((93) Cos(03) 0
0 0 0

-1 -1
Qérﬁ(—j = C]isr3g )r
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S O O O

S O O O o o O

LIS3 + 25M3

L[r3 + 25M3

S O O O O O O

oS O o O

0

0

S O O O O O O

S O O O O O O

S O O O O O O

Llr3_

S O O O o o O

S O O O O

L |

S O O O O

0

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)



On the basis of above equations, the developed form of stator and rotor voltage equation can

be written as:

dyMC
VMC — (R, + Ry +Ry)iMC + =72
a ( s1 s s3)a dt (4‘95)

MC MC di,
Vo~ = (Rg + R +Rg3)ig  +(Lig1 + Lis 2+L1s3+Lml) t+L 1Cos 6 ——

dig,
—L,,1Sin @

(4.96)
dyMC

MC _ -MC B

Vﬂ _(Rsl +R52 +Rs3)lﬁ + i (497)
i di 1
V = (Rs1 + Ry +R33)lﬂ + (Lig1 + Liga + Lig3 + L) + Ly Sin 91%+
di
L,,1Cos 6, Ly O Ly (Cos Byigyy + Sin Oyi 1)

(4.98)

MC_(R{+Ry+R )z d%d
51+ Ry + R3 % (4.99)
MC MC dif© dixir
Vit = (Rg+ Rgo + Rg3)ix1 + (L1 + Ligo + Lig3 + Ly2) + L;y2Cos 0, .

di
- Lszin 91 dﬂtrz - a)szz(Sin 921'0”2 + Cos (92i'3,,2)
(4.100)

MC WA{C
Y

Vyl =(Rs +Rpp +R 3)ly1 + d (4.101)

.MC

MC !
(R 1+R 2 +Rs3)l +(Lisl+LiSZ+Lis3+Lm2)

di
+ Lszin 92 i;rl

di
+ Lm2COS 02 5:2 + a)szz(COS Hziarz + Sin HZiﬂFZ)
(4.102)

MC dy
VHC =Ry +Rp + R3S + ;tz (4.103)
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diMc

VxAgC = (Rsl + RS2 + Rs3)i)]c\42c + (Lisl + LisZ + Lis3 + Lm3) :;,2 + Lm3C0S 03 dl:;r3 -
] diﬂr3 . . ;
Lm3Sll’l (93 - (03Lm3(Sln 9310”,3 + Cos 931'3,.3)
(4.104)
MC dyyy”
_ -iny Y
Vy2 =(Rg + Ry +Rs3)ly2 + ’ (4.105)
MC MC diyy o diyyp
Vy2 =(Rg1 + Ry2 + Rs3)’y2 +(Lis1 + Liga + Lig3 + Liy3) dt + Ly 3Sin 03 +
L,,3Cos @ diﬂr3+a)L (Cos B5i,,5 + Sin 651
m3 3 dt 3tm3 3tar3 3:6r3
(4.106)

Rotor Equations of 1* machine

, diMC Cdidc di, |
Varl =0= erlarl + LmICOS 81 r - LmISll’l 91 + (Lrl + Lml) it
- a)lel(Sin gll'MC — Cos Qli%/lc )
(4.107)
. o di di jf¢ di g,
Vge1 = 0= Rytigyy + Lyt Sin 6 =~ L, Cos 6y + (Lyy + L) d’i’ -
@)Ly (Cos 0,iC + Sin 0,i )
(4.108)
-MC
‘ ahx]rl
Vir, = 0= R, + Ly, — (4.109)
diMc
Vyr =0=Ryi,, +L; —20
i By T Hn (4.110)
MC
‘ a’lxzr1
Vi, =0=Retloe, + Li, — (4.111)
diMC
Vi =0=Ryi, . +Lj —2
»ah By ™ T (4.112)
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MC
ler

VOI’I =0=erl.0r1 +Lir1 7

Rotor Voltage Equations of machine 2:

V

a

2 =0=R.i,+L, 2Cos(92)pl “iL 2Sln(92)plﬁ

+(Lir2 + Lmz)piarz - a)szlen(Hz )la - COS(@Z )lﬂ

Vo =0=Rpjig.+L 2Sm(t92)pz “4L 2C0S((92)plﬂ

+(Liyy + L) p gy = 2Ly 2 Sin(65)i'< + Sin(65)i

. MC
Vv =0= Rr2l + L r2plx1r2

X

. MC
V r2 = 0= Rr2ly1r 2t Lirzplylr2

N
MC
V r2_0 R xzr +Lzr2plx2r2
MC
VJ’zrz 0=R, J’Vz Lirzle’2V2

MC
Vora =0=Rplp,, + Liy, Ploy,

Rotor Voltage Equation of Machine 3:

: -MC . -MC . .
Vars =0=Ry3ig,3 + L,3Cos(05) piy,~ + Lm3Sln(03)plﬂ +(Liy3 + Ly3) pig,s

—asL,3Sin(63)iy'C — Cos(63)iy'

Vﬂ}"?) =0= Rr3lﬂr3 + Lm3Sln(t93 )pl + Lm3COS(03 )plﬂ

(L3 + Ly3) Pigys = 03 Ly3Sin(6y)ig'< + Sin(63)igf
Virs =0=Rusiy 3+ L3 pitns
xr3 3lxr3 ir3Plyr3

—0= ; -MC
Vylr3 =0= Rr3ly1r 3t Lir3plylr3

—0= ; -inv
Vx2r3 =0= Rr3lx2r3 + Lir3plx2r3
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(4.113)

(4.114)

(4.115)

(4.116)

(4.117)

(4.118)

(4.119)

(4.120)

(4.121)

(4.122)

(4.123)

(4.124)

(4.125)



o . MC
Vi3 =0=Ryi, .3+ L piy 3 (4.126)

. MC
Vors = 0= R,3ig,, + L, pigy3 (4.127)

The motor electromagnetic torque is entirely developed due to the interaction of d-¢g current
components and is independent of x-y current components. Since rotor is short circuited, the
x-y and zero sequence components of rotors are zero. Due to the star connection in stator

make stator zero sequence components to zero. The motor torque equation can be written as:

Ter = ALy [Cos (00 an i} = ignill€ ) = Sin 0o id = ipnif<)]
Tep = P2Lm2[C0S (92)(iar2i,g/lc B l‘ﬂl’ZiétMC ) — Sin 0, (iarZioAfc - iﬂrzi,g/lc )]

Tes3 = PsLm3[C0S (03)igr3ipfC —ipr3ia'C ) = Sin 03(ig3iy'C —ig3if<)
(4.128)

4.4 ¢ Transformation of model in to the stationary common reference frame

Stator and rotor transformation matrices are 7x7 matrices but, only d-g components need to
transform to the stationary common reference frame as other x-y and zero sequence

components are zero. The rotational transformation matrices are given as in equation (4.23);

[ Cosp,  Siny 0 0 0 0 0

=Sinp; Cosfy 0 0 0 0 O

0 0 10000
Dl=| 0 0 01000 (4.129)

0 0 00100

0 0 00010

0 0 000 0 1]

[ Cospy SinBy 0 0 0 0 0]

-Sin, Cosppp 0 0 0 0 O

0 0 10000
D2=| 0 0 01000 (4.130)

0 0 00100

0 0 00010

0 0 000 0 1]
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[ Cospy SImpBy; 0 0 0 0 0
~Sinfy Cosfy 0 0 0 0 0

0 0 10000
D3=| 0 0 01000
0 0 00100

0 0 00010

0 0 000 0 1]

Here, Angle of transformation

b =-6, =—jw1dt 5 ﬂz=—92=—J.a&df and,33=—%=—J.aga?

So the new variables are defined as:

rl rl
Vi =DV, Ve =Dy Vir Vg =Dy

=D.i i —Dl i —Dl

ldq laﬁ’ -dq Zaﬂ’ -dq — =3aof

[ pme T ; MC ; MC
Lap Lap Lap
—17,71 —1.rl —1.r1
DV D, i D, i
= ) =1 =de =1 Zd
vl ] ]
- —1,7 r 't r
D, V4, Dy iy, Dy iy,
—1y,73 1,73 14,73
_23 qu_ _Ql qu_ _Ql qu_

Here, Angles of transformation g = -4, = —led; and p,=-0, = —_[ w,dt

So the new variables are defined asy”, =D,v.,;, V2 =D,V =D,V

aﬂ LA aﬂ

_n il _ _
ldq Diigs ’dq DZZaﬂ’ ’dq D3laﬂ

IS

I
c o oI~
c olb o
ol¥ o o

c o o

I

Pre-multiplying both sides by ‘D’ one obtain:

ALy, L)

4 dq+T+QQidq

Ldg =Ri

where
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(4.131)

(4.132)

(4.133)

(4.134)

(4.135)

(4.136)

(4.137)

(4.138)

(4.139)



. 0 R, 0 0
- 0 0 R, O
0 0 0 R;
Individual matrices are given as:
(R, 0 0 0 0 0 0]
0 R, 0 0 0 0 0
0 0 R, 0 0 0 O
R,=f0 0 0 R; O 0 O
0 0 0 0 R;, O O
0o 0 0 0 0 R; O
0 0 0 0 0 R,
1 2 3 571 2 573
L L4
rsl rl
L - édq qu 0 0
=dg 2 2
Ly 0 Lz 0
s3 3
N

Torque Equations

Torque equation of the machine become

_ . MC . MC
7;1—131Lm1[(1dr11ﬁ —lgily J

_ . .MC . .MC
Ty =BLy,y [(’ ar2lyl ~lgroly] )}

_ . .MC . .MC
Te3 _PZLmZ |:(ldr3ly2 “lgr3lx2 )j|
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(4.141)

(4.142)

(4.143)

(4.144)

(4.145)



By omitting zero sequence and x1-y1 and x2-y2 components from rotors and zero sequence
from power source, the complete model in the stationary common reference frame for the

three seven-phase series-connected induction machines is given as:
MC MC MC . MC MC MC MC
Voo =Ralg ~ + (Lt + Ly Pl + Ly Plgpy + Rogly— + Ly Pl + Rzl + L3 iy
MC -MC -MC , -MC -MC -MC -MC
Vﬂ = Rsllﬁ + (Llsl + Lml)plﬂ + Lmlplqu + RSZI + Lls2pla + Rs3la + Lls3pla

MC MC MC MC MC MC MC MC
= Raixi + Lgpivi + Ry + Ly + L) piy + Ly Piges + Ragiag +(Ligy + Ly3)pivy - (4.146)

~

MC -MC -MC -MC -MC -MC -MC -MC
Vyl = Rsllyl + Llslplyl + Rszlyl + (Lls‘Z + Lm2)ply1 + Lm2plqr2 + Rs3ly1 + (LI.Y3 + Lm3)plyl

MC -MC -MC -MC -MC -MC -MC -MC
Vx2 = Rsllxz + Llslple + Rs21x2 + (L/sz + LmZ)prZ + LmZpldrS + Rs3lx2 + (Lls3 + Lm3)plx2

MC _ -MC -MC -MC -MC -MC -MC -MC
Vy2 - RsllyZ + Lls]p’yZ + RsZ’yZ + (LZSZ + LmZ)p’yZ + anzp’qr} + Rs3ly2 + (Lls3 + Lm})plyZ

Rotor Equations of machine 1 is obtained as:

. MC .
0= erldrl + Lmlpla + (Llrl + Lml)pldrl

MC .
+@ (Lygi " + Ly +Lyig) (4.147)

. MC .
0= erlqu + Lmlplﬁ + (Lrl + Lml )plqu

MC .
T (Lmlla + (Llrl + Lml )ldrl (4.148)

Rotor Equations of machine 2 is obtained as:

0=R,pigy + Ly Ply + Ly + Ly) Pigyr

-MC .
T, (LmZZﬁ + (Llr2 + Lm2 )lqr2 (4.149)

. MC .
0= erlqr2 + Lm2plﬁ + (Lr2 + Lm2 )plqr2

+an (Lyply  +( Ly +L,pn)ign (4.150)
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Rotor Equations of machine 3 is given as:
. MC .
0= Rr3ldr3 + Lm'jpla + (Lr3 + Lm})pldr3

MC -
+3(Ly3ig +(Lyps + L3 )igr3) (4.151)

. .MC .
0= R,3igr3+ Lyzpip~ + (L3 + Ly3) Pigrs
Lo3iC 4 (Lyys + Ly3)i (4.152)
+03(Ly3i — + (Lyp3 + Ly3)igr3) :
It is observed from the rotor equations of all three machines that the interaction of rotors and
stator current is only in the o-B components. There is no interaction of x/-y/ or x2-y2
components of stator and rotor. The complete seven-phase three-motor drive system can thus
be represented by equations (4.146) to (4.152). Hence, these voltage equations along with the
torque equations of (4.153) and the following electromechanical equations can completely

describe the system of Fig. 4.5

Jy do
Tel—Tu:Fld—tl

1

Jr dw
Ty —Tpp=-2—2

P, dt (4.153)
T, — L3:ﬁd_")3
¢ P, dt

4.4d Simulation Result

To validate the mathematical model developed in the previous section, equations (4.146) to
(4.153) are simulated in MATLAB/SIMULINK. Since the aim is to validate the mathematical
model, ideal seven-phase sinusoidal source is considered for simulation purpose. The source
voltage is assumed as 220 V rms per phase, 50 Hz. The three machines are chosen identical
with stator resistance of 10 Q, rotor resistance of 6.3 €, leakage inductance of 40 mH,
magnetizing inductance of 420 mH, inertia 0.01 and number of poles 4, and rated torque
equal 11.662 Nm. Since the three machines are decoupled from each other, they can operate
in different conditions. Three machines are simulated under v/f = constant control conditions.
Machine-1 is allowed to run at rated speed (50 Hz) with applied voltage equal to rated value
of 220 V rms. Machine-2 is allowed to run at half of the rated speed (25 Hz) with applied
voltage of 110 V rms. Machine-3 is run at slightly less than quarter of the rated speed (12 Hz)
and the applied voltage is accordingly reduced. The resulting waveforms are presented in
Figs. 4.6a-c. The applied voltage of phase ‘a’ is presented in Fig.4.13 It comprises of three

different frequencies voltages corresponding to the operating conditions of the three
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machines. The transformed source currents (assumed ideal sinusoidal currents) are depicted
in Figs. 4.10-4.12, the three components are shown. It is seen from Figs. 4.10-4.12, that the
frequencies and magnitude of each pair of currents are different and are matching the set
operating conditions of the three machines. Fig. 4.6 shows the speed and torque responses of
the three series connected machines. The response shows typical v/f = constant control
behavior. The machine accelerates to the set speeds and the torque response is typical.

Fig. 4.13 illustrate the spectrum of the source side voltage of phase ‘a’ and its transformed
components. The phase ‘a’ voltage shows three fundamental components at three different
frequencies with different magnitudes. The frequency components match the commanded
values. The transformed components show just one fundamental component. This clearly
indicates the independence of control of three machines. The phase ‘a’ voltage components
appear in three different planes that will control each machine individually. This validates the
mathematical model developed in the previous section. The independent control of each
machine is seen from the simulation results. The results also validate the model of derived in

the previous section.
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Fig. 4.7, Torque and speed characteristics of Machine 1.
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It is seen from above figures that the phase voltage (Matrix Converter output voltage) has
three different fundamental frequency components at 12 Hz, 25 Hz and 50 Hz corresponding
to the operating speeds of the three series-connected induction machines. These fundamental
components appear as d-q, x1-y1 and x2-y2 components and there is no interaction between
them. This proves the correctness of the developed mathematical model and the concept of

independence of control.

4.5  Summary

This chapter developed and reported complete mathematical models of multi-phase multi-
motor drive system. Three different configurations are considered namely five-phase, six-
phase and seven-phase systems. Phase variable models are developed and then transformed to
appropriate number of axes. This is done in order to eliminate the position dependence of
inductances. The developed mathematical models showed that the torque can be produced by
using only two orthogonal components of currents. Hence in case of a five-phase and six-
phase systems one pair of currents are free to use (since there are two sets of currents) in
controlling the second machine. Thus stator windings of two-motors are connected in series
or in parallel and are supplied by only one power converter and both motors are controlled
independently. In similar fashion, a seven-phase system is seen to control three series or
parallel connected machines. The developed mathematical models are verified using

simulation approach.
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Chapter 5
Space Vector Modelling of Multi-phase
Matrix Converter

Introduction

This chapter discusses the modelling procedures for a Matrix Converter with three-phase
input and five-phase, six-phase and seven-phase outputs. The model is developed in space
vector form. At first the topology of three-phase input and five-phase output is considered.
The switching combinations are identified. The total number of possible switching
combinations is obtained as 2" where n is the number of power semiconductor switching
devices being used. However, all these switching states are not permitted due to the fact that
the input source should not be short-circuited and the output phases should not be open-
circuited. The load is considered to be inductive and hence this safety condition is imposed.
With such constraints, the number of permitted switching states reduces. Further, the space
voltage vectors that arise due to these switching combinations are analyzed on the basis of
their amplitude and frequency. They are grouped according to the number of output and input
phase connections. It is observed that amplitude and frequency are variable in several cases.
It is concluded that the space voltage vectors whose amplitude and frequency are constant,
are only viable for space vector PWM implementation. The other two topologies analyzed are

three-phase input and six-phase output, and three-phase input and seven-phase output.

5.2 Space Vector Model of a Three-phase to Five-phase Matrix Converter

The space vector model of a multi-phase Matrix Converter (three-phase input and five-phase
output) is developed on the basis of representation of the three-phase input current and five-
phase output line voltages on the space vector plane. The input current is three-phase and
hence the traditional space vector model is sufficient to describe the input side. The output is
five-phase and hence five-phase output voltage is to be modelled in five dimensional space.
During Matrix Converter operation all output phases are connected to each input phases
depending on the state of the switches. For a three-phase input and five-phase output Matrix
Converter, total numbers of bi-directional power semiconductor switches (IGBTs) are fifteen
(three switches per leg). One input line is connected to five bi-directional switches and hence

three input line is connected to fifteen switches in all. A small LC filter is connected at the
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source side (three-phase side) to remove the switching ripples from the source current
waveforms, thus making it sinusoidal. A general switching circuit is shown in Fig. 5.1. The
filter is not shown in the Fig. 5.1. Each switch is shown with two sided arrows in order to
show its bi-directional nature. There are several methods to realize the bi-directional power

switches as discussed in reference [5.1] - [5.3].

Three-phase Input
Va Vbo I/c o

b bbb b b

oV, o Vy oV o Vp o Vi
Five-phase Output

Fig. 5.1. Basic topology of a three-phase to five-phase Matrix Converter.

With this number of switches a total combination of switching can be made in the range of

2" = 32768. However, out of these many possible switching states, not all are permissible.
To obtain the permissible switching states, one has to consider the safety of the source side as
well as load side. It is well known that the switching states that cause a short circuit at the
source side are not allowed. Similarly, opening of the load side is also not permitted, since
the loads are mostly inductive and sudden opening of inductive circuit causes high voltage
spikes that may damage the switching devices. . Hence, for the safe operation of Matrix
Converter protecting the source and load, the following conditions must be considered at any

switching time:

e Input phases (three-phase side) should never be short circuited,
e Output phases (five-phase side) should never be open circuited.
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Considering the above two major constraints, there are 3° = 243, different switching

combinations for connecting output phases to input phases. It is important to note here that

the number of switching combinations is same as that of a three-level five-phase inverters as

given in reference [5.4]. Therefore, one can say that the operation of a Matrix Converter is

similar to the operation of a three-level back-to-back converter. These switching

combinations can be put in five different groups or in other words, all these vectors are

divided into five different groups. The space vector group nomenclature is defined as [x,y,z],

where x represent the number of output phase connected to input phase ‘a’, y represent the

number of output phase connected to input phase ‘b’ and z shows the number of output

phases being connected to input phase ‘c’.

1.

[5, 0, 0]: All the five output phases are connected to the same input phase. Since there
are three phases at the input side, so three possible situation are possible, i.e. all five
phases are connected to phase ‘a’ of input, or phase ‘b’ of input or finally to phase ‘¢’
of input. Hence, this group consists of three different switching combinations. These
vectors have zero magnitude and zero frequency, therefore they are termed as zero
vectors.

[4, 1, 0]: Four of the output phases are connected to the same input phase and the fifth
output phase is connected to any of the other two remaining input phases, e.g. if
ABCD is connected to phase ‘a’ then ‘e’ can either connect with phase ‘b’ or phase
‘c’. This group consists of total 30 switching combinations. The space vectors
produced due to these switching combinations have variable amplitude at a constant
frequency in space. It means amplitude of the output voltages depend on the selected
input line voltages. In this case the phase angle of the output voltage space vector
does not depend on the phase angle of the input voltage space vector. The 30
combinations in this group determine 10 pre-fixed positions of the output voltage

space vectors which are not dependent on «, (input voltage vector position as shown

in Fig.5.5). Similar condition is also valid for current vectors. The 30 combinations in
this group determine 6 prefixed positions of the input current space vectors which are

not dependent on /3, (output current vector position). The input side space vectors are

not shown.

[3, 2, 0]: Three of the output phases are connected to the same input phase and the
two other output phases are connected to any one of the other two input phases. This
group consists of 60 switching combinations. These vectors have also variable
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amplitude at a constant frequency in space. It means amplitude of the output voltages
depend on the selected input line voltages. Also in this case the phase angle of the
output voltage space vector does not depend on the phase angle of the input voltage
space vector. The 60 combinations in this group determine 10 prefixed positions of

the output voltage space vectors which are not dependent on ¢, . Similar condition is

also valid for current vectors. The 60 combinations in this group determine 6 prefixed

positions of the input current space vectors which are not dependent on £, .

[3, 1, 1]: Three of the output phases are connected to the same input phase and the
two other output phases are connected to the other two input phases respectively. This
group consists of total 60 switching combinations. These vectors have variable
amplitude variable frequency in space. It means amplitude of the output voltages
depend on the selected input line voltages. In this case the phase angle of the output
voltage space vector depends on the phase angle of the input voltage space vector.
The 60 combinations in this group do not determine any prefixed positions of the
output voltage space vector. The locus of the output voltage space vectors form

ellipses in different orientations in space as ¢, is varied. Similar condition is also

valid for current vectors. For the space vector modulation technique these switching
states are not used in the Matrix Converter since the phase angle of both input and
output vectors cannot be controlled independently. This control condition is important
in Matrix Converter operation.

[2, 2, 1]: Two of the output phases are connected to the same input phase and the two
other output phases are connected to another input phase and the fifth output phase is
connected the remaining third input phase. This group consists of altogether 90
switching combinations. The space vectors generated due to these switching
combinations produces also variable amplitude variable frequency in space. That is
the amplitude of the output voltages depend on the selected input line voltages. In this
case the phase angle of the output voltage space vector depends on the phase angle of
the input voltage space vector. The 90 combinations in this group do not determine
any prefixed positions of the output voltage space vector. The locus of the output

voltage space vectors form ellipses in different orientations in space as «, is varied

i.e. with the rotation of the input space vector. Similar condition is also valid for

current vectors. For the space vector modulation technique these switching states are
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also not used in the Matrix Converter since the phase angle of both input and output
vectors cannot be controlled independently.
The active switching states that produce constant amplitude voltage and constant frequency
that can be further used for space vector pulse width modulation schemes are:
Group 1 :[5, 0, 0] consists of 3 space voltage vectors,-Zero vectors
Group 2 :[4, 1, 0] consists of 30 space voltage vectors,-Active vectors
Group 3 :[3, 2, 0] consists of 60 space voltage vectors,-Active vectors.
As such total 93 space voltage vector combinations can be used to realize the space vector
modulation technique.
The switching circuit condition conditions corresponding to Group 1 ([5,0,0]), is illustrated in

Fig. 5.2. The bold circle indicates the connection of the input and output phases.

a b c a b c a b ¢
A A A
B B B
C C C
D D D
E E E
aaaaa bbbbb cccce

Fig. 5.2. Switching states of Group-1.

The switching circuit condition conditions corresponding to Group 2 ([4,1,0]), is illustrated in

Fig. 5.3. The bold circle indicates the connection of the input and output phases.

a b c a b c a b c
A A A
B B B
Cc Cc Cc
D D D
— E E @— E
aaaab bbbbc cccca
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Fig. 5.3. Switching states of Group-2 [4,1,0].

The switching circuit condition conditions corresponding to Group 3 ([3,2,0]), is illustrated in

Fig. 5.4. The bold circle indicates the connection of the input and output phases.
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Fig. 5.4. Switching states for Group-4 [3,2,0].

116



The permitted voltage space vectors are then transformed into two set of orthogonal planes

namely o-f3 and x-y in the stationary common reference frame. The transformation matrix

used as given in reference [5.4]:

cos(Za cos(2a) cos(a)

)

in(2a) —sin(2a) —sin(a)
)
)

cos(a

— —

sin(a

w

cos(4a) cos(2ax)
—s1n(4a) —sin(2a)

cos(2a) cos(4a

1

1
0
1
0 sin(2e) sin(4e
1
2

1 1
2 2 2 2

(5.1)

The 93 space voltage vectors that are finally used to implement space vector pulse width

modulation scheme are given in Fig. 5.5 in the orthogonal planes.

p
A
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Fig. 5.5. Output voltage space vectors corresponding to the permitted switching
combinations.

The large length space voltage vectors are shown in Fig. 5.6.
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Fig. 5.6. Output large length voltage space vectors.

The large length space voltage vectors detail are tabulated in Table 5.1. The table shows the
output phases connected to the input phase, the relation between the output line voltage and
input line voltage, the relation between the output line current and input line current, the
output voltage and the position. e.g. column 3, row 1, the input phase ‘a’ is connected to the
output phase ‘A’. The output line voltage, Vap is same as input line voltage V,, the input
current la is same as output line current I5. The output voltage vector Vo is equal to
0.7608Vab (input line voltage), the position of vector is -18&, and the input current vector is
1.156*i4 and its position is -30. It is to be noted that ‘I’ in Table 5.1 is equal to

5
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Table 5.1. Large length vectors.

Group | Name | A E[Vig|Vac|Ven| Voe [Vea| G2 b | ic | Vo | @ | L | B
-1 |a a Ve | 0 [Va| 0] 0 [l |0 Wa| z[2; [z
0|5 8
1 b b Vel 0 (Ve[ 0] 0 [ w0 |V s 25 |z
G
2 | b Ve[ 0 [ Ve[ O[O0 0 waf-a|Ve | 2[2;, [=
w|.A5°" |2
U EEEE c{Ve| O [ Ve | 0 | 0| 0 dalin|Ve| =] .2; | =
: Tl el
3 | ¢ Vel 0 [Va| 0| 0 |da 0fia|Va| z|2; |[Ir
w|h5 |6
3 |a a Vel 0 [Val O [0 [ 0wVl _z| 2, [3
| F |6
Group | Name | A E[Vie|Vac|Ven [ Voe | Vea [ |6 | i | Vo | @] L | P
+4 a a 0 Vb 0 Vg 0 ig [z | 0 Wy | 37 2 i =
W 5|8
4 [ O [ Ve O [V [ 0 a0V [32] 2, [ =
0| 5 3
= b b 0 [Vee| O [Vee| O [0 [is|n| Vee |32 ]| 2 . | =
|52

Large
B[ 5 |c Cl 0 [Vee| O [Vec| O |0 |ds|i8 | Ve |22 | 2, | =
| Bt 2
% | c cl o val o fval 0 4|0z Va3 ]2, |1=
T Yl G
5 | a a| 0 [ Va| 0 [Va| 0 [|0]de|Va [32] 2, |17
N e
Group | Name | A E|Ve|Vee | Ve | Voe | Vea | G2 | b |k | Vo |o| L | B
T [ a b 0 | 0 |Vae| 0 |Va|ic|dc| 0] Ve |72, | =
| B %
T | b a| 0 [0 [Vl 0 [V |dc|ic| 0]V |12 ]| 2, [ 7
wl .z | 6
w |6 <[ 0 0 [Ve| 0 [Ve|O0|ic|dc| Ve |22, | %
|7 |2

Large
C -3 c b 0 0 | -Vu | O Vee | 0 [ He | te | -IVe [ T2 |_2 i | =
0| FC| 2
+ c a 0 0 | Va | 0 | -Va|Hde| 0 |ie| Vg |2 | 2 i Iz
0|5 °|%
S |a c| O[O0 [ Va0 [ Valic|O0[dc|[Va [In]| 2, |7
0| . F-|6
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G[‘l)llp Name | A "'_.\B ".BC ".c[) YIZE TE_.\ 'la ib l[ Yn 113 :[1 IL
+0 | b Vg | O 0 | Vi 0 ip |-p| O Wy | Ll :i _E
T | BC|E
0 |a Vel 0 0 [Ve| 0 [40|ip |0 | Ve |I5]| 2 |_=
T | BT s
+11 c Ve | O 0 | Ve 0 0 |ip [-ip| Ve |llx ii T
S YA
Large
D -11 b Vi 0 0 [V | O 0 (-dp|ip | Ve | lr | _ :i z
2 | BT 2
T | a Vol 0 0 |Va| 0 [4]0|ip| NVa [1z] 2, |1z
7| B 8
-12 c Ve | O 0 | -Vz| 0 ip| 0 [-ip| AVe |lx | 21 =
2 50|76
Group | Name | A Vag | Voo | Veo | Vo | Vea [ 2 b | L | Vo | @ I B
13 | b 0 [Vau| O [ 0 [V |ie 4|0 | Vs | a2, |_7
Il FE |73
EER P 0 [V | 0 |0 |Vaolds 2]0| M | 2| 2. |2
Sl Y Al
+14 C 0 | Ve | O 0 Vee | O i |4 | Wi x| 2. T
Tl | 2
2.5 2
Large
E -14 b 0 Vec | O 0 | Ve | 0 Hg|ig| IVu | _x -ii T
N I
+13 a 0 |-Va!| O 0 Ve |- 0 |ig| Vg |_x| 2 i Iz
| B ;
-13 c 0 Ve 0 0 | -Ve|ig 0 |4g| -IWa | _7|_ :i Iz
2| B E|e

The medium length space vectors are also analysed and the set is shown in Fig. 5.7

The medium length space voltage vectors details are tabulated in Table 5.2. The table shows

the output phases connected to the input phase, the relation between the output line voltages

and output line voltages, the relation between the output line current and input line current,

the output voltage and the position. e.g. column 3, row 1, the input phase ‘a’ is connected to

the output phase ‘A’. The output line voltage, Vap is same as input line voltage Vp, the input

current Ia is same as output line current I5. The output voltage vector Vo is 0.4706xVab

(input line voltage), the position of vector is 54, and the input current vector is 1.156*is and

2
its position is -30. Note that m = 5
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10-11,-12

i

3
A

-13,-14,-15

-t

10,11,12

4,-5,-6

-7,-8,-9

13:14:15

Fig. 5.7. Output medium length voltage space vectors.

Table 5.2. Medium length vectors

Gr oup Name | A |B| C |D | E "7AB "713 '] Ay D "’DE ‘?EA la i], ],; Vo a, Ii ﬁi
+1 alblb|b|b| Vg 0 0 0 | -Vg |dp |-ia] 0 | mVy | 37 2 oz
I N G
-1 bla|la|a]|a]|-Vyg| O 0 0 Van [-lg | s | O [-mVy, | 37 -iiA T
w | .3 6
+2 blc|lc|c|c| Vi 0 0 0 Vi | O | g | -lg | mVy, | 37| 2. T
o =1y -
10| .2 2
Medinm
A -2 C b b b b Ve 1] 0 0 Ve 0 'iA iA =MV, 3£ _ i iA b
10| .2 2
+3 clala|ala|V,| 0 0 0 | -Veu|-a| 0 |igx | mVy, | 37 iiA KL
10| .53 6
-3 ajlc|lec|c|c|-V,| O 0 0 Ve | g | O |-ig | -mVy | 37 2| F
0| F%

122




Gr oup Name | A | B|C|D|E |V AR V’B ' Vv cD V’DE V’E A la i], ]c ‘70 Uy Ii ﬁi
+4 bla|lb|b|b|-Vy| Vg 0 0 0 ip [-ig | 0 | mVy |7x ii T
0| B2 |7
-4 a|blalal|lal| Vg |-Val| 0 0 0 |-ig|ip | O |-mVy, | 77 -iiB oz
0| .= 3
+5 c|blc|c| ¢ | -Vy| Vi 0 0 0 0 |ig |-ig | MV, | 70| 2 . T
10| .3 2
Medinm
B| 5 [blc|[b|b|b|Vy|[-Vy| 0 0 0 |0 |-p[ip |-mVye |7 | 2, | 7
0| .3 2
+6 alc|lalala|-Va|Val 0 0 0 |-ig| 0 |ipg | MV, | /7 ii}a in
10| A 6
-6 clalc | ec|c | Vg, |-Vaul| 0 0 0 ip | 0 |-ipg|-mVg |77 -ii T
0| 5|6
Gr oup Name | A | B|C |D | E "’AB "’BC Vv cD V’DE V’EA ia ]b ]1: ‘70 Uy Ii |3i
+7 b|b|a]|b]|Db 0 | -Va | Va 0 0 ig [-ig| 0 | mVy, |17 24 o
0 | F°| %
-7 a alb a a 0 Van | “Vap 0 0 -ig | i 0 | -mVy 1l 2, m
w | "Rl -7
3 6
+8 clelblceclec| O |-V | V| 0 0 0 |ig |-ig | mVy, | 17 2 x
T 2
Medinm
C 5 bl blc|b|b] 0 Foe | Ve | O 0 0 [-e|ie |-mVy, | Lz | 2. | 7
10 el cl 3
+8 alalc|ala 0 | Vel Vea | O 0 |-ig] 0 |ic | mVy, | Uz | 2 ic in
10 '\5 6
-8 clec|aflc]|ec 0 Vea | “Vea| © 0 ic | 0 |-ig|-mV,, | 1w A
JES— -_IC —_
10| 3 6
Gl’ﬂlll] Name | A |B|{C |D |E|Vs | Vee | Vep | Vo | Vea | 1a | Ip i; Vo u, I; ﬁi
+10 b|{b|bj|a]|b 0 0 | -V | Van 0 ip [-ip| @ | mVy T 2. b
- | =1p -
2| .5 [
-10 alala|blal| 0 0 | Vg |-V | O |-ip|ip| 0 |-mVy|_ =« -iiD N
2| .3 3
+11 clc|c|b|ec 0 0 | Vi | Vie 0 O |ip |-ip| mMVy, | _ 7 iiD x
2 3 2
Medium M{_
D -1 b b|Db C b 0 0 Vie | =V 0 0 'iD iD - Vi, . i iD T
2| 3 2
+12 ala|a|c|a 0 0 | -Vl Ve 0 |-4p| O |ip | MV, |_7 iiD im
2 | B 6
-12 clc|c|alc 0 0 Ve |-V | 0 ip | 0 [-ip|-mVg | _m|_ 2,1
2| B s
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Group (Name | A |B|C|D |E | Vs | Ve | Voo | Vb | VEA | L | B | & Vo U, I; Bi
+13 b|b b b a 0 0 0 '\‘?ab V ah IE 'iE 0 lllT\"'_a}J _ E il _ E
IR G
-13 alalala|b| 0 0 0 | Vi | =V |-ig|ig | O | -mVy |_ 7 -iig oz
0] 3 6
+14 clelclc|b 0 0 0 | -Vie| Vi | O | ig | -ig | mVy, 2. 7T
| B5E| 2
Medinm "
E| -4 |b|b|[bL|Db|c]| O 0 0 | Vig | Vi | O [ | ig | -mVy | _ 7 -iig g
10| .3 2
+15 alalala]|ec 0 0 0 | -Vea| Voo || 0 |ig | MV | _ 7 iiE iz
0| .5 6
-15 clelc|c|a 0 0 0 Ve | "V |15 [ O |-ip | -mVy, | _ & | 2,7
Rz
The small vectors are also analysed and are shown in Fig. 5.8.
p
A
-1,-2,-3
A
10,11,12
-13,-14,-15
» O

13,14,15

-10 ’ '1 1,'1

Fig. 5.8. Output small length voltage space vectors.

The small length space voltage vectors details are tabulated in Table 5.3. The table shows the
output phases connected to the input phase, the relation between the output line voltages and
output line voltages, the relation between the output line current and input line current, the

output voltage and the position. e.g. column 3, row 1, the input phase ‘a’ is connected to the

output phase ‘A’. The output line voltage, Vap is same as input line voltage V,, but in
opposite phase, the input current la is same as output line current I4. The output voltage

124




vector Vo is 0.2906 x Vab (input line voltage), the position of vector is -90, and the input
current vector is 1.156*i4 and its position is -30%. Note that

where s =§ [2Cos54° 2C0s72° = 0.2906 .

Table 5.3. Small space voltage vectors.

Gl'ﬂlll) Name | A |B| C |D |E | Vap | Vee | Veo | Voe | VeEa | 1 iy, i Ve Uy I; ﬁl
+1 b b a b a 1] '\‘?ab \?ab '\‘?ab \?ab iA 'iA 1] S\?ab Fi 2. Fi
- =1 -
2.5 3
-1 alalbla|b| 0 | Va|-Val| Ve | Vap |-la|is |0 | -§Vy | & 'iiA o
2| .3 3
+2 C C b C b 0 -\'Tbc \?bc -\'Tbc \?bc 0 iA -iA g\?bc _ E il E
2| 50| 2
Small
A 2 bib|lc|b]|ec 0 Vie | Ve | Ve | *Vie | O | =iy |1y | -5V | _ R -iiA ks
2| 3 2
+3 alalc|ale| 0 | -Vi| V| -Va| Vea |-ls| 0 |ig | 8V [_7| 2 i I
2| .= 6
3 clc|lalc|a 0 Vo | "Vea| Voo | "Vea | s | O || -8V |7 R L
o B G

Gl'ﬂlll) Name AlB C D E V’AB V’BC V’CD VDE V’EA ia i], lc V’n iy, Ii ﬁi
+4 a|lb|b|a]b| Vy 0 |-V | Vg |-V |ip |-ip | 0 | §Vg | _ 7 ii oz
TR G
-4 b a a b a :\"_ab 0 '\.-_ab -'\.-_ab \Tab 'iB iB 0 -Sv\"_ab _1 B 2 iB _ E
10| .3 6
+5 blc|c|b]c| Vi 0 | "Vie | Vig | Ve | O | ip | -p | Vi b T
| ER| 2
Small
B -3 c|b|{b|c]b|-Vy,]| 0 Foe | “Vie | Vie | O | -ip | ip | -8V | _ T -iiB g
0| 43 2
+6 clala|c|a|Vu| 0 |-Va| Ve |-Veu|-ig| 0 |ip| &V |_ 7 iiB i
10| .3 6
-6 aflec|lclalec|-V,| O Via | "Vea | Voo |dp | O |-dp| -8V | _ T T ki
w| B0 e

125



Gr oup Name | A (B| C |D | E VAB V’B C Vv cD ‘?DE V’EA l-a i], ]1: ‘70 Uy Ii ﬁi

o lolalo]ola|Va|Va| 0 [Vo| Ve [ic|-c|0]| Ve [3n]2, | x

| s |

-7 a|blaja|b| Vg |-Val|l 0 | Va | -Va|-ig|ic| 0 |-sVyg |37 I

10| /A 3

2 e blc|e|b| Vil Ve | © | Vel Vie | 0 | ic |-dc| Ve | 37| 2 . | =

| EC| 2

Small

c B lolelo o e Ve [Ve| 0 [ Vo [ Voo [0 Tric|ic [ -V [22 |2 | =
10| .5 2

+9 afclala|c|-Vi| V| 0 |-V Voo |-lg| 0 i | Ve [ 37| 2 ic i

10| .5 6

-9 clalc|ec|a| Vg, |-Val| O Voo | Vea | I | O | -ig| -8V, | 37 T

2.
— 1
10| F°|s

Gl‘ﬂlll) Name | A ([B| C | D | E ‘,AB VIBC VICD ‘,DE VEA ]a lb ic Vn LLAS Ii ﬁi

+10 a b a b b \Tab '\Tab \‘Tab 0 -\Tab iD 'iD 0 S\Tab ?_JT il _ E
| B2 | %
-10 bla|b|a|a|-Vgu| Ve |-Va| 0 | Vg |-ip|ip| 0| sVy |Tx]|_ 2 ip|-Z
wl .2 6
+11 blc|b|c|c| Vi [-Vi| Vig 0 Vi | 0 |ip [-ip| &V, | 77| 2 . Ed
10 ] 2
Small \f{_
D -11 c|{blc|b|b | V| Vi |-Vig| 0 | Vig | 0 |dp|ip | sV | 77| 2 in| *
w | .2 2
+12 clalc|a|a| Ve |-Vu| V]| 0 Ve || 0 |ip | 8V, | 7 iiD i
w0 | .5 6

-12 alcla|c|ec|-Vaa| Ve |-Vl 0 Veo [Ip | O |-ip | -8V | 77 2.
10| .2 3

Gl'l]lll) Name | A ([ B|C|D|E |Vap|Vee| Vep | Voe | VEa | 1. | By i V, u, I; Di
+13 b a b a b '\?ab \‘?ab '\‘?ab \?ab 0 IE 'iE 0 g\‘?ab E i i _ E
w| 5" 5
-13 a|b| a b a Vi 1 "Van | Van | -V 0 -ig | i 0 -EVa | 10T 2 . ki
—|-=ig | -=
10 | 43 6
+14 ¢ |b| ¢ b C | Ve | Ve | Ve | Vi 0 0 ig | -ig | Vi E 2 kg
0w | BE |2
Small
E -14 blelb|c|b| Vi |-Vie| Vie | Vie| 0 0 | -ig | ig | =&§Vy, | 17 -iiE T
1w | .2 2
5 Tafelalela|Va|Va Ve | Va | 0 [He|0 [ig] sV [Lr[ 2, 77
10 Nl 3
-15 clalcla|c| Vi |-Vial|l Vaa | “Vea| 0 ig | O |- | -8V | 17 2. 7T
_ -_IE JR—
1w | .2 &

For each combination, the input and output line voltages can be expressed in terms of space

vectors as;
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2z A

— 2 3 I3 o,
Viap =3 | Vab +Voee * +Vege 3 |V ;e’™ (52)
2 Ar 6m 87

—_2 A

I/O(Zﬂ :g VAB ar VBc.e A VCD.e arF VDE.e ar VEA.e =VOe] © (53a)
Ar 87 127 16m

— 9 j? J? J? J? ejao

Voxy :g VAB aF VBc.e 2 VCD.e Sl VDE.e + VEA'e :VO' (53b)

In the same way, the input and output line currents result is as follows:

. 3 3 — ]:Bi
I =3 I +1,e 3 +1.e =1,e (5.4)
—~ 2 Ny I iy
L={|Litlpe " +lee® +lpe ® +lpe® |=loe™ (5.5)

5.3 Space Vector Model of Three-phase to Six-phase Direct Matrix Converter

The space vector algorithm is based on the representation of the three phase input current and
five-phase output line voltages on the space vector plane. In Matrix Converters output phase
is connected to each input phase depending on the state of the switches. For a three to six-
phase Matrix Converter, total numbers of switches are eighteen. The circuit topology is

shown in Fig. 5.9.

xc a
—© =

L - - g/ - Lz
SaA| SaBj] SaC a SaFl SaH
Three -l -l -l Sl
phase L &—2b

inputI skA'J é‘gﬂ[slb/cjgb/ﬁ[gﬁ; Slﬁf

s 5o s S| 577 5A

Six phase Load
Fig. 5.9. Three-six phase direct Matrix Converter.
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With this number of switches a total combination of switching can be made in the range of

212= 4096. For the safe switching in the Matrix Converter:
e Input phases should never be short circuited,

e Output phases should never be open circuited, at any switching time.

Considering the above two rules, there are 3° ie. 729 different switching combinations for
connecting output phases to input phases. These switching combinations can be analysed in
five groups.

The switching combinations are represented as: There are six switches and each switch is free
to connect any of the three phases of input. In this way there are 3*6=18 possible
connections. Every switch can have two states on (1) or off (0). In this way there are 2'®
switching combinations. Considering the constraints “that any two input cannot be shorted
and output phase cannot be opened throughout the operation” switching combination reduces
to 3°=729 only.

These 729 switching combinations are analysed in seven groups that shows how many output
phases are connected from input phase a, b, c. It is represented as [x, y, z] where x, y and z

are no of output phases connected to input phase a, b and c.

Group-1: [6,0,0]:- In this group all the output phases are connected to the same input phase.
Following it there are three possible combinations that are either all are connected to input

phase a or b or c. [6,0,0], [0,6,0],[0,0,6] there are 3 possible switching.

Group-2: [5,0,1]:- In this group 5 output phases are connected to the same input phase and
remaining phase is connected to any of the remaining input phases. Thus there are °Cs (5 out
of 6 output phases are connected to same input) and 'C, (remaining one output from any one
input) (6!/5'*1!)=6 combinations. In this way [5,0,1], [5, 1,0], [0,5,1], [1,5, O], [0,1,5],
[1,0,5]. (6!/5!*11)=6 combinations for every state combining all total 6*6=36 switching

combinations

Group-3: In this group four of the output phases are connected to one of the three input
phase simultaneously. Two remaining output phases are connected to one input phase and
one input phase not connected. All the possible sub groups are [4,0,2],[4,2,0],[0,4,2],[2,4,
0],[0,2,4] and [2,0,4]. Hence the following combinational logic can be used to obtain the

possible number of switching and hence number of space voltage vectors:
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6C, *7Cy=(6/41%21) * (21/21%01) =15*6=90.

Group-4: In this group three of the output phases are connected to one of the three input
phase simultaneously. Three remaining output phases are connected to one input phase and
one input phase is not connected. All the possible sub groups are [3,3,0], [3,0,3] and [0,3,3].
Hence the following combinational logic can be used to obtain the possible number of
switching and hence number of space voltage vectors:

6C; #2C3=(6!/31*31) * (31/11*31)=20*3=60.

Group-5: In this group four of the output phases are connected to one of the three input
phase simultaneously. One output phase are connected to one input phase and the last
remaining input phase is connected to one output phase. All the possible sub groups are
[4,1,1], [1,4,1] and [1,1,4]. Hence the following combinational logic can be used to obtain the
possible number of switching and hence number of space voltage vectors:

6C, *2C1*¥1C=(61/41%21) * (21/11*11)=15*2*3=90

Group-6. In this group three of the output phases are connected to one of the three input
phase simultaneously. Two of the remaining output phases are connected to one input phase
and one input phase is connected to one output phase. All the possible sub groups are [3,1,2],
[3,2,1], [1,3,2], [1,3,2], [2,1,3], and [1,2,3]. Hence, the following combinational logic can be
used to obtain the possible number of switching and hence number of space voltage vectors:

6C; #3Cy *1C =(61/31%31) * (31/21%11) =30*3 *6=360

Group-7: In this group two of the output phases are connected to one of the three input phase
simultaneously. Two of the output phases are connected to one input phase and one input
phase is connected to the remaining two output phase. The group can be mentioned as [2,2,2].
Hence the following combinational logic can be used to obtain the possible number of
switching and hence number of space voltage vectors:

0C, *¥Cy ¥7Cy =(61/21%41) * (41/21%21) =15%6*1 =90.

Thus total switching vectors are given as:

Group 1 :{ 6, 0, 0} consists of 3 vectors,
Group 2 :{ 5, 1, 0} consists of 36 vectors,
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Group 3 :{ 4, 2, 0} consists of 90 vectors.
Group 4 :{ 3,3, 0} consists of 60 vectors.
Group 5 :{ 4, 1, 1} consists of 90 vectors,
Group 6 :{ 3, 2, 1} consists of 360 vectors.
Group 7 :{ 2, 2, 2} consists of 90 vectors.

In this way there are total= 3+36+90+60+90+360+90=729 switching combinations in which

the space voltage vectors produced from switching of Groups-1,2, and 3 are having varying

amplitude and fixed frequency. Such switching combinations are 3+36+90+60=189 which is

used as active switching. Remaining are having varying amplitude and frequency both so

they are not helpful to find out the output voltage. These 189 switching states to find out

voltage is given in table 5.4. The Table 5.4 shows the output line voltage of the Matrix

Converter having lowest phase difference from reference one that is Vag,

The obtained output line voltages from switching combinations can be used to find out

voltages and currents in d-g and x-y planes by using decoupling transformation matrix as

given the equations (5.6) to (5.9:

2
I/dq = E(VAB + aVBC + aZI/CD + anDE + a4VEF + aSVFA) (56)
Vo= W o saV. +a'V, +a'V, +a'V. +a"V.) (5.7)
xlyl 6 AB BC CD DE EF FA
2 3 6 9 12 15
V. = E(VAB +aV, +aV,+a’V,, +a"V, +a"V,) (5.8)
2pil6
a=¢e"”" (5.9)
Table 5.4. Three to Six phase output voltage and input current.

Vec [A[B|C|D]E]|F | Vs | Vec | Voo | Vor | Ver | Via Vag | @ Vxy B Ti P
Ofa |a|a|a|a]|a]|0 0 0 0 0 0 0 0 0 0 0 0
0O(b|b[b[b[b[bl0 [0 [0 0o [0 |0 0 0 0 0 0] o
0Olclcleleleleclo [0 [0 0 [0 [o 0 0 0 0 0] o
1]a|blalal|bal]|l a1 0 1 [ |0 0V 0| 1.1546 | -30 0] o
2 aa|blaalblo |1 [ [0 [1 |- OVa, | 180 | 1.1546 | 90 0] o
3clelbleclelblO |1 [1 0|1 |1 0 Vi 0| 1.1546 | -90 0] 9
4 clblecle[blec[1 [1 [0 a4 |1 [0 0V | -180 | 1.1546 | 150 0] 9
5 clalcleclalecltl [-1 [0 L [-1 _|o 0 Ve 0| 1.1546 | -30 0] 30
6 clclalclclalo [1 [-1 o |1 |- 0V | 180 | 1.1546 | 90 0] 30
7 b|(blalb[blalo [-1 [1 0 |1 |1 0 Vi 0| 1.1546 | 90 0 | -30
8 blalb[blalbl-1 [1 [0 1 (1 [0 0Va | -180 | 1.1546 | 150 0 | 30
9 c[b[blc[b|[b[1 [0 |1 10 |1 0 Vi 0 | 1.1546 | -150 0 | 90

10[blclclbleclell [0 [-1 [T [0 [ 0Vi | 180 | 1.1546 | 30 0] 9
11 a c|o [ |1 0 |1 |1 ol -

alalc a 0 Ve 0| 1.1546 | -90 150
12 a1l |0 |1 |1 |0 |- ol -

clalalcl|a 0Ve | 180 | 1.1546 | 30 150
B blala|lblalal-l [0 |1 a1 o0 |1 0 Vi 0 | 1.1546 | -150 0 | 150
4a b|bla|b|[b|1 [0 [-1 [1 [0 [ OVa, | 180 | 1.1546 | 30 0 | -30
15 blc|b|lblc|bll [-1 [0 1|1 o 0 Vie 0| 1.1546 | _-30 0| 90




16 | b|b| c|[b|[b]|]c]|O 1 -1 0 1 -1 0 Vi 180 1.1546 90 0| -90
17| a|{ c| c|a|c| c]|-1 0 1 -1 0 1 0 Vg, 0 1.1546 -150 0 30
18 a a | -1 1 0 -1 1 0 0 -

a|c| a c 0 Ve, -180 1.1546 150 150
19| b{a|b|a|b| a]|-1 1 -1 1 -1 1 OV | -11.3 0| -86.4 0| 150
20(a |b|a|b|a|b |1 -1 1 -1 1 -1 0V, | 168.7 0 | 93.58 0| -30
21 ¢c| bl c|b|c|b]|-1 1 -1 1 -1 1 0V | -11.3 0| -86.4 0| -90
22| bl c|b|lc|[b]|c]|1 -1 1 -1 1 -1 0V | 168.7 0 | 93.58 0 90
23 | a| c| a| c|a]|c]|- 1 -1 1 -1 1 0V, | -11.3 0| -86.4 0 30
24 a |l -1 1 -1 1 -1 0 -

cla| c|alc 0V, | 168.7 0 | 93.58 150
25|a |a|b|a|a|a]|0 1 -1 0 0 0 0.33Vap 0 0.5773 90 | 1.155 | 150
26 |a |b|a|b|[a a1 -1 1 -1 0 0 0.33Vy 0 0.5773 -90 | 1.155 | 150
27|a |b|b|a|[b|a |1 0 -1 1 -1 0 0.33Vy, 0 0.9999 0| 1.155 | -30
28| a |b|b|b|a|b |1 [1) 0 -1 1 -1 0.33Vy, 0 0.5773 90 | 1.155 | -30
29 |a |a|a|b|a|A]|O0 0 1 -1 0 0 0.33 Vg 60 0.5773 -150 | 1.155 | 150
30 |a |a|b|la]|b|a]0 1 -1 1 -1 0 0.33 Vb 60 0.5773 30 | 1.155 | 150
3|a |bla|b]|b|a]|l -1 1 0 -1 0 0.33 Vy 60 0.9999 -60 | 1.155 | -30
32|a|a|b|bla]|b |0 1 0 -1 1 -1 0.33Vap 60 0.9999 120 | 1.155 | -30
33|a|b|b|b]|b]|b |1 0 0 0 0 -1 0.33Va 60 0.5773 30 | 1.155 | -30
34|a|a|alal|b|A]O 0 0 1 -1 [1) 0.33Va 120 0.5773 -30 | 1.155 | 150
35|ala|bla|b|b |0 1 -1 1 0 -1 0.33Va 120 0.9999 60 | 1.155 | -30
36 |a|bla|b|b|b]|1 -1 1 0 0 -1 0.33Va 120 0.5773 -30 | 1.155 | -30
37 |a |a|a|bla]|b |0 0 1 -1 1 -1 0.33Va 120 0.5773 150 | 1.155 | 150
33 |a |a|a|a]|a|B]|O0 0 0 0 1 -1 0.33Va 180 0.5773 90 | 1.155 | 150
39 |a|blaja|b|b |1 -1 0 1 0 -1 0.33Va 180 0.9999 0| 1.155 | -30
40 |a |b|a |a]|a|b |1 -1 0 0 1 -1 033V | -120 0.5773 30 | 1.155 | 150
41 | a |b|a|a|afa]|1 -1 0 0 0 0 0.33Va -60 0.5773 -30 | 1.155 | 150
42 |a |b|bla]a]|b |1 0 -1 0 1 -1 0.33Vy -60 0.9999 60 | 1.155 | -30
43 c|0 0 0 0 -1 1 1.155 -

a|a|a|lal|a 033V, 0 0.5773 -90 150
44 a|0 0 0 -1 1 0 1.155 -

alalalalc 0.33V,, -60 0.5773 150 150
45 a|o0 0 -1 1 0 0 1.155 -

ala|la|lc|a 0.33V,, -120 0.5773 30 150
46 a|o0 -1 1 0 0 0 1.155 -

a|la| c|a|a 0.33V,, -180 0.5773 -90 150
47 a | -1 1 0 0 0 0 1.155 -

a|c| a|al|a 0.33V,, 120 0.5773 150 150
48 alc|0 0 -1 1 -1 1 1.155 -

ala|a|c 0.33V,, -60 0.5773 -30 150
49 a c | -1 1 [1} 0 -1 1 1.155 -

a| c a| a 0.33V,, 60 0.5773 -150 150
50 c| alo0 -1 1 -1 1 0 1.155 -

ala| c| a 0.33V,, | -120 0.5773 -150 150
51 a | -1 1 -1 1 0 [1} 1.155 -

alc|a|lc| a 033V, | -180 0.5773 90 150
52| ala|l c|laflc|c]|O -1 1 -1 0 1 0.33Ve, -60 0.9999 -120 | 1.155 30
53| alc|lalalc|c]|- 1 0 -1 0 1 033V, 0 0.9999 -180 | 1.155 30
54| a| c|l a| c|c|al- 1 -1 0 1 0 033V | -120 0.9999 120 | 1.155 30
55| alalclclalc]|O -1 0 1 -1 1 033V | -120 0.9999 -60 | 1.155 30
56| a| c| c|lafa|c]|-1 0 1 0 -1 1 0.33Ve, 120 0.9999 -120 | 1.155 30
57| al c| c|laf|c|al- 0 1 -1 1 0 033V, | -180 0.9999 -180 | 1.155 30
58| alc|a|c|c]| c]|- 1 -1 0 0 1 0.33V,, -60 0.5773 150 | 1.155 30
59| alc| c]lclal|c|- 0 0 1 -1 1 033V, | -180 0.5773 -90 | 1.155 30
60 | a| ¢ c c| ¢ c| -1 0 0 0 0 1 0.33V. -120 0.5773 -150 | 1.155 30
61| b|b|b|b|b|c|0 0 0 0 1 -1 0.33Vie 180 0.5773 90 | 1.155 | -90
62| b|b|b|blc|b]|O [1) 0 1 -1 0 0.33Vie 120 0.5773 -30 | 1.155 | -90
63| b|b|b|lc|[b|b]|O 0 1 -1 0 0 0.33Vie 60 0.5773 -150 | 1.155 | -90
64| b|b|lc|b|[b|b]|O 1 -1 0 0 0 0.33Vi, 0 0.5773 90 | 1.155 | -90
65| bl c|[b|b|[b|b]|1 -1 0 0 0 0 0.33Vie -60 0.5773 -30 | 1.155 | -90
66 | b|b|b|lc|[b|c|0 0 1 -1 1 -1 0.33Vy, 120 0.5773 150 | 1.155 | -90
67| bl c|[b|b|[b]| |1 -1 0 0 1 -1 0.33Vy, | -120 0.5773 30 | 1.155 | -90
68| b|b|lc|blc|b]|O 1 -1 1 -1 0 0.33Vy, 60 0.5773 30 | 1.155 | -90
69| bl c|[b|lc|b|b]|1 -1 1 -1 0 0 0.33Vy, 0 0.5773 -90 | 1.155 | -90
70| b| bl c|blc|c]|0 1 -1 1 0 -1 0.33Vie 120 0.9999 60 | 1.155 90
71| bl c|b|b|c|c]|1 -1 0 1 0 -1 0.33Vy, 180 0.9999 0| 1.155 90
72| bl c|b|lclc|b]|1 -1 1 0 -1 0 0.33Vi, 60 0.9999 -60 | 1.155 90
73| b|b|lc]lec|[b|c]|O 1 0 -1 1 -1 0.33Vy, 60 0.9999 120 | 1.155 90
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74| bl c|c|b|[b]|c]|1 0 -1 0 1 -1 0.33Vy, -60 0.9999 60 | 1.155 90
75| bl c|l c|b|c|b]|1 [1) -1 1 -1 0 0.33Vy, 0 0.9999 0| 1.155 90
76 | bl c|b|lc|c|c]|1 -1 1 0 0 -1 0.33Vy, 120 0.5773 -30 | 1.155 90
77| bl c|l c|lec[b]|c]|1 (1) 0 -1 1 -1 0.33Vy, 0 0.5773 90 | 1.155 90
78| bl c| c|lec|c|c]|1 [1) 0 0 0 -1 0.33Vy, 60 0.5773 30 | 1.155 90
79 | b|b|b|b|[b|al|0 0 0 0 -1 1 0.33Vy 0 0.5773 -90 | 1.155 | -30
80 | b|b|b|bla|b]|o0 [1) 0 -1 1 0 0.33 Vy -60 0.5773 150 | 1.155 | -30
81| b|b|b|la|[b|Db]|o0 0 -1 1 0 0 033V, | -120 0.5773 30 | 1.155 | -30
82 | b|b|la|b|[b|b]|o0 -1 1 0 0 0 033V, | -180 0.5773 -90 | 1.155 | -30
83| b|la|b|b|[b|b]|-1 1 0 0 0 0 0.33Vy 120 0.5773 150 | 1.155 | -30
84 | b| b|b|la|b|al|0 0 -1 1 -1 1 0.33Vy -60 0.5773 -30 | 1.155 | -30
85| b|la|b|b|b]|a]|-1 1 0 0 -1 1 0.33Vy 60 0.5773 -150 | 1.155 | -30
8 | b|b|a|bla|b]|0 -1 1 -1 1 0 033V, | -120 0.5773 -150 | 1.155 | -30
87| b|la|b|la|b|b]|-1 1 -1 1 0 0 0.33V,, | -180 0.5773 90 | 1.155 | -30
8 | b| bl a|b|a|al|0 -1 1 -1 0 1 0.33Vy -60 0.9999 -120 | 1.155 | 150
8 | b|a|b|b|a]|a]|-1 1 0 -1 0 1 0.33Vy 0 0.9999 -180 | 1.155 | 150
90 [ b| a|b|af|a|b]|-1 1 -1 0 1 0 033V, | -120 0.9999 120 | 1.155 | 150
91 | b|b|a|a|[b|al|0 -1 0 1 -1 1 033V, | -120 0.9999 -60 | 1.155 | 150
92 | b|a|a|b|[b]|a]|- [1) 1 0 -1 1 0.33Vap 120 0.9999 -120 | 1.155 | 150
93| bl ala|b|a|b]|-1 0 1 -1 1 0 0.33V,, | -180 0.9999 -180 | 1.155 | 150
94 | b|a|b|a|a]|a]|-1 1 -1 0 0 1 0.33Vap -60 0.5773 150 | 1.155 | 150
95| bl a| a|a|b]| a]|- 0 0 1 -1 1 033V | -180 0.5773 -90 | 1.155 | 150
96 | b| a| a| a|a]|a]|-1 0 0 0 0 1 033V, | -120 0.5773 -150 | 1.155 | 150
97| ¢l c|l c]l clc|aloO 0 0 0 1 -1 033V, 180 0.5773 90 | 1.155 30
98| c|lc|lclclalc]|O 0 0 1 -1 0 0.33Ve, 120 0.5773 -30 | 1.155 30
9 | c|lc|lclaflc|lc]|O 0 1 -1 0 0 033V, 60 0.5773 -150 | 1.155 30
100 c| c| a c| ¢ c| 0 1 -1 0 0 0 0.33V. 0 0.5773 90 | 1.155 30
101 [ c|a|l c] c|lec] |1 -1 0 0 0 [1) 033V, -60 0.5773 -30 | 1.155 30
102 | c| ¢l c|lalc|laloO 0 1 -1 1 -1 0.33Ve, 120 0.5773 150 | 1.155 30
103 | c|a| c|c|c|all -1 0 0 1 -1 0.33V,, | -120 0.5773 30 | 1.155 30
104 | ¢ | c| a| c|a|c]|O 1 -1 1 -1 0 033V, 60 0.5773 30 | 1.155 30
105 c|a| c|la|c| |1 -1 1 -1 0 0 0.33V,, 0 0.5773 -90 | 1.155 30
106 a|0 1 -1 1 0 -1 1.155 -
clc|la|c| a 0.33V,, 120 0.9999 60 150

107 a |1 -1 0 1 0 -1 1.155 | -
cla| c| c| a 0.33V,, 180 0.9999 0 150
108 c |1 -1 1 0 -1 0 1.155 -
cla| c|al|a 0.33V,, 60 0.9999 -60 150
109 a|o0 1 0 -1 1 -1 1.155 -
clc|lalalc 0.33V,, 60 0.9999 120 150
110 a |1 0 -1 0 1 -1 1.155 -
clala|c|c 0.33V,, -60 0.9999 60 150

111 c |1 0 -1 1 -1 0 1.155 | -
cla|a| c| a 0.33V,, 0 0.9999 0 150

112 a |l -1 1 0 0 -1 1.155 | -
cla| c|al|a 0.33V,, 120 0.5773 -30 150
113 a |1l 0 [1} -1 1 -1 1.155 -
cla|a|a]|c 0.33Ve, 0 0.5773 90 150

114 a |l 0 (1} 0 0 -1 1.155 | -
c|la|a|a]|a 033V, 60 0.5773 30 150
115 ¢| ¢l c| e[ ec|b]|O 0 0 0 -1 1 0.33Vie 0 0.5773 -90 | 1.155 90
116 | ¢ | ¢ | c| e[ b | c |0 0 0 -1 1 0 0.33Vie -60 0.5773 150 | 1.155 90
117 | c| ¢l c|blc|l c]|O 0 -1 1 0 0 0.33Vi,e | -120 0.5773 30 | 1.155 90
118 | c| ¢| bl c|lc|l c]|O -1 1 0 0 0 0.33Vi,e | -180 0.5773 -90 | 1.155 90
119 | c| bl c| c|ec] c]|- 1 0 0 0 0 0.33Vie 120 0.5773 150 | 1.155 90
120 ¢ | ¢l c¢c| bl ec|b]|O 0 -1 1 -1 1 0.33Vie -60 0.5773 -30 | 1.155 90
121 | ¢c| bl c|lc|le|b]|- 1 0 0 -1 1 0.33Vie 60 0.5773 -150 | 1.155 90
122 | ¢c| e[| bl c|b| c]|O -1 1 -1 1 0 0.33Vy, | -120 0.5773 -150 | 1.155 90
123 | c| bl c|[b|lc] |- 1 -1 1 0 0 0.33Vi,e | -180 0.5773 90 | 1.155 90
124 | ¢c| ¢c| bl c|b|Db]|O -1 1 -1 0 1 0.33Vie -60 0.9999 -120 | 1.155 | -90
125 ¢|[b| c| c|[b]|b]|-1 1 0 -1 0 1 0.33Vie 0 0.9999 -180 | 1.155 | -90
126 | ¢ [ b | c|[b|[b]| c]|-1 1 -1 0 1 0 0.33Vy, | -120 0.9999 120 | 1.155 | -90
127 ¢l c|b|b|lc|b]|O -1 0 1 -1 1 0.33Vy, | -120 0.9999 -60 | 1.155 | -90
128 ¢c|b|b|c|c|b]|- 0 1 0 -1 1 0.33Vie 120 0.9999 -120 | 1.155 | -90
129 | ¢ [ b | b c|[b]| c]|-1 0 1 -1 1 0 0.33Vy, | -180 0.9999 -180 | 1.155 | -90
130 | ¢c[ b c|[b|[b]|b]|-1 1 -1 0 0 1 0.33Vie -60 0.5773 150 | 1.155 | -90
131 ¢c|[b|b|[b|c|b]|-1 0 0 1 -1 1 0.33Vy, | -180 0.5773 -90 | 1.155 | -90
132 | ¢|[b|[b|[b|[b]|b]|-1 [1) 0 0 0 1 0.33Vy, | -120 0.5773 -150 | 1.155 | -90
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133 | c| c| c|lc|b|Db]|O [1) 0 -1 0 1 0.5773 Vi -30 0.5773 -150 2 90
134 | c|[c| c|b|b]c]|O [1) -1 0 1 0 0.5773 Vi -90 0.5773 90 2 90
135 c|[c|b|b|lc|c]|O -1 0 1 0 0 0.5773 Vi | -150 0.5773 -30 2 90
136 [ c | b| b | c| c| c]|-1 [1) 1 0 0 0 0.5773 Vi 150 0.5773 -150 2 90
137 ¢ c|b|b|[b]|Db]oO -1 0 0 0 1 0.5773 Vi -90 0.5773 -90 2| -90
138 ¢c|b|b|b|b]| c|-1 [1) 0 0 1 0 0.5773 Vi | -150 0.5773 150 2| -90
139 ( b|b| a|lala]|a|0 -1 0 0 0 1 0.5773 Va -90 0.5773 -90 2 | 150
140 [ b | a| a| a| a| b]|-1 [1) 0 0 1 0 0.5773 Vo | -150 0.5773 150 2 | 150
141 | c| c| c| c|la|l a0 0 0 1 0 -1 0.5773 Ve 150 0.5773 30 2 30
142 { ¢c|[ c| c| afa]| c]|O 0 1 0 -1 0 0.5773 V. 90 0.5773 -90 2 30
143 | c| c| a|a|c|c]|O 1 0 -1 0 0 0.5773 V. 30 0.5773 150 2 30
144 | c| a| a| c|lc| c]|1 0 -1 0 0 0 0.5773 V. -30 0.5773 30 2 30
145 a|o0 1 0 0 0 -1 2 -
c|lc|la|al|a 0.5773 V. 90 0.5773 90 150
146 c |1 0 0 0 -1 0 2 -
cla|al|al|a 0.5773 V. 30 0.5773 -30 150
147 | b|b|b|b|la|al0 0 0 -1 0 1 0.5773 Va -30 0.5773 -150 2 | -30
148 | b| b| bl a[a|b]|o0 0 -1 0 1 0 0.5773 Va -90 0.5773 90 2| -30
1499 | b| bl a|la|b|b]|O0 -1 0 1 0 0 0.5773 Vy, | -150 0.5773 -30 2 | -30
150 [ b| a| a|b|[b|b]|-1 [1) 1 0 0 [1) 0.5773 Va 150 0.5773 -150 2| -30
151 | b|b| c| c|[ec|c]|O 1 0 0 0 -1 0.5773 Ve 90 0.5773 90 2 90
152 | bl c| c]l c|ec|b]|1 0 0 0 -1 0 0.5773 Ve 30 0.5773 -30 2 90
153 | a|a| c| c|c| c]|O -1 0 0 0 1 0.5773 Ve -90 0.5773 -90 2 30
154 | a| ¢ | ¢c| ¢ c| a]|-1 0 0 0 1 0 0.5773 Vo | -150 0.5773 150 2 30
155 | b|b|b|blc|c|0 0 0 1 0 -1 0.5773 Ve 150 0.5773 30 2| -90
156 | b | b| b| c|[c|b]|O 0 1 0 -1 0 0.5773 Ve 90 0.5773 -90 2| -90
157 | b| bl c|lc|b|b]|O 1 0 -1 0 0 0.5773 Ve 30 0.5773 150 2 | -90
158 | bl c| c¢c| b|[b|Db]|1 0 -1 0 0 0 0.5773 Ve -30 0.5773 30 2| -90
159 c|0 0 0 -1 0 1 2 -
a|la|lal|alc 0.5773 Ve -30 0.5773 -150 150
160 [a |a [a |[a [b |b |0 0 0 1 0 -1 0.5773 Va 150 0.5773 30 2 | 150
161 |a |a |a |b [b|a |0 0 1 0 -1 0 0.5773 Va 90 0.5773 -90 2 | 150
162 |a |a |b |b [a|a |0 1 0 -1 0 0 0.5773 Va 30 0.5773 150 2 | 150
163 |a |b | b |a|[a|a |1 0 -1 0 0 0 0.5773 Va -30 0.5773 30 2 | 150
164 |a |a (b |b b |b |0 1 0 0 0 -1 0.5773 Va 90 0.5773 90 2| -30
165 a |b |b |[b |b|a |1 0 0 0 -1 0 0.5773 Va 30 0.5773 -30 2| -30
166 a|0 0 -1 0 1 0 2 -
a| al| a c| ¢ 0.5773 V., -90 0.5773 90 150
167 a|o0 -1 0 1 0 0 2 -
ala| c| c| a 0.5773 V.. | -150 0.5773 -30 150
168 a | -1 0 1 0 0 0 2 -
a|lc| c|a|a 0.5773 V. 150 0.5773 -150 150
169 (a [a |a [b (b |b |0 0 1 0 0 -1 0.6666V 120 0 | 160.0 231 | -30
170 a |0 1 0 0 -1 0 - 2.31 | -30
a|a|b|b|b 0.6666V 60 0| 1413
171 {a |[b|b b |a]|a |1 0 0 -1 0 0 0.6666V 0 0 90 231 | -30
172 | a| a| c| c| c| a0 -1 0 0 1 0 0.6666 V., | -120 0 | 38.66 2.31 30
173 c|0 0 -1 0 0 1 - 2.31 30
ala|lal|c 0.6666 V., -60 0 | 19.98
174 | a | ¢ | ¢ | ¢ a | -1 0 0 1 0 [1) 0.6666 V., | -180 0 -90 231 30
175 | b | b | b | ¢ cl| 0 0 1 0 0 -1 0.6666 Vi, 120 0 | 160.0 2.31 90
176 b |0 1 0 0 -1 0 - 231 90
b|b|l c|]c]|ec 0.6666 Vi, 60 0| 1413
177 | b | c¢c| ¢l e[ b | b |1 0 0 -1 0 0 0.6666 Vi, 0 0 90 231 90
178 a|0 0 -1 0 0 1 - 2.31 | 150
b|b|b|a]|a 0.6666V,, -60 0] 19.98
179 | b| bl a|lala|b]|0 -1 0 0 1 0 0.6666V,, | -120 0 | 38.66 2.31 | 150
180 [ b| a| a|la|[b|b]|-1 0 0 1 0 0 0.6666V,, | -180 0 -90 231 | 150
181 a|o0 0 1 0 0 -1 2.31 -
clc| c|lala 0.6666 V., 120 0 | 160.0 150
182 c|0 1 0 0 -1 0 - 2.31 -
c|lc|lalal|a 0.6666 V., 60 0] 1413 150
183 c |1 0 0 -1 0 0 231 | -
c|lala|alc 0.6666 V., 0 0 90 150
184 b |0 0 -1 0 0 1 - 2.31 | -90
clc|lc|b]|Db 0.6666 Vi, -60 0 | 19.98
185 | c|[ c|b|b|[b]|]c]|O -1 0 0 1 0 0.6666 Vi, | -120 0 | 38.66 231 | -90
186 | ¢ [ b [ b|[b|c]| c]|-1 0 0 1 0 0 0.6666 V. | -180 0 -90 231 | -90
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All the 189 space voltage vectors can be summarized in Table 5.5.

Table 5.5. The 189 vectors of table.5.4 are distributed as:

Space vectors No of vectors Magnitude of Magnitude of Magnitude of Input current
Vdq Vxy V0+0-
Corresponding
to output
voltage
1-24 18 0 1.1546 0 0
6 0 0 1.9998 0
25-132 72 0.3333 0.5773 0.6666 1.155
36 0.3333 0.9999 1.13332 1.155
132-168 36 0.5773 0.5773 0.000 2
169-186 18 0.6666 0.000 0.6666 231
186-189 3 0 0 0 0

The space voltage vectors are shown in Fig. 5.10. There are several redundant voltage

vectors. Hence at each location several vectors are located.

q
° 08

9

Fig. 5.10. Three-phase to six-phase DMC output voltage (Vdq).
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270
Fig. 5.10a. Three-phase to six-phase DMC output voltage (Vy).

270

Fig. 5.10b. Three-phase to six-phase DMC output voltage (Vo+.o-).

Fig. 5.10c. Three-phase to six-phase DMC input current.
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5.4 Space Vector Model of Three-phase to Seven-phase Direct Matrix Converter

The topology of the Matrix Converter elaborated in this thesis is fed using a standard three-
phase supply and outputs seven-phase. Each leg has three bi-directional power semi-
conductor switches and as such twenty one switches are used. A three-to-seven phase Matrix
Converter can be represented in two ways: direct and indirect. The direct Matrix Converter
considers the whole circuit as one entity and on the other hand indirect Matrix Converter is
assumed as a combination of a rectifier and an inverter fictitious DC link. A general topology

of a three-phase to seven-phase DMC is shown in Fig 5.11.

a

< L L L
30 SaA SaB | Sac | Sab| Sae | SaF| SaG
Voltage
Source b
I‘fg P T I T T

SbA SbB | Sbc| Sbp| SbE | SbF | SbG

©

Ly Ll L] V]

ScA ScB Sec | SeD ScE| ScF | ScG

A B CcC |D E F G

Seven Phase Load

Fig. 5.11. Three-phase to seven-phase direct Matrix Converter.

For a balanced seven phase sinusoidal system the instantaneous voltages maybe expressed as;

V4 cosw,t
Vg cos(w,t —27/7)
Ve cos(w,t — 47r/7)
Vp 1=V cos(a)ot - 671'/7) (5.10)
Vi cos(w,t —87/7)
Vi cos(w,t —107/7)
Ve | | colwt—127/7) |
In terms of space vector representation it can be expressed as:
7, =%(VA +aVy+aVe+aVy+a'Vp +aVy +av,) (5.11)

a=e727'7 (Seventh root of unity) and 2/7 is a scaling factor equal to the ratio between the
magnitude of the output line-to-line voltage and that of output voltage vector. The angular
velocity of the vector is @, and its magnitude V5.

Similarly, the space vector representation of the three-phase input voltage is given by;

V=20,V +a,) (5.12)
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a=e /'3 (cube root of unity) and 2/3 is a scaling factor equal to the ratio between the
magnitude of the input line-to-line voltage and that of input voltage vector.

If a balanced seven-phase load is connected to the output terminals of the direct Matrix
Converter, the space vector forms of the seven phase output currents and input currents are

given by:

2
Iy =21 +alg vallo+a’ Iy +a'l, +a’I; +al;)

_ [ @) (5.13)
I, =§(10 () +al, () + a1, (1) (5.14)
— ]iej(wnf—@-)

where, ¢ is the phase shift angle of the output current to the output voltage and ¢ is that of

the input current to the input voltage. There are twenty one power semiconductor switches
and each switch is free to connect any of the three phases of input (Fig 5.11). In this way
there are 3*7=21 possible equivalent switch. Every switch can have two states ‘on’ (1)or ‘off’
(0). In this way there are 2*' switching combinations. Considering the constraints “that any
two input cannot be shorted and output phase cannot be opened throughout the operation”
switching combination reduces to 3’ = 2187 only. These 2187 switching combinations are
analyzed in eight groups that shows how many output phases are connected from input phase
(a, b, c). It is represented as {x,y,z} where X, y and z are no of output phases connected to

input phase a, b and c, respectively. These groups are elaborated below:

Group-1, [7,0,0]:- This group encompasses those switching vectors that are produced when
all seven output phases are connected with the input phase ‘a’. Hence, as such there exist two
more situations, where all the output phases are connected to phase ‘b’ and all output phases
are connected to phase ‘c’ and they are denoted as {7,0,0}, {0,7,0},{0,0,7}. Here {7,0,0},
means all seven output phases are connected to phase ‘a’ of input. Hence, three possible

switching states are available.

Group-2, [6,0,1]:- In this group 6 output phases are connected to the same input phase and
remaining phase is connected to any of the remaining input phases. Thus there are 'Cg (6 out
of 7 output phases are connected to same input) and 'C; (remaining one output from any one
input).

(7!1/6!*11) = 7 combinations , In this way the possible switching combination sub-groups are;
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{6,0,1},{6,1,0},{0,6,1},{1,6,0},{0,1,6},{1,0,6}. One sub group can have (7!/6!*1!) = 7
combinations. As such there are 6 sub-groups and thus the total possible combination will be

7*6 = 42 switching combinations.

Group-3, [5,0,2]:-This group encompasses those switching combination where 5 output
phases are connected to one input phase and the rest two outputs are connected to any other
remaining input phases. The nomenclature {5,0,2} indicates that five output phases are
connected to input phase ‘a’, no output phase are connected to input phase ‘b’ and two output
phases are connected to input phase ‘c’.  The other possible combinations are:
,15,2,0},{0,5,2},{2,5,0},{0,2,5},{2,0,5}. Thus this group yield:

Cs **C, =(71/51%21) * (21/21*0!) =21*6 = 126 possible switching states and hence 126 space

vectors.

Group-4,[5,1,1]:- This group present those switching states where five output phases are
connected to one input phase and the rest two output phases are connected to two inputs. As
such three possible situation can occur {5,1,1},{1,5,1},{1,1,5}. The total number of possible
switching states and hence space vectors are:

TCs #2C ¥ C =(T71/51%21) * (21/11%11) =21%2%*3 = 126.

Group-5, [4,0,3]:- This group is comprised of those states that are produced when four
output phases are connected to one input phase and the remaining three output phases are
connected to any of the two available input phases. Hence the possible situations are {4,0,3,
{4,3,0}, {0,4,3}, {3,4,0}, {0,3,4}, {3,0,4}. The total number of space vectors yield are:

TCy #2C3= (71/41%31) * (31/31%01) =35%6 = 210.

Group-6, [4,2,1]:-This group yield largest number of switching combinations. The possible
cases are such that four output phases are connected with one input phase, two output phases
are connected to another input phase and one output is connected with one input. Hence the
complete sets are {4,2,1}, {4,1,2},{1,4,2},{2,4,1},{1,2,4},{2,1,4}. The possible number of
switching combination and hence space vectors are obtained by the following combinational
rule:

TCy #2C*C =(71/41%31) * (31/31%01) =35*3%6 = 630.
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Group-7, [3,2,2]:- This group also encompasses largest number of possible space vectors.
The set comprised of situation where three output phases are connected to one input, the
remaining two outputs each are connected to the remaining one input each. Thus the possible
sets are {3,2,2},{2,3,2},{2,2,3}. The total number of possible space vectors are:

TC3 *4Cy #¥2Cy=(T1/41%31) * (41/21%21) =35%6*3 = 630.

Group-8,[3,1,3]:- This group is second largest. The possible sets are when three output
phases each are connected to one input phase each and the remaining one output phase is
connected to one remaining input phase. The possible group subsets are {3, 13}, {3, 3, 1},

{1,3,3}. The possible switching states and hence space vector are:

TC3 *4Cy *1C =(T71/41%31) * (41/31%11) =35%4*3 = 420.

There are in total = 3 + 42 + 126 + 126 + 210 + 630 + 420 + 630 = 2187 switching
combinations in which group [1], [2], [3] and [5] are having varying amplitude and fixed
frequency. Such switching combinations are 3 + 42 + 126 + 210 = 381. Remaining are having
varying amplitude and frequency both so they are not helpful to realize space vector
modulation. These 381 switching states that are realizable using space vector PWM is given
in Table.5.5. The total 381 vectors are then classified or sub-grouped of 42 vectors each
according to their position and magnitude. This table shows the output line voltage of the
Matrix Converter having lowest phase difference between phase voltages i.e. adjacent line
voltages, Vas Vic, Veb, Voi, Ver, Vi, Vaa. The other sets of line voltages are possible in a
seven-phase system that are called non-adjacent-1 and non-adjacent-2 but they are not
considered in this discussion. The voltages can be transformed into three sets of orthogonal
planes in a seven dimensional space namely Vg, Vxiy1 and Vo0 and are obtained by using

the following transformation equations (5.15) given in reference [5.5],

2
Vig =5 Was +aVsc +aVep +a’Vpp +a* Ve +a Vg +aVgy)
X

2
Vi = ;(VAB +aVye +a*Vep +aVpp +a* Vi +a' Vg +a'2V,)

2
Viay :;(VAB +a@ Ve +aVep +a°Vpp +a"Vip +a" Vg +a"¥V,) (5.15)

2717 : .
Where a=¢’" , the space vectors of x;-y; planes represent the third harmonic of d-q and

x2-y2 represent fifth harmonics. The space vectors obtained are illustrated in Figs. 5.12-5.14.
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The zero sequence vectors are not considered as the load assumed is with isolated neutral
point.

The space vectors are generated in pairs such that they have equal magnitude but opposite
polarity (180° phase shift), hence they are denoted by + and — signs. Further they appear in
terms of Vab, Vbc and Vca (input line voltages).

Table.5.5. Output voltage space vectors in d-q plane.

Groups number vectors | Magnitude
of vectors
[G1] 3 1 to P
3 0 Vab,bc,ca *e 14
[Gz] 21 +1 to j(2k—1)£
+21 O 1 1 Vab,bc,ca *e 14
[G3] 21 +1 to j(2k—1)£
+21 O 14 Vab,bc,ca *e 14
[G4] 21 1 to kT
+21 020 Vab,bc,ca *e 14
[GS] 21 +1 to j(2k71)£
+21 025 Vab,bc,ca *e 14
[G6] 21 +1 to (oEn T
+21 031 Vab,bc,ca *e 14
[GS] 21 +1 to j(2k71)£
+21 045 Vab,bc,ca *e 14
(Medium
)
[G9] 2 1 +1 tO j(2k71)£
+21 056 Vab,bc,ca *e 14
(Large)

These 383 active vectors are named on the basis of magnitude and position from *1 to +21.
Hence there are But in the Table (5.5) only +1 to +21 are shown with their magnitude and
direction, remaining -1 to -21 is not shown as those are completely same but 180° phase

opposition of +1to +21. Group seven is not shown in the Table. It has 84 vectors these are
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unequally spaced but of same magnitude and these vectors are not considered for voltage and
current analysis. The group vectors G[8] and G[9] are further utilized in implementing space
vector PWM since they have higher magnitude.

The space vector diagram has 3 space vectors at each locations and hence there are only 127
(383/3) location as shown in the Figs. 5.12 - 5.15. It is to be noted that the total space vectors
are encompassed within a circle with sub division of 14 major sectors (considering only large
length vectors). However, within the larger sectors there are two distinct positions of space
vectors. On the large length there are seven vectors lying on the same line but with different

switching combinations.

180

270

Fig. 5.12. Adjacent line space vectors in d-q plane.
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Fig. 5.13. Adjacent Line voltage space vectors in x1-y1 plane.
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270

Fig. 5.14. Adjacent Line voltage space vectors in x2-y2 plane.
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Fig. 5.15. Three phase source current for 3-7 phase MC.

5.5 Summary

This chapter developed complete space vector model of three configurations of Matrix
Converter:

e Three-phase input Five-phase output

e Three-phase input Six-phase output

e Three-phase input Seven-phase output.
In case of five-phase output the number switching combinations are2'>= 32768. Out of these
many switching combinations not all of them are useful. When choosing practically possible
switching combination, the safe operation of Matrix Converter is to be considered. The input

side should not be short circuited an the output side should not be open circuited. When

considering these constraints the possible number of switching combination reduces to 3° =
243. It is seen that the number of switching combinations is same as that of a three-level five-
phase inverters. Therefore, one can say that the operation of a Matrix Converter is similar to
the operation of a three-level back-to-back converter. These switching combinations produce

space vectors that are grouped appropriately.

In case of three-phase input and six-phase output the total possible numbers of switching
combinations are 2'°=262144. Once again the switching combinations are reduced by
considering the safety of operation. The actual number of permissible switching combinations
are3® = 729. They produced the same number of space vectors that can be grouped according

to their magnitude.
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In case of three-phase input and seven-phase output the total possible numbers of switching
combinations are 2°' =262144. Once again the switching combinations are reduced by
considering the safety of operation. The actual number of permissible switching combinations
are3® = 729. They produced the same number of space vectors that can be grouped according
to their magnitude.

In case of three-phase input and seven-phase output there are 2*' = 2097152 possible
switching combinations. Considering the constraints “that any two input cannot be shorted
and output phase cannot be opened throughout the operation” switching combination reduces
to 3”= 2187 only. These produce 2187 switching combinations. The sorting and grouping of

vectors are reported.
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Chapter 6
Carrier Based PWM Schemes for Feeding
Multi-Motor Drive System

6.1 Introduction

This chapter aims to investigate control algorithm of a Matrix Converter. Multi-phase Matrix
Converters are discussed in detail with the help of MATLAB simulation. The presentation in
this thesis started from three to three-phase Matrix Converter through the control of three to
five, three to six and three to seven phase configurations.

An AC to AC power converter is widely used in high-performance drive systems due to its
bi-directional power flow and unity input power factor operation capabilities. It allows a wide
range of output voltage. A conventional AC-AC converter consists of pulse width modulation
(PWM) buck converter and a PWM inverter with DC voltage link. As an energy storage
component, it requires a large capacitor in the DC link and a bulky inductor at the input
terminal. The DC-link capacitor can be a critical component, especially in high-power or
high-voltage applications, since it is large and expensive, and it has a limited lifetime. The
source-side inductors are also a burden to the system. An AC/AC converter with bi-
directional switches and no reactive components are implemented to overcome all listed
disadvantage of conventional AC/AC converters.

Controlled bi-directional power flow using direct AC-AC conversion using semi-conductor
switches arranged in the form of matrix array, popularly known as Matrix Converter. Matrix
Converter fed motor drive is superior to voltage source inverter because of its bi-directional
power switching characteristic and compact design without bulky capacitors. Even though,
Matrix Converter is used less in industries due to its complex switching design and
modulation techniques. Modulation methods of Matrix Converters are complex and are
generally classified in two different groups, called direct and indirect. The direct PWM
method developed by Alesina and Venturini in reference [1.18] limits the output to half the
input voltage. This limit was subsequently raised to 0.866 by taking advantage of third
harmonic injection and it was realized that this is maximum output that can be obtained from
a three-to-three phase Matrix Converter in the linear modulation region. Indirect method

assumes a Matrix Converter as a cascaded virtual three-phase rectifier and a virtual voltage
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source inverter with imaginary DC link. With this representation, space vector PWM method
of VSI is extended to a Matrix Converter. Although the space vector PWM method is suited
to three-phase system but the complexity of implementation increases with the increase in the
number of switches/phases. Motivated from the simple implementation, carrier-based PWM
scheme has been introduced recently for three to three phase Matrix Converter. The same is
extended in this thesis for multi-phase Matrix Converter. The investigated topologies are for

single-motor drive and two-motor drive.

6.2 Generalized Carrier-based PWM Techniques for three-to N-phase

In this section generalised 3xN-phase Matrix Converter is discussed and developed scheme is
modular in nature and is thus applicable to the generalised circuit topology of Fig 6.1 which
shows a Matrix Converter that produces ‘N’ phase output with three sinusoidal input and

‘Nx3’ array of switching circuit.

Input
AC L
@ Isa™™™M NS
Va l St Si2 S13 Sin
AC Is L Ib
Vo l 821 S22 S23 Son
AC L
RS X
= 'I' Ve

T UL 3”'{ SR E

Input Filter
= VAlv velY ved¥ Vog ¥

Output

Fig. 6.1. Power circuit topology of 3xN-phase Matrix Converter.

The load to the Matrix Converter is assumed as star-connected N-phase AC machine.

Switching function is defined as:

Si= {1 for closed switch, 0 for open switch}, j = {a,b,c} (input), k= {4,B,C,D,E} (output).

The switching constraint is:
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Sakt Spit Sex =1 (6.1)

The modulation technique is developed by assuming input side as three-phase controlled

rectifier and the output is N -phase voltage source inverter with a fictitious DC link.
Let ‘s (n° as duty ratio

and We can define as &y, ()=—2— (6.2)
Ton T Toff

where 0<s5,,(n< 1

The low frequency components of output phase voltage
Vo(t) = D(1)Vi(2)
(6.3)

where, v;is the instantaneous input voltage vector. D(t) is the low frequency transfer Matrix

Converter and can be defined as;

[6,4t)  Spalt) Soa(®]
6a3(t)  Spp(t) Ocp(2)
Sac(t) Opc(t) o (t)

D(t) = : : :

(6.4)

| Oan (@) Opn () SN ()]
In a 3xN Matrix Converter the input three levels are v,,v,,v.. The output levels are
V.. Vg Ve.vy Output waveforms of the matrix converter are generated by a small portion of

the input waveform with respect to the control signal. Equation (6.5) shows a switching

matrix formed by duty ratio of the 3xN Matrix Converter.

V4 Oaa Opa  Ocu
Vg 0ap Opp  Ocp ||Va
V =0 o o V
'C th b‘C c:C b (6.5)
. . . VC
VN ] | 9an 9w Oen |

And input current:
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[a §aB 5bB 5CB IB
I, |=]06 o ) 1
Ib aC l;C cC C (6.6)

San  Opn  Oen |[IN

In this chapter a balanced three-phase system is considered in the input side. The input

voltages are given as:
v ,= 1% sin(wt),
v ,=Vsin(wt - 27/ 3),

. (6.7)
v .=Vsin(wt -4/ 3)

The output voltage duty ratios should be calculated in such a way that output voltages
remains independent of input frequency. In a different way, the output voltages can be
considered in synchronous reference frame and the three-phase input voltages can be

considered to be in stationary reference frame, so that the input frequency term will be absent

in output voltages. Considering the above points in mind duty ratios of M " output phase are

chosen as given in references [6.1-6.2]:

d y= ks cos(at — p),
dpp=kyy cos(ot =27 /3 - p), (6.8)
d .p=kpy cos(at — 4 /3 - p)

Therefore the M " phase output voltage can be obtained by using the above duty ratios as

—

v 4=k V[cos(at) e cos(axt — p)+cos(wt —27/3)ecos(wt —27 /3 - p)

6.9
+cos(wt —4m/3)ecos(wt—4r/3—p)] 69)

Equation (6.9) can be also written as:
3 —
vA:EkMVcos(p) (6.10)

In equation (6.10), cos(p)term indicates that the output voltage is affected by p. Thus, the

output voltage v,, is independent of the input frequency and only depends on the amplitude

¥ of the input voltage and £, is a reference output voltage time-varying modulating signal
for the M" output phase with the desired output frequency @, .The N-phase reference output

voltages can be represented as:
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k 4 =kcos(w,t),
kg =kcos(w,t — 27 /n),

6.11)
k, = kcos(w,t — {2(n - 1)}/ n)
Therefore, from equation (6.10), the output voltage in phase-M is:
3 —
V= {E kMVcos(p)} cos(a,t) (6.12)

6.2a Application of offset duty ratios

While considering any of the phase output the duty ratio will become negative. To overcome
this ‘n’ offset duty ratios are added to the all phases equally which lies between zero and one
in all instances. These offset voltages will appear as a common mode voltage in output and
nullify in output phases.

Thus offset duty ratio will be added to final duty ratio of any phase output as shown in
equation (6.13).

daN =5aN +Da(t) (613)

The sum of input duty ratio is zero at any instant. Thus additional offset duty ratio can be

calculates as

(1= {D, (t) + Dy () + D (1)) (6.14)

To make unity output, this duty ratio is added to any of the duty ratio such as

D, (1), D, (tHandD,.(t) . . When added to three duty ratio the offset duty ratio will become:
(1={D,(t) + Dy (1) + D, (1)})/3 (6.15)

The maximum value of K is 0.5. So total new duty ratio after adding offset will become:

Su = B4 +0.5Cos (wt — p)| +|K 4(t)Cos (et - p)|
Sp4 = Opq +|0.5Cos(wt — 2713~ p)|+|K 4()Cos(art = 27/3 - p)| 6.16)
Seq = Oy +[0.5Cos (0t — 47 /3 = p)| + |K 4(t)Cos (et — 47 /3 - p)| '
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Here, in any of the cycle the output phase should not be open circuited. Thus the system
maintains output voltage and input current is unaffected. To utilise the maximum input
voltage capability an additional components is also used and it enhances the value of K, Koy,
K. from 0.5 to 0.57.

ie. {Max(K,KgKc)+Min(K KgKe)}/2] (6.17)
Thus the final duty ratio of output phase ‘a’ is:
Sas =Dy (O)+(1={D, (1) + Dy (6)+ D)) 13+ K 4 — {Max(K 4 K K )+ Min(K 4 K s K )}/ 2]K 4Cos(ct — p)
Spa =Dy(®) + (1= (D, (6) + Dy(t) + Do (1)) 13+ K 4 — {Max(K 4 K  Kc)+ Min(K 4 K K¢ )}/ 21K 4Cos(et - p)
St = De(8)+ (1={D, () + Dy (1) + D () 13+ K 4 — {Max(K 4 K K ) + Min(K 4 K  Kc)}/ 21K 4Cos(at — p

(6.18)

The input current is represented as the sum of time weighting current and duty ratio. The

input current of phase ‘a’ can be represented as:
Iy =6,4i4+04pip +O4cic (6.19)

In the balanced three phase supply, the offset duty ratio present in final duty ratio will not
affect the input current. So

Ia = (KAiA + KBiB + Kcic)COS(a)t - p) (620)

We can simplify the above equation (6.20) can be simplified as # equal to amplitude of the
modulation and 7,as the amplitude of the output current and 4, as the output power factor
angle.

3
[a :Ek[0COS¢O

ie. 6.21)

KIO :KAiA +KBiB +Kcic

The switching signals are generated after comparing the input with a triangular waveform.
d, =D, (t)+k, cos(at - p),
d,=D,(t)+k, cos(wt—27/3—p), (6.22)
d,=D.(t)+k, cos(wt—4r/3—p)

In any switching cycle the output phase has to be connected to any of the input phases. The

summation of the duty ratios must be equal to unity. But the summation D (¢)+D,(t) +D. ()

is less than or equal to unity. Hence, another offset duty-ratio [1 — {Da(t) +D, (1) +Dc(t)}]/ 3is
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added top,(),D,(t) and D). The addition of this offset duty-ratio in all switches will

maintain the output voltages and input currents unaffected. Similarly, the duty-ratios are

calculated for the other output phases.

If k, ky........ k,are chosen to be n-phase sinusoidal references as given in Equation. (6.17),

the input voltage capability is not fully utilized for output voltage generation. To overcome

this, an additional common mode term equal to

(max(k kg k) + min(k koo k)3 /2] (6.23)

is added as in the carrier-based space-vector PWM principle as implemented in two-level

inverters. Thus the amplitude of & ,,k,......... k,can be enhanced from 0.5 with respect to the

number of output phases.

6.2b Without Common Mode Voltage Addition

The duty ratio for m® output phase can be written as:
d, =D,t)+(1—-{D,(t)+D,(t)+ D, (t)})/3 +k,, xcos(wt— p)

d,, =D, (t)+(1—{D,(t)+D,(t)+D,(t)})/3+k, xcos(wt —27/3—-p)  (6.24)

d, =D,@0)+(10—-{D,(t)+D,(t)+D.(t)})/3+k, xcos(wt—4rx/3 - p)
6.2.c With Common Mode Voltage Addition

The duty ratio for m® output phase can be written as:

dapg = Dy () + (1= 1Dy (1) + Dp(1) + D.(1)}) / 3
+Hky —{max(k4,....... Jo ) +min(k 4,.....ky )}/ 2] x cos(at — p)

dpy = Dy () +(1={D, (1) + Dy (1) + D.(1)}) / 3
Hky —{max(k4,....... Jo ) +min(k 4,.....ky )}/ 2] x cos(at =27 /3 - p)

depy = Dy (1) + (1 ={Dy (1) + D, (1) + D()}) / 3
Hky —{max(k 4,....... S ) +min(k 4,.....ky )}/ 2] x cos(aot —4r /3 - p)
(6.25)

where
D,(t)= |O.5 cos(awt — p)|
Dy(t)= |O.5 cos(awt —2m /3 - p)|
D.(t) = |O.5 cos(awt —4m /3 - p)|
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(6.26)
6.2d Output Side over Modulation

Any increase from the maximum amplitude of the reference signal, reduces the fundamental
gain of the modulator. Six-step square wave operating mode gives the maximum fundamental
output voltage. The maximum possible magnitude of the factious DC voltage depends on the

peak input voltage amplitude and input power factor:
14 = 3 6.27
max_ Fictious 2 Vin cos(p) ( : )

Maximum fundamental output voltage can be calculated as:

y, = Pmax-Fiet 3 (6.28)
V4 V4

Equation (6.27) shows that over modulation in output side increases the input voltage transfer

ratio from 0.866 to 0.95. This increase in input voltage transfer ratio increases the low

frequency harmonics in the output voltage and input current.

6.2¢ Modulator Gain

The output side over modulation can be divided into two operating mode when using space-
vector modulation. The fundamental gain of the modulator as a function of peak amplitude

modulation can be expressed as shown in reference [6.3]

(6.28)
KAifund :_isin{ 1 j|+l 1_|: 1 :|2
Va_fund = KA * Vdc_ﬁct (6.30)

Where, K4 finais the fundamental component of the output modulating signal in the over-

modulation region and is equal to k4 when operating in the linear modulation range.

6.3.1 Carrier Based PWM Technique for a Three-to-Five Phase Matrix Converter

In this section, a carrier based PWM strategy is presented based on the comparison of the

modulating signals (five-phase target output voltages) with the high frequency triangular
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carrier wave. The output voltage is limited to 0.75 of the input voltage magnitude. Another
scheme is suggested in this result utilising the injection of common mode voltage in the
output five-phase target voltage. This results in enhanced output voltage equal to 0.7886 of
the input magnitude. Theoretically, this is the maximum output magnitude that can be
obtained in this Matrix Converter configuration in the linear modulation region. Analytical
approach is used to develop and analyse the proposed modulation techniques and are further

supported by simulation and experimental results.

6.3a Three-To-Five Phase Matrix Converter

The power circuit topology of a three-phase to five-phase Matrix Converter is illustrated in
Fig. (6-2). There are five legs with each leg having three bi-directional power switches
connected in series. Each power switch is bi-directional in nature with anti-parallel connected
IGBTs and diodes. The input is similar to a three-phase to three-phase Matrix Converter
having LC filters and the output is five-phases with 72° phase displacement between each
phases. Diode clamped circuit is also used in the hardware to protect the power devices while
commutating. The input side uses three diodes while the output side uses five diodes for
clamping circuit.

Input

Is EEN
PN

12
4—821 {822

S31 v

1
5
L '{S“')L 1

VAlv Vel" Vcl" Vel" Vflw
Output

S32

<

Fig. 6.2. Power Circuit topology of three-phase to five-phase Matrix Converter.

The load to the Matrix Converter is assumed as star-connected five-phase AC machine. The
modulation technique is developed by assuming input side as three-phase controlled rectifier
and the output is a five-phase voltage source inverter with a fictitious DC link.

In a 3x5 Matrix Converter the input three levels are v,,v,,v.. The output five levels are
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ViV VesVpiVE . Output waveforms of the Matrix Converter are generated by a small

portion of the input waveform with respect to the control signal. Equation (6.31) shows a

switching matrix formed by duty ratio of the 3x5 Matrix Converter as shown in reference

[6.4].

The input current

The balanced three system is considered as input; so the input voltage is:

5aA 5hA §CA

a8 Opp O || Va
Sac Opc Sec ||V
5aD 5bD 5aD Vc
64 Opr Vg |

sin(wt),

v, =V
v ,=Vsin(wt — 27 /3),

v .=Vsin(wt -4/ 3)

(6.31)

(6.32)

(6.33)

The output voltage duty ratios should be calculated such as output frequency should be
independent of input frequency. So that input frequency term will be absent in output
voltages. Hence, the duty ratios of output phase are chosen as:

d 44=kycos(ot - p),
d py=kycos(ot -2 /3 - p),
d =k cos(ot—4rx/3-p)

Therefore the output voltage of phase ‘A’ can be written as:

v A:%kA?cos(p)

The five-phase reference output voltages can be written as:

k4 =mcos(w,t)

kp =mcos(w,t —27/5)
ke =mcos(w,t —47/5) (6.36)
kp =mcos(w,t —67/5)

kg = mcos(lféoé —87/5)

(6.34)

(6.35)



where @ is input frequency and @, is the output frequency, m is the modulation index. For

unity power factor p has to be chosen as zero.

The output voltage can be computed as

V &=

6.3b Simulation Results

3 _
EkA‘V‘cos(p)_
EkB‘V‘cos(p)_
2 -

5 -
EkC‘V‘cos(p)_

3 -
7EkE‘V‘ cos(p)g

cos(w,t)
cos(@,t - 2%)

cos(w,t - 4%)

%kD‘V‘ cos(p)} cos(@,t — 6%)

cos(w,t — 8%)

(6.37)

Simulation results are shown in Figs. 6.3 and 6.4 for the modulation without common mode

voltage addition in the output target voltage. The results with common mode voltage addition

will remain the same except with the enhanced output magnitude. For simulation purpose,

switching frequency is kept at 6 kHz and fundamental frequency is chose as 50 Hz. The input

voltages are kept at 100 V peak. The spectrum of source current shows only fundamental

component, that indicates sinusoidal source current. The source signal contains switching

ripple that is filtered out using small LC filter at the input side.
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a.
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G 1 1 1 1 1
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Fig. 6.3. Input side waveforms of 3 to 5-phase Matrix Converter: (a) Input voltage and
current (b) Spectrum Input current.
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Fig. 6.4. Output side waveforms of 3 to 5-phase Matrix Converter: (a) Five-phase filtered
output phase voltages (b) Spectrum output voltage.

6.3.2 Career Based PWM Technique for a Three-to-Five Phase Matrix Converter for
Supplying Five-phase Two-motor Drives

This section focuses on the development of a topology of Matrix Converter which is a single
stage power converter to produce more than three phases supplying five-phase two-motor drive
system. Here, a carrier based PWM strategy is presented based on the comparison of the
modulating signals (five-phase two-frequency target output voltages) with the high frequency
triangular carrier wave for a three to five-phase Matrix Converter. The output voltage is
limited to 0.75 of the input voltage magnitude if common-mode voltage is not injected.
Another scheme is utilising the injection of common mode voltage in the output five-phase
target voltage. This results in enhanced output voltage which is equal to 0.7886 of the input
magnitude. Theoretically, this is the maximum output magnitude that can be obtained in this
Matrix Converter configuration in the linear modulation region. Analytical approach is used to
develop and analyse the proposed modulation techniques and are further supported by
simulation results. The major aim of the thesis is to produce two fundamental frequency
output from the Matrix Converter that can be used to control two series/parallel connected

five-phase machines independently.
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6.4a Five-Phase Two-Motor Drive System

For the sake of completeness of the discussion, a brief description is presented for five-phase
two-motor drive. As mentioned in Chapter 4, in five-phase system two set of orthogonal
voltage/current components are produced namely d-q and x-y. In single-motor drive system,
only d-q components are utilised and the x-y components are free to flow creating losses.
Thus concept of two-motor five-phase drive system is developed where both these
components are utilised, d-q by one machine and x-y by other machine. The extra set of
current components (x-y) available in a five-phase system is effectively utilised
independently, controlling an additional five-phase machine when the stator windings of two
five-phase machines are connected in series (Fig. 6.5)/parallel (Fig. 6.6) and are supplied
from a single five-phase VSI. In Fig. 6.5, reference currents generated by two independent
vector controllers, are summed up as per the transposition rules and are supplied to the series-
connected five-phase machines. As such the two five-phase machines are supplied from one
five-phase inverter, but are controlled independently. More detail on this configuration of the
drive system is available in references [6.5]. The voltage and current relationship of this drive

topology is shown in equation (6.38).

S
V,=V +V .S . .
4 al a2 lg=lg1 =lg2
S J— . . .
VB - Vbl +v62 l% =1 =1
s __ .S . .
Ve = Vcl +Ve2 Ic =11 =12 (638)
.5 . .
Vh =V + Vo ip =iq1 =ip3
.S . .
s = IE =lel =12
VE =V TV ¢

Here ‘s’ stands for source quantity, capital letters denote source and small letters represents
motor side quantities.

Another analogue stator winding connection of five-phase two-motor drive is parallel-
connected drive (Fig.6.6) which is directly derived from the analogy of series and parallel
circuits. The source (three to five-phase Matrix Converters) supplies both the machines and
these machines are connected in parallel with appropriate phase transposition. The control
decoupling is possible due to decoupling of the a-f and x-y components. The d-q components
of one machine become the x-y to the other and vice-versa. Here, the vector controller
produces voltage references in contrary to series-connected drive where current references

are generated from the vector controller. Once again independent control is achieved of the
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two five-phase motors. The voltage and current relations for this drive topology are given as

shown in equation (6.39);

s .S . .
VA=V, =V Tg=t1, +1g
s .S . .
VB =Vp =Ve2 ip =iy +ien
s i ; 1
VE = Ver T Ve2 Ic=lg e (6.39)
s _ _ .S . .
VD =Vy =Vp2 Ip =ig1tip2
s S 1 [
VE =Ve1 = Va2 lg =l T a2
Machine-1 Machine-2

5-phase
source

Fig. 6.5. Five-phase series-connected two-motor drive structure.

Machine-1 Machine-2
iy K T 0 0 W LS S OAMT |

Fig. 6.6. Five-phase parallel-connected two-motor drive structure.

If current control in the rotating reference frame is to be utilized for vector control operation,
appropriate PWM scheme for five-phase supply source needs to be developed to generate
voltage references instead of current references for both series and parallel connected drives.
This proposes alternative solution of supplying the two-motor drive system using a three-
phase to five-phase Matrix Converter. The PWM technique develops and produces two-
frequency voltage reference outputs to control independently the two series/parallel

connected machines.
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6.4b Carrier Based PWM Technique for a two motor system

Carrier-based PWM scheme developed in this section follows the similar concept presented
in section 6.1. Since the input side is three-phase, the analytical treatment remains the same
as that of single-motor drive system. However, the output is now increased to five and hence
the analysis will be modified to suit the requisite output phase number. A balanced three-

phase system is assumed at the input side.

Vo= |V| cos(wmt)
V= |V| cos(wt—2m/3) (6.40)
V= |V| cos(ot —4mw/3)

From equation (6.35) we can find that the generalised equation for output voltage of phase a

as:
VA:%kA|V|c0s(p) (6.41)

In equation (6.41), cos (p ) term indicates that the output voltage is affected by p . Thus, the
output voltage V4 is independent of the input frequency and only depends on the amplitude V'
of the input voltage and k4 is a reference output voltage time-varying modulating signal for
the output phase A with the desired output frequency wg; is the operating frequency of
machine-1 or the first fundamental output frequency and wy, is the operating frequency of
machine-2 or the second fundamental output frequency. The fundamental output voltage
magnitude corresponding to wy; is given as m/ and corresponding to g is given as m2. The
five-phase reference output voltages can then be represented as:

k 41 = my cos(ay?),

kg = my cos(awyt =2 /5),

ke =mycos(awyt —4r/5),

kpy =mycos(wy t—67/5), (6.42)

kEl =m COS(a)ml‘ -8/ 3),

Ky=Kn +K,
Kp=Kp +Kp
Ke=Kc1+Kcp
Kp=Kp+Kp,
Kgp=Kp +Kp;

(6.43)
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Therefore the output voltages are obtained as:
3 1 3
Vo= EkAl |V|cos(p) cos(wyt) + EkAz |V|cos(p) cos(wy,t)

V p= %kBl |V|cos(p) cos(wyt — 2%) + {%sz |V|cos(p)}cos(a)ozt - 4?7[)

V= %ka |V|cos(p) cos(wyt — 4%) + [%kcz |V|cos(p)}cos(a)02t - 8%)

- (6.44)
V p= %le |V| cos(p)}cos(a)mt - 6%) + [%sz |V| cos(p)}cos(a)ozt - 2%)
3 T 3 Via
V g= EkEl |V| cos(p)}cos(a)mt - 8;) + [EkEz |V| cos(p)} cos(@wy,t — 6;)
The five phase reference output voltage can be written as:
k 4 = my cos(@y;t) + m, cos(wy,t),
kBl =my COS(&)OII -2/ 5) +my COS(CU()zt — 4/ 5)
kCl =m COS(CUOlt -4/ 5) +my COS((O()zt -8/ 5)
kpy = mycos(awy; t =67 /5)+m,cos(wyyt —67/5) (6.45)

kEl =my COS((()OIt -8/ 3) + my COS(Q)Ozt -2/ 5)

where © is input frequency and o, and o, are the output frequencies of machine-1 and

machine-2 respectively, m/ and m2are the modulation indices for machine-1 and machine 2,
respectively. For the unity power factor p has to be chosen as zero. The modulating signals
are shown in Fig. 6.7, after adding the output common mode voltages. These duty ratios is
given in equation (6.34) are then compared with the high frequency triangular carrier signals
to generate the gating signals as illustrated in Fig. 6.7, for phase A. Similarly fifteen more
duty ratios will be compared with the triangular carrier to generate overall gating signals.

A complete block schematic of the PWM signal generation is presented in Fig. 6.8. The
reference voltages for two machines with the desired speeds and appropriate voltage
magnitudes are generated. These references are then summed according to the phase
transposition rule. The overall modulating signal thus generated is given to the PWM block.
This PWM block then generate appropriate gate signals for the Matrix Converter. The Matrix
Converter then produces appropriate voltages which drive the two series/ parallel connected

machines.
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Fig. 6.7. Gate signal generation for output phase A.
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Fig. 6.8. Block diagram of Carrier-based PWM for two frequency output.

6.4c Simulation Results for RL Load

MATLAB/SIMULINK model is developed for the proposed Matrix Converter control. The
input voltage is fixed at 100 V to show the exact gain at the output side. The switching
frequency of the devices is kept at 6 kHz. The purpose here is to show two fundamental
components of current produced by the Matrix Converter. These voltage components are
independent from each other and thus can independently control the two machines. The
results shown here is only limited to the production of the appropriate voltage components.
The motor behaviour is not discussed in this section. It is assumed that one voltage
component has frequency of 30 Hz and second voltage component has 60 Hz. To respect the

v/f=constant control the voltage magnitude of the lower frequency component is half
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compared to the higher frequency component. For the simulation purpose, a R-L load is
connected with R = 10 Q and L = 10 mH. Simulation results are shown for the modulation
with common mode voltage addition in the output target voltage. Thus the maximum output
of the Matrix Converter is limited to 78.8 V as the input is 100 V. The results without
common mode voltage addition will remain the same except with the lower output
magnitude. The resulting waveforms are presented in Figs. 6.9 - 6.10. The input source side
and converter side waveforms are presented in Fig. 6.9. The results clearly shows unity
power factor at the input side. The converter side current shows PWM signal and the

spectrum is clearly sinusoidal with no lower order harmonics.

A

100 \ ’ ‘—)Input :+~nl
=

80 = \
=

60 E
=

40 E
- np B

20 2

° 3

20 E )!
7

-30

100, go1 o002 003 004 005 006 007 008
Tme [=]

Fig. 6.9. Input side waveforms of 3 to 5-phase Matrix Converter: upper trace.
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Fig. 6.10. Input voltage and current, bottom trace, Spectrum Input current.

The output side filtered voltages are given in Fig. 6.11 and the spectrum of the output PWM
signal voltages are presented in Figs.6.11 - 6.13. The output filtered phase voltages shows
superimposed fundamental and second harmonic components. The spectrum of phase ‘A’
voltage and the transformed voltages are given in Fig.6.14. The phase voltage is transformed
into the two orthogonal planes and the voltage of a-axis and x-axis and their spectrum is
presented in Fig. 6.13 and Fig. 6.14, respectively. It is clearly evident that the phase ‘A’
voltage contains two fundamental components at 30 Hz and 60 Hz. These voltages are then
decoupled and appear in o-f plane (60 Hz) and x-y plane (30 Hz). Thus the aim of control is

achieved. Also the magnitude of the two voltages follows v//=constant rule.

80

60

=
=)

2
(=]

[¥]
[=]

Output filtered phase voltages [V,A]
=)

"Time [s]

Fig. 6.11. Output filtered five-phase voltages.
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Fig. 6.12. Spectrum of output voltages; phase ‘A’.
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Fig. 6.13. Spectrum of output voltages; a-axis voltage.
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Selected signal: 2 4 cycles. FFT window (in red): 2 cycles
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Fig. 6.14. Spectrum of output voltages; x-axis voltage.

6.4d Simulation Results for Motor Load

The simulation model is developed in MATLAB/SIMULINK for the whole drive system.
Three-phase grid supply is assumed as 50 Hz, 440 V rms phase voltage (double voltage is
assumed since two-motor drive is considered). Five-phase reference voltage is chosen for the
first motor and another set of five-phase reference is assumed for the second motor. The five-
phase modulating signal is formulated by adding the two five-phase references according to
the transposition rule (Fig. 6.5). The parameter of the simulation is given in Table 6.1.

The simulation condition is taken as:

Motor-1 operating at rated speed of 1500 rpm (reference frequency of 50 Hz)

Motor-2 operating at half rated speed of 750 rpm (reference frequency of 5 Hz)

Load (half rated) applied to motor-1 att= 1.2 sec

Load (one quarter of rated value) applied to motor-2 att= 1.1

Switching frequency of the Matrix Converter is kept at 6 kHz.

The resulting waveforms for motor side and Matrix Converter sides are shown in Figs. 6.15

and 6.16, respectively.
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Parameters Values

0.05 Q

8 mH

0.03 kg sq m

4
8.33 Nm

2000 pF
10Q
6.5Q
440 V

40 mH
420 mH

Table 6.1: Simulation Parameters.

Source side inductance Ls

DC link capacitor
Stator leakage inductance

Mutual inductance

Source side resistance Rs
Inertia J
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Fig. 6.15. Response of two-motor drive, a. Speeds, b. torques, c. phase ‘a’ current from
Matrix Converter.
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Fig. 6.16. Source side voltage and current, voltage is reduced to 150 times.

The spectrum for the output side current and voltage is shown in Figs. 6.171 and 6.17ii and
that of source side current filtered is shown in Fig. 6.17ii .

The output voltage and current waveform shows two frequency components at the two
operating frequencies of the two motors. The two machines show acceleration at the initial
response. When load is applied the speeds drops and the motor settles at the same speed. The
speed is not corrected as no closed-loop controller is employed in this analysis. The motor

torque is typical of a five-phase induction machine.
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Fig. 6.17ii. Filtered source side current spectrum.

The source side current is sinusoidal and working at unity power factor. This is the distinct
feature of the Matrix Converter based drives. The total harmonic distortion (THD) is

computed for the voltage and current as follows:
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(6.46)

where v, is the nth harmonic component and v; is the fundamental component magnitude. For
the computation of THD, upto 10™ lower order harmonic components are taken.

The THD for the source side current is calculated as 1.66%, the output side current THD is
4.55% while the output voltage THD is 4.48%. These values are well within the specified

limit.

6.5 Carrier Based PWM Technique for a Three-to-Six Phase Matrix Converter

Three to six-phase Matrix Converters consists of six legs with three bi-directional power
semi-conductor switches in series, which is capable to block voltage in both direction and
switch at high speed. Such system can be used to feed a quasi double-star six-phase drives.
Fig 6.18 illustrated the design of two step commutation scheme with a total number of 18
IGBTs. LC filter is used in input side to reduce the harmonics and output having two sets of
three phase outputs having 30° phase differences. Its inputs are the phase voltages V,, Vy, V¢
and output voltages are Vo Vg V¢ Vp, Vg Vi Eighteen bi-directional switches are

represented as Sij to Sz,

Three - phase Input :

o bsa ia '---------------------------.\- ............. °
— — H :
: X 1 :
.
: Va| & 1'7‘ Si 1'% 5121'7} 5131'7; 5141'7; Sis Sis §
- i, T Lttt
—— | : :
. .
. S S, N So4 S S
) S Ve 1'7} 21 ‘J 221'7} 23"7‘ 1'7‘ 25 26
ac Lge L lcl Ti L L L L L L §
O : :
clclcl VCT: "'% S31 "'7} 5321'% 5334 5344 S35 S36 &
- L A H I H L Sk A A
----------------------------------------- ooal
A Input . . . . . .
= Filter gy lpy lcy Ipy ey 'ry

Six- phase output
Fig. 6.18. Power Circuit topology of Three-phase to quasi six-phase Matrix Converter.

The load to the Matrix Converter is assumed as double star-connected six-phase ac machine

as shown in Fig.6-19.
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F

Fig. 6.19. Stator winding displacement of a quasi or double star six-phase ac machine.
6.5a Three-to-Six Phase Matrix Converter system

The balanced three-phase system is assumed at the input
Vy= |V| cos(wt)
Vp= |V| cos(wt —27/3) (6.47)
V= |V| cos(owt —4m/3)
Since the Matrix Converter output voltages with frequency decoupled from the input
voltages, the duty ratios of the switches are to be calculated accordingly. The six-phase
output voltage duty ratios should be calculated in such a way that output voltages remains
independent of input frequency. In other words, the six-phase output voltages can be
considered in synchronous reference frame and the three-phase input voltages can be
considered to be in stationary reference frame, so that the input frequency term will be absent
in output voltages. Considering the above, duty ratios of output phase £ is chosen as:
O =k, cos(at—p),
Oy =k cos(at =27 /3—-p), (6.48)
O =k, cos(awt—4n/3—-p)
where pis the input displacement angle. Therefore the phase A output voltage can be

obtained by using the above duty ratios as

V= kA|V|[c0s(0)t) o cos(mt —p) +cos(ot —2m/3) e cos(mwt —21/3—p) +cos(wt —4n/3) e cos(wt —4n/3—p)]
(6.49)

The quasi-6-phase reference output voltages can be represented as:
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ko =mcos(w,t),
kg =mcos(w,t—n/6),
ke =mcos(w,t—2mn/3),

kp =mcos(w,t—5m/6), (6.50)
kg =mcos(w,t—4n/3),
kg =mcos(w,t—3m/2),
Therefore, from equation (6.41), the output voltages are obtained as:
3 -
V= EkA‘V‘cos(p) cos(w,t)
3 i Vid
V= ka ‘V‘ cos(p) cos(w,t — 2€)
VC= —k ‘V‘cos(p) cos( t—2£)
’ 3 (6.51)

VD= fk ‘V‘cos(p ) |cos(w,t — 576[)

VF= fk ‘V‘cos(p) cos(aw,t — 3;)

V| 2kalticosto) }os(wot_am’;)

6.5b Application of Offset Duty Ratio

The final modified duty ratios are shown in Fig. 6.20. If k,,kp,kc,kp.kg,kpare chosen to be
6-phase sinusoidal references as given in equation (9), the input voltage capability is not fully
utilized for output voltage generation and the output magnitude remains only 50% of the
input magnitude. To overcome this, an additional common mode term equal to
{max(k o, kp,kc,kp, kg, kp)+min(k o, kg, ko, kp,kg,kp)}/2]is added as in the carrier-based PWM
principle as implemented in two-level inverters. Thus the amplitude of (k,,kp,kc,kp,kg,kp)

can be enhanced from 0.5 to 0.5176.
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Fig. 6.20. Modified offset duty ratios for all input phases.

6.5¢c  With Harmonic Injection

The duty ratios can further be modified by harmonic injection of the output voltage
references to improve the output voltage magnitude. The output voltage magnitude increases
and reaches its limiting value of 88.6% of the input magnitude. The amount of harmonic

injection that is added to obtain new duty ratios are:

cm

V., = %x m x cos(6@,t) (6.52)

The duty ratio for output phase p can be written as:
d,=D,0)+(0-{D,()+D,(O)+ D (0)})/3+[k, +V,, 1xcos(wt — p)
d,=D,0)+(1-{D,)+D,(®)+D.(0)})/3+[k, +V,, ]xcos(wxt -2z /3 p)
d,=D.0)+0-{D,()+D,()+ D ()})/3+[k, +V,,1xcos(wt —4x /3 - p)

(6.53)
where pe A,B,C,D,E,F
The quasi six-phase output voltages can be written as:
k, =mcos(aw,t),
ky =mcos(w,t—7/6),
k. =mcos(w,t —27/3),
(6.54)

k, =mcos(w,t—57/6),
k., =mcos(w,t—4r/3),
k. =mcos(w,t—37/2),
where nis input frequency and o, is the output frequency, m is the modulation index. For

unity power factor p has to be chosen as zero. The modulating signals are shown in Fig. 6.21,

after adding the output common mode voltages. The duty ratios obtained using equation
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(6.53) for phase A is depicted in Fig. 6.22. These duty ratios are then compared with the high
frequency triangular carrier signals to generate the gating signals as illustrated in Fig. 6.23,
for phase A. Similarly fifteen more duty ratios are compared with the triangular carrier to

generate overall gating signals.
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Fig. 6.21. Common mode added reference for output phases.
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Fig. 6.22. Duty ratio for output phase A.
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Fig. 6.23.. Gate signal generation for output phase A.
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6.5d Output Voltage Magnitude

In a conventional three-phase to three-phase Matrix Converter, the output voltage magnitude
reaches 50% of the input voltage using the conventional modulation method or simple carrier
based PWM. This limit improves to 75% when the offset corresponding to the input signals
are added. It is important to note that this limit of 75% is irrespective of the output number of
phases of the Matrix Converter. Hence, this is the realizable output in Matrix Converter
topology with three phase input and » phase output. The output voltages are further enhanced
to 86.6% in three to three-phase Matrix Converter by adding common mode signal
corresponding to the output voltages. This increase in the output voltage magnitude is (86.6-
75)/75 = 15.47%, this is interesting value as the same increase is achieved in a two level
three-phase voltage source inverter when modulating signals are modified by adding common
mode voltages. Following the same principle the increase in the output voltage magnitude in

a multi-phase two-level inverter is obtained as1/cos(z /2n), where n is the number of phases

of inverter given in reference [6.6]. This study of quasi six-phase Matrix Converter also
follows the same principle and an increase of (77.64-75)/75 = 3.52% in recorded. It is
important to mention here that the gain in the output voltage reduces with the increase in the

number of output phases of the Matrix Converter.

6.5¢ Simulation Results

MATLAB/SIMULINK model is developed for the proposed Matrix Converter control. The
input voltage is fixed at 100 V to show the exact gain at the output side. The switching
frequency of the devices is kept at 6 kHz. The output fundamental frequency is chosen as 25
Hz. Simulation results are shown for the modulation without common mode voltage addition
in the output target voltage. The load chosen is a quasi six-phase R-L with two separate
neutrals with R = 10 Q and L = 10 mH. The results with common mode voltage addition will
remain the same except with the enhanced output magnitude. The resulting waveforms are
depicted in Figs. 6.24 and Fig. 6.25, for input side and output side, respectively. The results
of Fig. 6.25, clearly shows unity power factor at the input side and completely sinusoidal
source current. The input converter side current is seen as PWM signals due to switching and
current modulation. The spectrum of the input converter side current is also shown in the
lower trace. It is evident that the current is completely sinusoidal and does not contain any
low order harmonic. The total harmonic distortion in the input converter side current is very
low and is 0.84%. The output filtered voltages are seen as sinusoidal and the spectrum of the
output phase A voltage also shows the same results. The total harmonic distortion in the
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output phase is observed as 0.95%. The load current is also completely sinusoidal. This

indicates the viability of the proposed modulation technique.
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Fig. 6.25. Output side waveforms of 3 to quasi 6-phase Matrix Converter:, a) quasi 6-phase
filtered output phase voltages, , b) Spectrum output voltage and output current.

6.6 Carrier Based PWM Technique for a Three-to-Six Phase Matrix Converter for
Supplying Six-phase Two-motor Drives

As discussed in Chapter 4, vector control of any multi-phase machine requires only two stator
current components; the additional stator current components are used to control other
machines. It has been shown that, by connecting multi-phase stator windings in series and in
parallel with an appropriate phase transposition, it is possible to control independently all the
machines with supply coming from a single multi-phase voltage source inverter. Another
specific drive system, covered by this general concept, is the six-phase series-connected two-
motor drive, consisting of one symmetrical six-phase and a three-phase machine and supplied

from a single six-phase voltage source inverter. The multi-motor drive system discussed uses
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multi-phase voltage source inverter as their supply. In contrast this section proposes a multi-
phase Matrix Converter to supply such drive topology.

In this section, a carrier based PWM strategy is presented based on the comparison of the
modulating signals (six-phase target voltages) with the high frequency triangular carrier wave
for a three to six-phase Matrix Converter. The output voltage is limited to 0.75 of the input
voltage magnitude. Theoretically this is the maximum output magnitude that can be obtained
in this Matrix Converter configuration in the linear modulation region. Analytical approach is
used to develop and analyse the proposed modulation techniques and are further supported by
simulation results. The major aim of this section is to produce two fundamental frequency
output from the Matrix Converter that can be used to control two series-connected six-phase

and three-phase machines.

6.6a Six-Phase Series-Connected Two-Motor Drive Configuration

The two-motor drive, used in this thesis, is shown in Figure 6.26. It consists of a six-phase
source (capital letters A, B,...F), a six-phase and a three-phase ac machine. Stator windings
of the two machines are connected in series with appropriate phase transposition. The six-
phase machine has the spatial displacement between any two consecutive stator phases of 60°
(i.e. a = 2m/6). The type of the ac machine is irrelevant as long as the mmf distribution in the
air-gap is sinusoidal. Both machines are considered here as induction motors. Spatial
displacement between any two consecutive phases of the three-phase machine is 2o = 120°.

The control of the two motors is decoupled although they are supplied from a single six-
phase source. The control decoupling is obtained by using indirect rotor field oriented
control. Flux and torque of the six-phase machine are controllable by source d-q axis current
components, while flux and torque of the three-phase machine can be controlled using source
x-y current components. The detailed modeling and experimental results of this configuration
are reported in reference [6.7], using current control in stationary reference frame. However,
current control in rotating reference frame requires an appropriate PWM for six-phase source.
This thesis presents as simple carrier-based PWM method for the three to six-phase Matrix

Converters which has not reported so far.
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Fig. 6.26. Six-phase series-connected two-motor drive system.

6.6b Carrier-Based PWM Technique For Six-Phase Two-Motor Drive

The input and output voltages are related as:

Vil [Saa ot Oea
Ve | |%aB b8 OcB [y
a
Ve |_|%ac Obc Occ v,
Vp| |9 %D Ocp |y (6.56)
Ve | |0ae OpE Ock |- €
Vel |bar Opr  OcF |
Therefore, the phase A output voltage can be obtained by using the duty ratio matrix
V =k |V|[cos(wt)ecos(wt— p)+cos(wt—2m/3)e
=kl (6.57)

cos(wt —27/3— p)+cos(wt —4m/3)ecos(wt—4r/3— p)]

In equation (6.41), cos( p) term indicates that the output voltage is affected by p. The term k4
is defined in equation (6.59). Thus, the output voltage V,is independent of the input
frequency and only depends on the amplitude || of the input voltage and k,is a reference
output voltage time-varying modulating signal for the output phase A with the desired output
frequency w,; +w,,, ®, is the operating frequency of machine-1 or the first fundamental
output frequency and w,, is the operating frequency of machine-2 or the second fundamental
output frequency. The fundamental output voltage magnitude corresponding to @, is given
as m; and corresponding to w,, is given as m,. The six-phase reference output voltages can

then be represented as:
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k , =m, cos(w,t),

ky =m, cos(w,t —27/6)

ke, =m cos(w,t —4r/6) 6.58)
kp, =m, cos(w,t —67/6)
ky, =m, cos(w,t -8 /6)

ke, = m, cos(e, t —107/6)

k , =m, cos(@,,1)
ky, =m,cos(w, .t —27/3) (6.59)

ko, =m,cos(a,,t —47x/3)

6.6¢ Application of Offset Duty Ratio

For the switches connected to output phase-A, at any instant, the condition 0<d,,dpa,dca <1

should be valid. Therefore, offset duty ratios should to be added to the existing duty-ratios, so
that the net resultant duty-ratios of individual switches are always positive. Furthermore, the
offset duty-ratios should be added equally to all the output phases to ensure that the effect of
resultant output voltage vector produced by the offset duty-ratios is null in the load. That is,
the offset duty-ratios can only add the common-mode voltages in the output. Considering the

case of output phase-A:

kA = kAl + _kAZ
kB = kBl + _sz
kc = kc1 + _kcz
(6.60)
kD = le + _kAz
kE = kEl + _kgz
kF = kFl + kcz

Therefore, from equation (6.60), the output voltages are obtained as:
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3 -
V= EkA‘V‘cos(p)

3 z
V= EkB‘V‘cos(p)

" 5 (6.61)
V= EkC‘V‘ cos(p)

3 Z
V= EkD‘V‘cos(p)

3
V= EkE‘V‘cos(p)}

(3
V= EkF‘V‘ cos(p):|

0 g +0p t0 oy=kcos(wt—p)+k, cos(wt—2m/3—p)+k, cos(wt—4rx/3-p)=0 (6.62)

Absolute values of the duty-ratios are added to cancel the negative components from

individual duty ratios. Thus the minimum individual offset duty ratios should be:

D) =[8q| =k 4 cos(t - p)|
Dy(t)= |5bA| = |kA cos(wt —27 /3~ ,0)|

6.63
and ( )
D.(t)= |5CA| = |kA cos(awt —4r/3 - p)|
The effective duty ratios are:
Oa = aa+Dy(1),
Opa = Opy +Dp(1), (6.64)

Sug = Spg +De(t)

Other output phases can be written in the similar fashion. The net duty ratio 0<5;, <1should

be within the range of 0 to 1.

For the worst case:

0<2ky<1 (6.65)

The maximum value of k, is equal to 0.5. The duty-ratios are calculated for the other five

output phases. In the section (6.6b), two offsets are added to the original duty ratios to form

the following effective duty ratio for output phase p:

Agp = Dy (t) +(1={D (1) + Dy (1) + Do (£)}) /3 + k , x cos(at — p)
App = D)+ (1={D, (1) + Dy () + D ()}) /3 + k , x cos(wt =27 /3 = p) (6.66)
Ay = Do () + (1= {Dy (t) + Dy (1) + Do (0)}) /3 + k, x cos(wt — 47 /3= p)
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where pe 4,B,C,D.E,F

These duty ratios (equation 6.66) can be compared to the triangular carrier wave to generate
the gating signals for the bi-directional power switches as shown in fig.6.27. The output
phase voltage magnitude will reach 75% of the input voltage magnitude with this method.

A complete block schematic of the PWM signal generation is presented in Fig. 6.28. The
reference voltages for two machines with the desired speeds and appropriate voltage
magnitudes are generated. These references are then summed according to the phase
transposition rule. The overall modulating signal thus generated is given to the PWM block.
This PWM block then generate appropriate gate signals for the Matrix Converter. The Matrix
Converter then produces appropriate voltages which drive the two series/parallel connected

machines.
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Fig. 6.27. Gate signal generation for output phase A.
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Fig. 6.28. Block diagram of Carrier-based PWM for two frequency output.

6.6d Simulation Results

MATLAB/SIMULINK model is developed for the proposed Matrix Converter control. The
input voltage is fixed at 100 V to show the exact gain at the output side. The switching
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frequency of the devices is kept at 6 kHz. The purpose here is to show two fundamental
components of current produced by the Matrix Converter. These voltage components are
independent from each other and thus can independently control the two machines.

The results shown in this thesis is only limited to the production of the appropriate voltage
components. The motor behaviour is not discussed in this thesis and will be reported
separately. It is assumed that one voltage component has frequency of 25 Hz and second
voltage component has 50 Hz. To respect the v/f=constant control the voltage magnitude of
the lower frequency component is half compared to the higher frequency component. For the
simulation purpose a R-L load is connected with R = 10  and L = 10 mH. Simulation results
are shown for the modulation with common mode voltage addition in the output target
voltage. Thus the maximum output of the Matrix Converter is limited to 75 V as the input is
100 V.

The resulting waveforms are presented in Figs. 6.29 to 6.31. The input source side and
converter side waveforms are presented in Fig. 6.29. The results clearly shows unity power
factor at the input side. The converter side current shows PWM signal and the spectrum is
clearly sinusoidal with no lower order harmonics. The output side filtered voltages are given
in Fig. 6.30 and one phase filtered voltage and current is illustrated in Fig. 6.30. The
spectrum of the output PWM signal voltages are presented in Fig. 6.31. The output filtered
phase voltages shows superimposed fundamental and second harmonic components. The
spectrum of phase ‘A’ voltage and the transformed voltage are given in Fig. 6.31. It is clearly
evident that the phase ‘A’ voltage contains two fundamental components at 25 Hz and 50 Hz.
These voltages are then decoupled and appear in a-f plane (50 Hz) and x-y plane (25 Hz).
Thus is aim of the control is achieved. Also the magnitude of the two voltages follows

v/f=constant rule.
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Fig. 6.29 Input side waveforms of 3 to 5-phase Matrix Converter: (a) Input voltage and
current, (b) Spectrum Input current.
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Fig. 6.23. Spectrum of output voltages; a. phase ‘A’, b. a-axis voltage and c. x-axis voltage.

6.7  Carrier Based PWM Technique Strategies for a Three-to-Seven Phase Matrix
Converter

The power circuit topology of a three-phase to seven-phase Matrix Converter is illustrated in
Fig. 6.32. There are seven legs with each leg having three bi-directional power switches

connected in series. Each power switch is bi-directional in nature with anti-parallel connected
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IGBTs and diodes. The input is similar to a three-phase to three-phase Matrix Converter
having LC filters and the output is seven phases with 51.4 degree phase displacement

between each phases.
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Fig. 6.32. Power Circuit topology of Three-phase to seven-phase Matrix Converter.

The 7-phase reference output voltages can be represented as:

k4 =mcos(w,t),

kg =mcos(w,t —27/7),

ke =mcos(w,t —4r/7),

kp =mcos(wyt —67/7), (6.67)
kg =mcos(w,t—8x/7),

kp =mcos(aw,t—107/7),

kg =mcos(w,t —127/7),

6.7a Application of Offset Duty Ratio

In the equation (6.67), duty-ratios become negative which are not practically realizable. For

the switches connected to output phase-A, at any instant, the condition 0<d,,dp ,d.4 <1

should be valid. Therefore, offset duty ratios should to be added to the existing duty-ratios, so
that the net resultant duty-ratios of individual switches are always positive. Furthermore, the
offset duty-ratios should be added equally to all the output phases to ensure that the effect of
resultant output voltage vector produced by the offset duty-ratios is null in the load. That is,
the offset duty-ratios can only add the common-mode voltages in the output. Considering the

case of output phase-A:
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d yt+dptd .=k 4 cos(ot — p)+

k gcos(wt—27x/3— p) (6.69)
+k cos(wt—4r/3—p)=0

Absolute values of the duty-ratios are added to cancel the negative components from

individual duty ratios. Thus the minimum individual offset duty ratios should be:

D,(t)= |KAc0s(wt - p)|

Dy(1) =

2r
K jcos(wt e p)‘ (6_7())

Dy (1) =

K jcos(wt — 477[ - p)‘

The effective duty ratios are d,,+D,(t),dyy +Dp(t),d.4+D.(t). Other output phases can be
written similarly. The net duty ratio 4,4 +D,(t) should be accommodated within a range of 0

to 1. Therefore,

0<d, +D,(t)<1can be written as:
0 < k 4cos(at — p)+|k 4 cos(at — p)| <1 (6.71)
For the worst case

0<2]ky|<2 (6.72)

The maximum value of k,or in other words k in equation (6.73) is equal to 0.5 or sin(n/6).
Hence the offset duty-ratios corresponding to the three input phases are chosen as:
D,(t)= |O.5 cos(awt —p)|,

Dy (1) =[0.5cos(wt —27/3 - p)| (6.73)
and ...D (1) =|0.5cos(wrt — 47 /3~ p)|

The modified duty ratios for output phase A are:

d 447 Dy (1) + k g cos(at - p),
dp = Dp(t)+k cos(at —27/3— p), (6.74)
d.=D.(t)+kycos(wt—4x/3-p)

In any switching cycle the output phase should not be open circuited. Thus the sum of the

duty ratios in equation (6.74) must equal to unity. But the summation D,(t)+Dy(t)+D(t)1s

less than or equal to unity. Hence another offset duty-ratio [I—{D,(t)+D,(t)+D.(t)}]/31s
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added to D,(t),Dp(t),D.(t). The addition of this offset duty-ratio in all switches will maintain

the output voltages and input currents are unaffected. The equation (6.74) derives the

maximum modulation index for three phase input with seven phase output from equation

(6.68) as %kA =%>< sin(%) =0.750r75% .

If ky kg, ke kp.kg,kp.k;are chosen to be 7-phase sinusoidal references, the input voltage
capability is not fully utilized for output voltage generation. To overcome this, an additional
common mode term equal to {maxk kg, kc.kp, kg kp,kg)+ming 4, kg ko,kp. kg ki, ko) /2]is added as
in the carrier-based space-vector PWM principle as implemented in two-level inverters. Thus

the amplitude of (k,,k;,k..k; .k, k. ,k;)can be enhanced from 0.5 with 0.5129.This is

shown in fig.6.33. for an output phase. Therefore the maximum modulation index that can be

achieved in the linear modulation range with common mode addition is

%kA = % x0.5129=0.7694 or 76.94% .

In the section (6.7b) the analytical expressions are given for the case of a three to seven phase

Matrix Converter.

6.7b Without Common-mode voltage addition

The duty ratio for output phase A can be written as:
dag =Dy(t)+(1={Dy(t)+Dy(t)+ D.(1)})/3+
kyxcos(at—p)
dpg =Dy(1)+(1={D,(t)+Dy(t)+D.(1)})/3+
kyxcos(wt—2m/3—-p)
dey=Dy(t)+(1={D,(t)+Dy(t)+D,(t)})/3+
kyxcos(ot—4rx/3-p)

(6.75)

6.7b With Common mode voltage Addition

The duty ratio for output phase A can be written as:
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dyy =D, )+ —{D,(t)+ Dy(t)+ D.(1)})/3
+[kA—{max(kA,kB,kC,kD,kE,kF,kG)+

min(k 4, kp,kc.kp,kg,kp,kg)}/2]x cos(ewt — p)

dpg = Dy(1)+ (A ={D, (1) + Dyp(t) + D.(2)})/3
+[kA—{maX(kA,kB,kc,kD,kE,kF,kG)+

min(k 4, kg, ke kp. kg kp.kg)}/ 2]xcos(at —27/3— p) (6.76)
dey=Dy(0)+(1={D,(t)+ Dp(1)+ D (1)})/3
+[kA—{max(kA,kB,kC,kD,kE,kF,kG)+

min(k 4, kg, ko, kp. kg, kp.kg)}/2]xcos(wt —4x /3 - p)

where
D,(t)= |O.5 cos(wt — p)|
Dy (1) =[0.5cos(wt —27/3 - p)| (6.77
Dy (1) =[0.5cos(wt — 47 /3~ p)|

The seven-phase output voltages can be written as:

k4 =mcos(w,t)

kg =mcos(w,t—2x/7)

ke =mcos(wyt—47/7)

kp =mcos(w,t—67/7) (6.78)
kg =mcos(w,t—87/7)

kg =mcos(w,t =107 /7)

kg =mcos(w,t =127 /7)

where @ is input frequency and @, is the output frequency, m is the modulation index. For
unity power factor p has to be chosen zero.

6.7¢ Simulation Results

MATALAB/SIMULINK model is developed for the proposed three to seven-phase Matrix
Converter control. The input voltage is fixed at 100 V to show the exact gain at the output
side. The switching frequency of the devices is kept at 6 kHz. The fundamental frequency of
the output is chosen as 25 Hz. Simulation results are shown for the modulation with common
mode voltage addition in the output target voltage. The resulting waveforms are presented in
Figs. 6.33 - 6.34. The results of source voltage and source current clearly shows unity power
factor at the source side, Fig. 6.33. The filtered output seven-phase voltages are shown in Fig.
6.33 and are seen to be as sinusoidal. The magnitude of the fundamental component proves

the enhanced output without any lower-order harmonics. This indicates the viability of the
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proposed modulation technique. Both

using sample time of 50 microsecond.

simulation

as well as experimental results are taken
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output phase voltages.

The results with input side over modulation are presented in Fig. 6.35 and 6.36. The

distortion in the source side current is clearly visible in Fig. 6.35. Additionally the distortion
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in the load current is also evident from Fig. 6.35. The distortion in the voltage can be seen

form Fig. 6.36.
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The THD output current with and without over modulation are 2.82% and 2%, respectively.
While the THD of the input current with and without over modulation are 7.53% and 1.65%,

respectively.

6.8 Seven-Phase Series Connected Three-Motor Drive System

The three-motor drive, used in the reference [6.8], is shown in Figure 6.38. Stator windings of
the three machines are connected in series with appropriate phase transposition. The seven-
phase machine has the spatial displacement between any two consecutive stator phases of
(i.e. a = 2n/7). It is to be noted here that the proposed PWM scheme is equally valid for
series connection as well as parallel connection; however, only series-connected drive is
elaborated here.

When the phase variable equations are transformed using decoupling matrix, four sets of
equations are obtained, namely d-q, x;-y;, x2-y, and zero sequence. In single seven-phase
motor drive, the d-g components are involved in actual electromagnetic energy conversion
while the x;-y; and x,-y, components increase the thermal loading of the machine. However,
the extra set of current components (x;-y; and x,-y») available in a seven-phase system is
effectively utilised in independently controlling two additional seven-phase machines when
the stator windings of three seven-phase machines are connected in series and are supplied
from a single seven-phase VSI. Reference currents/voltages generated by three independent
vector controllers, are summed up as per the transposition rules and are supplied to the series-
connected connected seven-phase machines. Block diagram of the three-motor drive systems

is illustrated in Fig. 6.38 for series connection and the connectivity matrix is in Table 6.2.

Table 6.2. Connectivity matrix for the seven-phase series connected three-motor case.

A B C D E F G
MI 1 2 3 4 5 6 7
M2 1 3 5 7 2 4 6
M3 1 4 7 3 6 2 5
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The scheme of series-connected seven-phase three-motor drive discussed in the reference
[6.8] utilizes current control in the stationary reference frame. However, if current control in
the rotating reference frame is to be utilized, appropriate PWM scheme for seven-phase VSI

needs to be developed to generate voltage references instead of current references.

6.8a Carrier-Based Pulse Width Modulation Technique

Carrier-based PWM scheme developed in this section follows the similar concept presented
in reference [6.5]. Since the Matrix Converter output voltages with frequency decoupled from
the input voltages, the duty ratios of the switches are to be calculated accordingly. The seven-
phase output voltage duty ratios should be calculated in such a way that output voltages
remain independent of input frequency. In a different way the seven-phase output voltages
can be considered in synchronous reference frame and the three-phase input voltages can be
considered to be in stationary reference frame, so that the input frequency term will be absent
in output voltages. Considering the above points duty ratios of output phase j where are
chosen as:
O g=k j cos(wt — p),

Spi=k jcos(wt =27 /3 - p), (6.79)
Ok =k jcos(wt —4z /3 - p)

Therefore the phase A output voltage can be obtained by using the above duty ratios as:

v,=k, I7[cos(a)t) e cos(wt — p)
+cos(wt —27/3)ecos(wt —27/3 - p) (6.80)
+cos(wxt —47x/3)ecos(axt —47/3 - p)]
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The individual references of three machines are considered as:

k 41 = my cos(e,t),
kg =mycos(w,t —27/7),
ke =mycos(w,t —4r/7),

kpy =mycos(wyt —67/7), (6.81)
kg =mycos(w,t —8x/7),
kg =mycos(a,t —107/7),
kg =mycos(w,t —127/7),
k 4o = my cos(w,t +9),
kpy =mycos(w,t =27/ 7+ 8),
ke =my cos(w,t —4x/7+9),
kpy =my cos(wyt —67/7+9), (6.82)
kgy =my cos(w,t —87/7+9),
kpy =my cos(w,t =107 /7+9),
kGy =my cos(w,t =127 /7+ 9),
k 43 = m3 cos(@,t + @),
kg3 = mycos(w,t — 27/ 7+ ),
ke =mg cos(w,t —4r /7 + @),
kp3 = m3 cos(w,t —67/7+ @), (6.83)

ks =ms cos(w,t =87/ 7+ @),
k3 =mscos(w,t =107 /7 + @),
kgy =my cos(w,t =127/ 7+ @),

Since the three machines are connected in series with phase transposition, the references

should also be created accordingly as given in the following equation:

The output voltage in phase-A is:

V4= [% k 4 % cos(p)}(cos(a)glt)Jr cos(a)ozt +9)+ cos(a)03t + (o))

ky=kg+kpo+kg
kg =kp) +kca +kp3
ke =key+kpy + kg3
kp =kpy +kga +kc3

(6.84)
kg =kp1+kpy +kp3
kp =kpi+kpy +kp3
kG =k +kpy + kg3
(6.85)
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Similarly, the relationship for other six phases can be written. For the switches connected to

output phase-A, at any instant, the condition 0<6,,,5,4,5,4 <1should be valid. Therefore,

offset duty ratios should to be added to the existing duty-ratios, so that the net resultant duty-
ratios of individual switches are always positive. Furthermore, the offset duty-ratios should
be added equally to all the output phases to ensure that the effect of resultant output voltage
vector produced by the offset duty-ratios is null in the load. That is, the offset duty-ratios can

only add the common-mode voltages in the output. Considering the case of output phase-A:

Ouy +O0py+ 0.4 =ky cos(wt—p)+ k 4 cos(wt—%[—p]

(6.86)
4z

+kAcos[(ot—T—pJ=0

Absolute values of the duty-ratios are added to cancel the negative components from

individual duty ratios. Thus the minimum individual offset duty ratios should be

D ,(t) =k gcos(@t — p)|, D(t) =k s cos(t — 27/ 3~ p)
and...D .(t) =k cos(wt — 47 / 3 - p)| (6.87)

The effective duty ratios are &,,+D,(t),8,,+Dy(),5.4+D.() Other output phases can be written

similarly. The net duty ratio ;,.p,should be accommodated within a range of 0 to I.

Thereforeo<s,,+D,(r)<1can be written as 0<k cos(et — p)+|k 4 cos(ex — p)| <1

The maximum value of &, is equal to 0.5. Hence the offset duty-ratios corresponding to the

three input phases are chosen as:

D, (1) =|0.5cos(x - p),
Dy (1) =[0.5cos(ax —27/3- p)| (6.88)
and...D (1) =|0.5cos(ax — 47 /3~ p)|

The modified duty ratios for output phase A are

8 4/ Da(t) +k 4 cos(@t — p),

S pi= Dy () +k g cos(t —27/3- p), (6.89)
0. D, .(t)+k cos(at—4rx/3-p)

In any switching cycle the output phase has to be connected to any of the input phases. The
summation of the duty ratios in equation (6.89) must equal to unity. But the summation
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D,(0)+D,()+D.(1)1S less than or equal to wunity. Hence another offset duty-ratio
[1-{D,()+Dy(t)+D.()})/31s added to D,(), D,() and D.()in equation (6.89). The addition of this
offset duty-ratio in all switches will maintain the output voltages and input currents
unaffected. Similarly, the duty-ratios are calculated for the other output phases.

If k,.kp.kc.kp.kg.kr kg are chosen to be 7-phase sinusoidal references as given in equation

(6.85), the input voltage capability is not fully utilized for output voltage generation. To
overcome this, an additional common mode term equal to
{maxk 4. kp.kc.kp.kp.kp.kg)+mink 4. kg.ke.kp kg ke kg)/2)1s added as in the carrier-based space-vector
PWM principle as implemented in two-level inverters. Thus the amplitude of

(k k. ke k, k. k,,k;)can be enhanced from 0.5 with 0.5129.

The duty ratio for output phase A can be written as:
044 = Dy (1) + (1 ={D, (t) + Dy (1) + D.(1)})/3
+[kA —{max(kA,kB,kC,kD,kE,kF,kG)+
min(kA5kB5kC9kDakEakF:kG)}/2]XCos(wt_p)
Opg =Dy (t) + (1 ={D, (t) + Dp(t) + D.(1)})/3
+[kA —{max(kA,kB,kC,kD,kE,kF,kG)+
min(k 4, kpg.kc.kp.kg.kg.kg)}/2]x cos(wt =27 /3 - p)
Ocq =Dy (1) + (1 ={Dy (1) + Dp(t) + D.(1)})/3
+[kA —{max(kA,kB,kC,kD,kE,kF,kG)+
min(k 4, kg, ke, kp. kg, kg, kg)}/2]x cos(wt —4x/3 - p)

(6.90)

where

D,(t)= |0.5 cos(wt — p)|
Dy (t) =[0.5cos(wt =27 /3~ p)| (6.91)
Dy (1) =0.5cos(wt —47/3- p)|

6.8b Simulation Results

MATLAB/SIMULINK model is developed for the proposed Matrix Converter control. The
input voltage is fixed at 100 V to show the ratio of output to input voltage gain. The
switching frequency of the devices is chosen as 6 kHz. The purpose here is to show three
fundamental components of current/voltage produced by the seven-phase Matrix Converter.
These voltage components are independent from each other and thus can independently
control the three machines whose stator windings are connected in series. The results shown
here is only limited to the production of the appropriate voltage components. The motor

behavior is not discussed here. The objective of controlling three machines will be
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accomplished if three independent voltages with different frequency components are

generated.

6.8c Independent Control at Identical Frequencies

It is assumed, that the three supplied machines operate at same speeds. To fulfil such
requirement, Matrix Converter needs to generate three independent frequency output in the
output voltage waveforms. To prove the concept of decoupled control, simple R-L load is
considered. The requirement imposed on the Matrix Converter, is the generation of three
independent frequency component in three orthogonal planes (i.e. in d-g, xI/-yI and x2-y2).
The fundamental frequency is chosen as 50 Hz for all the three motors. For the simulation
purpose a R-L load is connected with R = 10 Q and L = 10 mH. Simulation results are shown
for the modulation with common mode voltage addition in the output target voltage. Thus the
maximum output of the Matrix Converter is limited to 75 V as the input is 100 V.

The resulting waveforms are presented in Figs. 6.39 to 6.41. The input source side voltage
and currents waveforms are presented in Fig. 6.39. The result waveforms show unity power
factor operation of the Matrix Converter. The output side filtered voltages are given in Fig.
6.40 The spectrum of the output PWM signal voltages are presented in Fig. 6.41. The
spectrum of phase ‘A’ voltage is clearly evident that the phase ‘A’ voltage contains three
fundamental components at 50 Hz (i.e. the sum of the three voltages at the same frequency).
These voltages are then transformed to show in d-q plane (50 Hz), x/-yI plane (50 Hz) and
x2-y2 plane (50 Hz).

100
80

G0

i Volatgd

40t

20} ; Current

=20}

Source side vollage and cument phase ‘a’

71| AU A

-100

I L 1
4] 0.01 0.02 0.03 0.04 0.05 0.08
Time (sec)

Fig. 6.39. Input side waveforms of 3 to 7-phase Matrix Converter.
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Fig. 6.24. Spectrum of output voltages; a. phase ‘A’, b. a-axis voltage c. x1-axis voltage, d.
x2-axis voltage.

Two more performance indices for comparison purpose are considered namely Total
Harmonic Distortion (THD) and Weighted Total Harmonic Distortion (WTHD). The method
of comparing the effectiveness of modulation is by comparing the unwanted components i.e.
the distortion in the output voltage or current waveform, relative to that of an ideal sine wave,
it can be assumed that by proper control, the positive and negative portions of the output are
symmetrical (no DC or even harmonics).

Normalizing this expression of THD with respect to the quantity (/) i.e. fundamental, the
weighted total harmonic distortion (WTHD) becomes defined as
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Oc ( Vn jz
z
AN (6.92)

For d-axis output voltage having a single component at 50 Hz frequency of magnitude 24.96
V and has THD = 4.38% of the fundamental and WTHD = 2.46% of the fundamental. For
x1-axis output voltage having a single component at 50 Hz frequency of magnitude 24.96 V
and has THD = 4.30% of the fundamental and WTHD = 1.93% of the fundamental. For x2-
axis output voltage having a single component at 50 Hz frequency of magnitude 25.55Vand
has THD = 4.64% of the fundamental and WTHD = 2.63 % of the fundamental. It shows that

the output voltage is nearly equal to the sinusoidal value. Thus aim of the control is achieved.

6.8d Independent Control at Three Different Frequencies

It is assumed that one machine is running at rated speed and the second machine at half of the
rated and third at one fourth of the rated. One voltage component has frequency of 12.5 Hz,
second voltage component has frequency of 25 Hz and third voltage component has 50 Hz.
To respect the v/f=constant control the voltage magnitude of the lower frequency component
has compared to the higher frequency component with appropriate ratio.

The resulting waveforms are presented in Figs. 6.42 to 6.43. The spectrum of the output
PWM signal of phase ‘A’ voltage and the transformed voltage are given in Fig. 6.42. It is
clearly evident that the phase ‘A’ voltage contains three fundamental components at 12.5 Hz,
25 Hz and 50 Hz. These voltages are then decoupled and appear in a-f plane (12.5 Hz), x1-
yl plane (50 Hz) and x2-y2 plane (25 Hz). This shows independent control or decoupled
control.

The Matrix Converter alpha-axis phase ‘A’ voltage in Fig. 6.42a. shows that it contains a
single component at 12.5 Hz frequency with a magnitude of 5.49 V and has THD = 4.80% of
the fundamental and WTHD = 4.10 % of the fundamental. Fig. 6.38(c) shows single
component at 50 Hz frequency with a magnitude of 28.26 V in x;-y; axis and has THD = 1.84
% of the fundamental and WTHD = 1.36 % of the fundamental. and Fig. 6.38(d) shows
single component at 25 Hz frequency with a magnitude of 17.34 V in x,-y, axis and has THD
=4.31% of the fundamental and WTHD = 4.20 % of the fundamental.
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Fig. 6.43 is showing the filtered output phase ‘a’ volatge of the seven phases after

connecteing RL load at the output terminals.
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Fig. 6.25. Output waveforms, filtered output phase ‘a’ voltage.

6.9 Experimental Investigation

This section describes the experimental set-up that is developed for the validation of the

simulation results and also the experimental results are shown.

6.9a Experimental Set-up
203



A prototype three-phase to nine-phase Matrix Converter is developed where input is three-
phase and the output can be configured from single to nine phases. This is done in order to
develop a modular multi-phase Matrix Converter where variety of experiments can be
conducted. The set-up consists of hardware and software part. Hardware is related to the
power switching devices that are arranged in the 3 x 9 array with associated auxiliaries such
as input side filter and clamp circuit for protection. To control this Matrix Converter, control
platform based on DSP/FPGA combination is developed. Since the DSP solution alone
cannot be used for this application due to limited number of available PWM channels in a
DSP chip. Hence, a solution is developed that is based on the integration of DSP and FPGA
chip, where the processing is done in DSP core while the PWM is generated from FPGA.
This is the most suitable control platform that can be developed for such complex system.
The DSP/FPGA can be coded either in C++ using code compose studio compiler or in system
generator from Xilinx. The DSP/FPGA board is interfaced with the PC using JTag emulator.
The proposed carrier based modulation scheme and direct duty ratio based PWM are
implemented for three to five- phase and three-to-six phase in quasi configuration Matrix
Converter for single and two-frequency output. The results of carrier-based scheme are
shown in this chapter while the results of direct duty ratio based PWM is reported in Chapter
7.

The overall block schematic of the experimental set-up is presented in Fig. 6.44. The block
diagram of the power module (3 x 9 phase Matrix Converter) is presented in Fig. 6.45 and
detailed drawing is shown in Fig. 6.46. The pictorial views of different components are given
in Fig. 6.47.

The power module is bi-directional switch FIO 50-12BD from IXYS and is composed of a
diagonal IGBT and fast diode bridge in ISOPLUS i4-PAC™as shown in Fig. 6.48. The
voltage blocking capability of the device is 1200 V and the current capacity is S0A. It
controls bi-directional current flow by a single control signal. This comes in single chip with
five output pins; four for the diode bridge and one for the gate drive of the IGBT. The
advantage of this bi-directional power switch is the decreased number of IGBTs which is a
major issue for multi-phase operation, but the major disadvantage is the higher conduction
losses and the two-step commutation. The Matrix Converter consists of eighteen such bi-

directional power switches.

Extra line inductances are used for safe operation during the overlapping of current

commutation. Dead-time compensation is done along with snubbers and clamping circuit.
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Input filter are used to reduce the switching frequency harmonics present in the input current.
This filter circuit frequency does not need to store energy coming from the load. Simple LC

filters used for this purpose.

Requirements of LC filter are

* Cut-off frequency lower than the switching frequency of Matrix Converter.
* Minimal reactive power at grid frequency.

* Minimal volume and weight.

* Minimal filter inductance voltage drop at rated current in order to avoid reduction in

voltage transfer ratio.

Careful filter design is necessary else it will affect both the input and output currents of the
converter. Block diagram of the input filter is shown in Fig. 6.50.

The control platform used is Spartan 3-A DSP controller and Xilinx XC3SD1800A FPGA as
shown in Fig.6.49. The modulation code is written in C++ and is processed in the DSP. The
logical tasks such as A/D and D/A conversion, gate drive signal generation etc are
accomplished by the powerful FPGA board. The FPGA board is able to handle upto 50 PWM
signals.

In a Matrix Converter, over voltages can appear from the input side, caused due to line
perturbations over voltages can also appear from output side caused due to an over current
fault. When switches are turned OFF, the current in the load is suddenly interrupted. The
energy stored in the motor inductance has to be discharged without creating over-voltages. A
clamp circuit is the common solution to avoid both input and output over voltages. This
clamp circuit has 24 fast-recovery diode to connect capacitor to input and output terminals.

Block diagram of the clamp circuit used in the set-up is presented in Fig. 6.52.
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Fig. 6.46. Detailed drawing of the experimental set-up.
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Fig. 6.47. An experimental setup photo graph (main power circuit).

Fig. 6.48. Nine units of Matrix Converter.
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Fig. 6.52. Clamp circuit.

At the input side, an isolation transformer is required. An isolation transformer is a
transformer, often with symmetrical windings, which is used to decouple two circuits. An
isolation transformer allows an AC signal or power to be taken from one device and fed into
another without electrically connecting the two circuits. Isolation transformers block
transmission of DC signals from one circuit to the other, but allow AC signals to pass. They
also block interference caused by ground loops. Isolation transformers with electrostatic
shields are used for power supplies for sensitive equipment such as computers or laboratory
instruments.

Isolation transformers are commonly designed with careful attention to capacitive coupling
between the two windings. This is necessary because excessive capacitance could also couple
AC current from the primary to the secondary. A grounded shield is commonly interposed
between the primary and the secondary. Any remaining capacitive coupling between the
secondary and ground simply causes the secondary to become balanced about the ground
potential.

Overall block diagram of the Matrix Converter connection for experimental investigation is
shown in Fig. 6.53. A Matrix Converter is implemented by a matrix module which consists
of 9 bi-directional switches. The 3-phase input supply voltage is stepped down. The zero
crossing of the input voltage is detected by the ZCD. ZCD output is given to the processor
through the capture unit of Micro- 2812. In the processor sine PWM signal is generated. This
signal is compared with the ZCD signal and a PWM signal is generated. This generated
PWM is applied to the IGBT gate terminal. The PWM signal width is controlled by the I/O
port key.
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Fig. 6.53. Matrix Converter connection diagram.

Input supply is given from an auto-transformer and is fixed at 100 V rms, 50 Hz. The
switching frequency of the bi-directional power switch of the Matrix Converter is fixed at 8
kHz. The developed Matrix Converter is tested for wide range of output frequencies for as
low as 5 Hz fundamental. Multi-phase R-L load (R = 10 Q2, L = 10 mH) is connected at the
output terminals of the Matrix Converter. The voltage probe is used with voltage scaling of
1/20. The current is measured with a scaling factor of 2A/V. Horizontal scale used for
measuring the output waveform is 10 msec/div. Source side current waveform is measured
with a horizontal scale of 5 msec/div. The resulting output waveform for fundamental
frequency of 25 Hz and five-phase operation is presented fig. 6.54. Input current results with
both linear and over modulation strategy are shown simultaneously in the fig. 6.55. The
output voltage and current offers good results with sinusoidal waveform. This proves the

viability of the proposed modulation scheme for three to five-phase Matrix Converter.
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Fig. 6.54. Output side five-phase waveform for 25 Hz; a. Output filtered phase voltages
(20V/div) b. Output currents (4A/div). Time scale is 10 ms/div.

Fig. 6.55. Input current using linear modulation scheme as well as input side over modulation
strategy (10A/div). Time scale 10 msec/div.

Fig.6.56. Output side waveform for 25 Hz using input side over-modulation strategy; Output
currents (4A/div). Time scale 10 msec/div.

6.9b Experimental Investigation of two motor supply

Same experimental setup is utilised for three-phase to five-phase two motor supply, results
obtained are reported in Figs. 6.57 -6.58. The Matrix Converter is connected to a five-phase
R-L load and input voltage of 200 V is supplied. The output of the Matrix Converter contains
two frequency components, one with 50 Hz and one with 25 Hz. One output voltage
frequency component is intended to control one machine and the second frequency

component controls the second machine. The experimental results is intended to show the
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successful generation of two decoupled frequency component at the output of the Matrix

Converter. The obtained results matches very closely to simulation results.

Fig. 6.57. Experimental results: tope trace, phase Voltage, middle trace adjacent line
Voltage, and the bottom trace, non-adjacent line Voltage (y-axis: 200V/div, x-axis: 10
msec/div)

Fig.6.58. Experimental results: output currents, (y-axis 4 amp/div, x-axis: 10 msec/div)

6.9c Experimental investigation on 3x6 phase matrixconverter

Input supply is given from an autotransformer and is fixed at 100 V rms, 50 Hz. The
switching frequency of the bi-directional power switch of the matrix converter is fixed at 6
kHz. The developed Matrix Converter is tested for wide range of output frequencies for as
low as 5 Hz fundamental. Six-phase R-L load is connected at the output terminals of the
matrix converter. The modulation code uses harmonic injection method. The resulting input
and output side waveforms for output fundamental frequency of 25 Hz are presented in
Fig.6.59 and 6.60, respectively. The top trace (Fig. 6.59a) shows all the three applied voltages
and one phase converter input side current. To further illustrate the unity input power factor,

phase ‘a’ voltage and phase ‘a’ currents are depicted in Fig. 6.59b. The current drawn from
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the three-phase grid is completely sinusoidal as illustrated in Fig. 6.59c which shows
converter side and source side current in one trace.

The unfiltered output phase voltages of four different phases are presented in Fig. 6.60a and
filtered output voltages are depicted in Fig. 6.60b. The output filtered phase voltages and load
currents are shown in Fig. 6.60c. The output voltage and current offers good results with
sinusoidal waveform. This proves the viability of the proposed modulation scheme for three

to quasi six-phase matrixconverter.

[40 V/div. and 10 A/div.]

a.

AAAI

[40 V/div. and 10 A/div.]
b.
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[10 A/div]
C.

Fig. 6.59. Experimental results of a 3 to quasi 6 phase matrix converter, a. input side voltages
and current, b. phase ‘a’ voltage and phase ‘a’ converter side current, c. converter side and
source side currents. Time scale (10 msec/div).

[150 V/div.]

[40 V/div.]

b.
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[40 V/div. and 10 A/div.]

C.

Fig. 6.60. Output side six-phase waveform for 25 Hz; a. Output unfiltered phase voltage, b.
Output filtered phase voltage, c. output filtered voltage and currents. (10 msec/div).

6.10 Summary

This chapter focused on the development of simple control algorithms for multi-phase multi-
motor drive system. Carrier-based sinusoidal PWM control is a generic method in a voltage
source inverter. However, the same method when applied to a Matrix Converter need
appropriate modification. This chapter elaborated the carrier-based PWM for a three-phase
input to five-phase matrix converter supplying a five-phase series-connected/parallel-
connected two-motor drive. Further carrier-based PWM for a three-phase input to six-phase
output Matrix Converter supplying a series-connected/parallel-connected six-phase machine
and three-phase machine is discussed. Additionally carrier-based PWM for a three-phase
input to seven-phase output Matrix Converter supplying series-connected/parallel-connected
three-motor drive system is discussed. It is seen that the major shortcoming is the lower
output voltage of matrix converters. Since the overall output voltage is small, the series-
connected and parallel-connected machines will be able to run at lower speeds only.
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Chapter 7
Direct Duty Ratio Based Pulse Width
Modulation of Multi-phase Matrix
Converter

7.1 Introduction

In this chapter, a PWM strategy based on direct duty ratio calculation approach is presented.
At first generalized direct duty ratio based PWM (DDPM) is developed for three-phase to n-
phase Matrix Converter. This approach does not rely on the discontinuous offset rather a
continuous triangular carrier waveform is employed for the purpose of generating the
switching signals. When the desired output phase voltage references are given, each of them
can be synthesized by utilizing input phase voltages based on per-phase output concept. In
addition, by changing simply the slope of the carrier, the input power factor can also be
controlled, maintaining the sinusoidal input currents. The output voltage is limited to 78.86%
of the input voltage magnitude in case of a three-phase input and five-phase output
configuration. Theoretically this is the maximum output magnitude that can be obtained in
this Matrix Converter configuration in the linear modulation region. Analytical approach is
used to develop and analyse the proposed modulation techniques and are further supported by
simulation results. The major aim of the modulation is to produce two fundamental frequency
output from the Matrix Converter that can be used to control two series/parallel connected
five-phase machines.

Major advantages of the presented scheme (direct duty ratio based PWM) are that it is highly
intuitive and flexible. The output voltage limit is reached by simply adding a third harmonic
component corresponding to the input frequency and the n™ harmonic corresponding to the
output frequency with » number of output phase, into the output voltage references. The
output voltage limit has different values for different output number of phases. The proposed
control algorithm is modular in nature and can be extended to any number of input and output
phases. The presented scheme can be employed effectively in variable speed multi-phase

motor drive applications.
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7.2 Direct Duty Ratio based PWM Technique for a Three-phase to n-phase Matrix
Converter for Single-motor drive system

In this section the PWM is discussed based on duty ratio calculation in conjunction with the
generalized three-to n-phase topology of a Matrix Converter. The duty ratio based PWM is
developed by using the concept of per-phase output average over one switching period as
shown in reference [7.1].The developed scheme is modular in nature and therefore, it is
applicable to the generalized converter circuit topology.

A switching period T of the carrier wave consists of two sub-intervals, 7 (rising slope of the
triangular carrier) and 75 (falling slope of the triangular carrier). When the carrier changes
from zero to the peak value, the sub-interval is called 7;; however, when the carrier changes
from peak to the zero value it is termed as sub-interval 7,. The input three-phase sinusoidal
waveform can assume different values at different instants of times. The maximum among
the three input signals is termed as Max, the medium amplitude among three input signals is
termed as Mid, and the smallest magnitude is represented as Min. During interval T; (positive
slope of the carrier), the line-to-line voltage between Max and Min (
Max{v 4,vg,vet—Min{v4,vg,vcr) phases is used for the calculation of duty ratio. No
consideration is given to the medium amplitude of input signal. The output voltage should
initially follow the Max signal of the input and then should follow the Min signal of the input.
During interval 7>, the two line voltages between Max and Mid ( Max{v 4,vg,vc}—Mid{v 4,vg,vc}
) and Mid and Min (Mid{v4,vg,vc}—Min{v4,vg,vc}) are calculated first. The largest among the
two is used for the calculation of the duty ratio. This is done to balance the volt-second
principle. Two different cases can arise in time interval 7> depending upon the relative
magnitude of the input voltages. If Max-Mid >Mid-Min, the output should follow Max for a
certain time period and then follow Mid for a certain time period. This situation is termed as
Case 1. Similarly, if (Max-Mid) < (Mid-Min), the output should follow at first Mid of the
input signal and then Min of the input signal: this is termed as Case II. Thus the DPWM
approach uses two out of the three line-to-line input voltages to synthesis output voltages, and
all the three input phases are utilized to conduct current during each switching period. Case I

and II and the generation of gating signals are further elaborated in the next section.

Case-1:

For condition (Max-Mid) > (Mid-Min), the generation of gating pattern for the n™ output

phase is illustrated in Fig. 7.1 for one switching period. To generate the pattern, at first the
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duty ratio Dyj,n € a,b,c......., is calculated and then compared with high frequency triangular

carrier signal to generate the n™ output phase pattern. The gating pattern for the n™ leg of the
Matrix Converter is directly derived from the output pattern. The switching pattern is drawn
assuming that the Max is the phase ‘A’ of the input, Mid is the phase ‘B’, and Min is the
phase ‘C’. The switching pattern changes in accordance with the variation in the relative
magnitude of the input phases. The output follows Min of the input signal, if the magnitude of
the duty ratio is more than the magnitude of the carrier and the slope of the carrier is positive.
The output follows the Max of the input signal if the magnitude of the carrier is greater than
the magnitude of the duty ratio irrespective of the slope of the carrier. Finally, the output
tracks Mid if the magnitude of the carrier signal is less than the magnitude of the duty ratio
and the slope of the carrier is negative. Thus, the resulting output phase voltage changes like

Min—Max—Max—Mid. These transition periods are termed as, ¢,;,%,2,f,3and ¢,4 and
these four sub-intervals can be expressed as in reference [7.1]:
tn1 = Dy 0T
tng = (1= Dy )Ty
tn3 = (1= Dy N1 -6)T; (7.1)
tng =Dy (1-6)T;
To=t, +t,p +1,3+1,4

where D, is the n” phase duty ratio value, when Case I is under consideration and 8is

defined by & =%, which refers to the fraction of the slope of the carrier. Now, by using the

volt-second principle of the PWM control, the following equation can be written:
T
* . .
Vonly = jvondt = Min{v 4,vg,ve )ty + Max{v 4,vg,ve )ty +tp3)+ Mid{v 4,v5,ve ) s
0
(7.2)

Substituting the time intervals expressions from equations (7.1) into (7.2), yields

T . .
: OMin{y 4,vp,vet—OMid{y 4,vp, vt +
vznzij‘vondt:Dnl _ vasvp-vel Wasvp-vel Max{v 4,vg,ve} (7.3)
T ) Mid{y 4,vg,ve}—Max{v 4,vp,vc}

Where T is the sampling period, v,,,v,,, are the reference and actual average output voltage

of phase ‘n’, respectively and v,,vg,v are the input side three-phase voltages. Max, Mid and
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Min refer to the maximum, medium and minimum values, D, represents the duty ratio of the
power switch.
The duty ratio is obtained from equation (7.3) as:

D - Max{vA,vB,vC}—v:n
nl A+8(Mid{v 4,vg,ve} —Min{v 4,vg,ve})

(7.4)

where A= (Max{vA,vB,vC} —Mid{vA,vB,vC})
Similarly, the duty ratios of other output phases can be obtained and can subsequently be

used for implementation of the PWM scheme.

B. Case-II:

Now considering another situation of (Max-Mid) < (Mid-Min). The output and the switching
patterns can be derived once again following the same principle laid down in the previous sub
section. Fig. 7.2 shows the output and switching pattern for the n™ output phase. Here once

again a high frequency triangular carrier wave is compared with the duty ratio value, D, to

generate the switching pattern. The only difference in this case compared to the previous case
is that the interval when the magnitude of the carrier signal is greater than the magnitude of
the duty ratio and the slope is negative, then, the output should follow Mid instead of Max.
Contrary to Case I, for this situation the output must follow Max of the input. The time

intervals t,,t,,,t,3and t,4 are the same as in equation (7.1) and now the output phase

voltage is changed with the sequence of Min—Max— Mid— Min. The volt-second principle is
now applied to derive the equation for the duty ratio. The volt-second principle equation can

be written as;
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Fig. 7.1. Output and Switching pattern for n™ phase in the Case 1.

T
* . .
Vonly = J.vondt =Min{v4,vp,vc} '(tnl +tn4)+Max{vA,vB,vC}.tn2 +Mid{v 4,vg,vct i3
0
(7.5)
Now once again substituting the time expression from equation (7.1) into equation (7.5), one
obtains:
T .
: Min{v 4, vp,vet —O0.Max{v 4,vp,veot —
vz,, _ 1 Ivondtanz _ V4Vl _ 4Vl +0.Max{v4,vg,vc}—0.Mid{v 4,vg,vc}
T 0 Mid{v 4,vg,vc}+o.Mid{v 4,vg,vc}
+Mid{VA,VB,Vc}
(7.6)
The duty ratio can now be obtained as:
. *
Dy» 6.A+(Mld{vA,vB,vC}—vok) (7.7)

- §.A+(Mid{vA,vB,vC}—Min{vA,vB,vC})
The switching signals for the bi-directional power switching devices can be generated by
considering the switching states of Figs. 7.1 and 7.2. Depending upon the output pattern, the
gating signals are derived. If the output pattern of phase “n” is Max (or Mid, Min), then the
output phase “n” is connected to the input phase whose voltage is Max (or Mid, Min). The
pulse width modulation algorithm can be explained by the block diagram given in Fig. 7.3.

The input voltages are at first examined for their relative magnitudes and the phases with
maximum, medium, and minimum values are determined. The information about their

relative magnitudes are given to the next computation block along with the commanded
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output phase voltages. The computation block either uses equation (7.4) or equation (7.7) to
generate the duty ratios depending upon the relative magnitude of the input voltages. The
duty ratio obtained goes to the PWM block. The PWM block calculates the time sub-interval

using equation (7.1). The gating pattern is then derived accordingly and given to the Matrix

Converter.
H v H :
Max ' ok I
Mid Max-Mid
Carrier Signal .
* Dk2 s A '
Yok ¥ !
¥ § ;
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Min v E
: 1 : E
Sy 0 0 it o
E : 1 :
Sic 0 : 0 0
1 5 5 b
S 0 P 0
¢ ' t vt Vot
> kl > k2 > k3 > k4 =
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Fig. 7.2. Output and Switching pattern for n™ phase in the Case II.
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Fig. 7.3. General Implementation diagram of 3 to k phase Matrix Converter.

7.3 Direct Duty Ratio Based PWM for 3-phase to 5-phase Matrix Converter

A specific case of three-to-five phase Matrix Converter is consodered and DDPWM is
developed. This topology was presented in reference [7.2] where simple carrier based PWM
technique were used and simulation results were obtained. Section (7.3) describes the use of
direct duty ratio PWM for the same topology. The input to the Matrix Converter is three-
phase supply from the grid and the output will be five-phase with varaible voltage and
variable frequency. This type of supply is required for five-phase machine drives. At first the
output pattern is elaborated for one sampling interval. For a particular switching period the
output pattern of phases a,b,c,d & e, are shown in Figs. 7.4 to 7.8, considering only Case 1.
Since Case II is similar to Case I with only minor modification, the output pattern and
subsequently the switching pattern can also be derived; however it will not be shown here.
The switching pattern is direclty related to the output patterns as described in section III and
are thus not shown in the Figures 7.4 to 7.8.

The major advantage of the proposed PWM control is it is modular in nature; hence each
phase of the outputs can be modulated separately to follow their references. Depending upon
how the reference or target output voltages are created, two methods are evolved. One
method is termed as ‘without harmonic injection’ and the other is called ‘with harmonic
injection’. The maximum output voltage reaches half of the input voltage if simple sinusoidal
reference voltages are assumed. It is shown in reference [7.3] that the magnitude of the output

voltages can be enhanced by subtracting the common mode third harmonic of the input phase
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voltages from the input phase voltages. The optimum value of the injected harmonic is
obtained as one fourth of the input maximum magnitude. Thus by adopting the harmonic
injection scheme, the output voltage magnitude reaches 0.75 of the input voltage value.
Further enhancement in the output voltage is achieved by injecting the third harmonic of the
output frequency in the reference output voltage. Thus by injecting one sixth of the
magnitude of the third harmonic, the voltage transfer ratio goes up to 0.866 in the case of a
three-to-three phase Matrix Converter. This is a 15.5% increase compared to the harmonic
injection in the input side voltage only. It is important to note that the value 15.5% is same as
the amount of enhancement of the modulation index in the case of a three-phase voltage
source inverter, which is achieved by harmonic injection when compared to simple carrier-

based scheme.
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Fig. 7.5. Output pattern of Phase ‘b’.
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In the case of multi-phase voltage source inverter, a similar concept of the n” harmonic

injection was proposed in reference [7.4] for enhancement of the modulation index. It was

shown that by injecting #™ harmonic of magnitude M n=—M, sin(l

j/n, where n is the
2n

number of phases, the output voltage increases by1/ cos(l
n

j. A similar approach is thus

used in this thesis to enhance the output voltage magnitude as discussed in the section (7.4).

7.4 Simulation Results for Five-phase Single-motor Drive

Modulation without harmonic injection

Simulation is carried out to study the operation of a three to five-phase Matrix Converter
using the modulation scheme that is elaborated in the section (7.3) known as direct duty ratio
PWM [7.5]. The simulation model is developed in the MATLAB/SIMULINK platform by
using ‘simpowersystem’ block set library.

The output reference voltages are given as:

V:(l \/7ql/ll’l rms Cos(a)ot)

% 2 w
Vob = 5 Vin—rms €OS| @t — 2;
* 2 V4 78
Voc = | =4V in-rms €S| @pf =4 (7.8)
5 5
* 2 T
Vod = \/;C] Vin—rms COS(&)OZ‘ + 4;}

* 2 T
Voe = \/gq Vin—rms cos(a)ot + 2;)

where the factor ¢<=0.5 and Vj,,ns are the input phase voltage RMS value. The
implementation block diagram of the proposed PWM scheme is illustrated in Fig. 7.9.
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Fig. 7.9. DPWM implementation block without harmonic injection.

The output target voltage and the maximum, minimum, and medium of the input are given to

the duty ratio calculation block. The duty ratios thus generated (D, Dy, Dpxs Dyys Doyrx =10r2)

are compared with the high frequency carrier signal. The output pattern is then generated as
per the control law discussed in the previous section. The gate drive signals are then derived
directly from the output voltage pattern. The maximum output voltage is limited to half the
input voltage value (in this case as no common mode voltages are added to the input or
output references). The simulation is done for the whole range of operation of the Matrix
Converter and is tested for wide range of output frequencies. The proposed modulation
scheme and the Matrix Converter topology offer excellent performance with a completely
sinusoidal output and minimal simulation effort. A sample result is presented here for input
frequency of 50 Hz, the output frequency is kept at 25 Hz and the modulation index is kept at
a maximum of 0.5. The switching frequency of the Matrix Converter is kept at 10 kHz and
the simulation step size is fixed at 10 psec. The input voltage magnitude is fixed at 100 V and
a R-L load is connected at the output of the Matrix Converter with R= 10 Q and L = 1 mH.
The modulation code is written using the Embedded MATLAB function. A suitable discrete
filter is designed to be used in the simulation. The resulting waveforms are depicted for input
quantities and output quantities in Figs. 7.10 and 7.11, respectively. Output and input
voltages are also depicted on the same plot in Fig. 7.12 to show the maximum modulation
index. The output voltage shows a 25 Hz signal and the input voltage is 50 Hz with output
being half the magnitude compared to the input voltage.

It is seen from Fig. 7.10a that the input is controlled at unity p.f. and is independent of the

output power factor. The input current spectrum is completely sinusoidal with magnitude
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equal to 4.3 Amp, as seen from Fig. 7.10b and from the locus of the a-f axis input current of
Fig. 7.10c. The total harmonic distortion (THD) in the input current is calculated for up to the
20™ harmonic and is found to be only 3.78%, which is well under the prescribed limit of
IEEE 519-1999 standard.

The output voltage waveform of Fig. 7.11a shows the successful conversion of three-phase
input to the five-phase output voltages. The spectrum of filtered voltage (Fig. 7.11b) clearly
indicates the sinusoidal output with a total harmonic distortion of 1.25%, which is well under
the prescribed limit. The THD is once again calculated for low order harmonics upto 20. The
locus of the transformed currents shows that the current component in x-y axis is minimal and
the entire current remains in the o-f axis (Figs. 7.11c and 7.11d). This shows the
effectiveness of the modulation technique since it is successfully eliminating the unwanted x-

y components.

Modulation with harmonic injection

The output voltage is limited to half of the input voltage. Thus this section develops a scheme
to enhance the output voltage magnitude by injecting common mode third and fifth harmonic
into the output voltage references. Third harmonic corresponds to the input voltage frequency

while the fifth harmonic voltages correspond to the output voltage reference frequency. The

J6

optimum amount of third harmonic and fifth harmonic are obtained as EVm_rmS and

V6

mqVin—rms: respectively. The input voltage magnitude is assumed fixed and the output is

variable, hence the output term is multiplied with the modulation index term ¢, where

0<g<0.7886.
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Fig. 7.12. Input and output voltage waveforms for a 3 to 5-phase Matrix Converter.

It is observed that by injecting only the 3 harmonic, the output voltage becomes 0.75 of the

input voltage. This increase is same as the one achieved in the three to three-phase Matrix

Converter. Now in the case of three to five-phase Matrix Converter, the 3™ harmonic of

output cannot be injected, hence the 5™ harmonic of the output frequency is injected. The

output voltage magnitude thus reaches 0.7886 of the input voltage magnitude by injecting

both 3 and 5™ harmonics. Hence, the overall gain in the output is 5.15%. It is to be noted

here that the same amount of enhancement is achieved by the 5™ harmonic injection in a five-

phase voltage source inverter [7.4]. The output voltage reference is given as:
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The output reference is now the sum of the fundamental and the 3 and 5™ harmonic
components, where the sinusoidal output references ride on a common mode voltage ¢(t),
which is:

#(r)= ¥6

J6
_EVin—rms COS(3a)it)+mqVin—rms COS(Sa)ot) (7-10)

The w;,w, are the input and output frequencies, respectively. The implementation block

diagram of the proposed method of the PWM is shown in Fig. 7.13. The input and output
references, along with their common mode voltages and the relative magnitude of the input
voltages, are fed to the ‘duty ratio calculation' block.

The outputs (D, Dy, Deys Dyyr Doy, x =10r2) are compared with a high frequency carrier signal

to generate the output voltage pattern. The gate signals are then derived directly from the
generated output voltage patterns.

The simulation is carried out for the reference voltage generation using harmonic injection.
The parameters used in the model are: input frequency = 50 Hz; output frequency = 25 Hz;
Load resistance=10 €Q; Load inductance=1 mH; Filter inductance=500 pH; Filter

Capacitance=50 uF; Carrier frequency=10 KHz;V;,_,,., =100 V V. = 100V. The

in-rms
simulation results are provided for the maximum input to output voltage ratio of 78.8%. The
resulting input and output waveforms are illustrated in Figs. 7.14 and 7.15, respectively.
Output and input voltages are also depicted on the same plot shown in Fig. 7.16 to show the

maximum achievable output voltage.
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Fig. 7.13. Modulation Implementation block using harmonic injection.

The unity power factor of the input current is evident from the Fig. 7.14a, and this can be
controlled independently of the load power factor. The input current remains sinusoidal with
magnitude of 10.05 Amp, as seen from Figs. 7.14b and 7.14c. The THD in the input current
is limited to 1.08% and is slightly better than the previous case without harmonic injection in
the target output. The input current is slightly increased when compared to the previous case
due to the higher output voltage of the Matrix Converter and is reflected at the input side as
well.

The output voltage magnitude is increased when compared to output of modulation without
harmonic injection, preserving its sinusoidal nature. The output voltage spectrum is
completely sinusoidal. The locus of the output current remains entirely on the a-f axis and
the x-y components are almost negligible. This proves the effectiveness of the modulation
scheme in eliminating the unwanted low-order harmonics. Once again it is seen that the
proposed Matrix Converter is capable of producing the output of any frequency and

magnitude from zero to 78.86% of the input.

233



0.06

0.04

0.02

(V°A) 21105 pue 93.)[0A 92IN0S

Time (s)

I R
| |
| | <
Fo-t----=d O
ZTZZIZZZIZZZF
ZZIZIZCZZIZZZT
S
S
S
| |
I ~~
| | N
—~~ ! ! 30H
—C-C-t-ZZzZ-Zg =
[ Dl e >
> I m
T b5
S =
| | oy
S S m.lv
| | [
| | o
e P
HHHMHHHTHHU —
—C--L.-----Z3]
— — - —
T I
S
B L A
| |
| | 41
L 1
v o e} Gw
— —

(V) wuexm) ndu] () wnnoadg juarm)

b.

-phase Matrix Converter: a. Input voltage and

Fig. 7.14. Input side waveforms of 3 to 5

c. Input phase current locus.

9

current, b. Spectrum input current

234



0.04

0.02 0.03

Time (s)

0.01

(A) 93304 paroyy ndinp

-10(}0

(A) 95ey0A S&:O (A) wnnoads o3e)jop

Frequency (Hz)

100

b.

100

V)

v
a0

235



| | |
| | |
e s feonooes beeeey
| | |
R LR SRR
| | |
N
= | | |
& o «
ES | | |
> | | |
200 - - e e T
| | |
D R L [
| | |
I S b [
| | |
| | |
_ | | |
80 -50 0 50
VXO(V)

100

50

-100

Output voltage and filtered current phase 'a' (V, A)
o

Time(s)

e.
Fig. 7.15. Output waveforms of 3 to 5-phase Matrix Converter: a. Five-phase output filtered

voltages, b. Spectrum output voltage, c. locus of a-f axis output voltage, d. locus of x-y axis
output voltage and e. Phase ‘a’ voltage and current.

100

Ou‘ltpu'i/voltag% Inl‘)ut voltage

500 f- /AN

-50

Input and output voltage (V)
o
|
|
|
|
|
|
|
|
|
|
|
|

-10% 0.01 0.02 0.03 0.04
Time (s)
Fig. 7.16. Input and output voltage waveforms for a 3 to 5-phase Matrix Converter with

harmonic injection.

236



7.4 DDPWM of three-to-fivephase Matrix Converters for five-phase two-motor drive

The direct duty ratio based PWM (DDPWM) technique for multi-phase Matrix Converter is
elaborated in the Section 7.2 that is applicable to single-motor drive system (produces one
fundamental frequency component, that can control one machine/load). For controlling two
machines supplied by only one Matrix Converter, the output of the Matrix Converter should
contain two fundamental frequencies.

As discussed in Section 7.2, two different cases can arise in time period 7> depending upon
the relative magnitude of the input voltages. If (Max-Mid) > (Med-Min), the output should
follow Max for a certain time period and then follow Med for ascertain time period. This
situation is termed as Case . Similarly, if (Max-Med) < (Med-Min), the output should follow
at first Med of the input signal and then Min of the input signal; this is termed as Case II.
Thus the DDPWM approach uses two out of the three line-to-line input voltages to synthesise
output voltages, and all the three input phases are utilized to conduct current during each

switching period.

The duty ratio obtained for case I is:

Max{VA,vB,vC}—v:k

Dy = (7.11)
A+5(Med{v 4,vg,vey —Min{v 4,vg,ve})
where A = (Max{vA,vB,vc} _Med{VAﬁvB’vC})
The duty ratio obtained for case II is:
Dy §.A+(Med{vA,vB,vc}—Vok) (7.12)

B 5.A+(Med{vA,vB,vC} —Min{vA,vB,vC})

Depending upon the output pattern, the gating signals are derived. If the output pattern of
phase “k” is Max (or Med, Min), then the output phase “k” is connected to the input phase

whose voltage is Max (or Med, Min). The only difference between single-motor drive and

. . . *
two-motor drive is the generation of reference output voltage v,;. The output voltage

reference in case of two-motor drive is the sum of the individual five-phase voltage
references corresponding to the operating conditions of the two motors and summed

according to the phase transposition rule as discussed in Chapter 3.
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The PWM algorithm can be explained by the block diagram given in Fig. 7.17.

The input voltages are at first examined for their relative magnitudes and the phases with
maximum, medium, and minimum values are determined. The information about their
relative magnitudes are given in the next computation block along with the commanded
output phase voltages. The computation block generate the duty ratios depending upon the
relative magnitude of the input voltages. The duty ratio obtained goes to the PWM block. The
PWM block calculates the time sub-interval using equation (7.1). The gating pattern is then

derived accordingly and given to the Matrix Converter.

PWM

[, | Add as per
Transpose
Rule

Fig. 7.17 General Implementation diagram of 3 to Sphase Matrix Converter.

In the case of multi-phase voltage source inverter, a concept of the n™ harmonic injection was

proposed in reference [7.4] for enhancement of the modulation index. It was shown that by

injecting n™ harmonic of magnitude M, = -M, sin(zl] / n, where n is the number of phases,
n

T

the output voltage increases by1/ cos( J A similar approach is thus used in this thesis to

n

enhance the output voltage magnitude. Overall block schematic of the PWM for two-motor

drive system is presented in Fig. 7.18.

238



3-phase Input

Gate

Modulating
Ref-1 | Signal
I?id Ml Generat Sinhase
Per g Duty ra Output
Transpose ation

Rule
Ref-2 | - f
Synchronizing Input
voltage signal

Fig. 7.18. General Block diagram of PWM for two frequency output.

It is observed that by injecting only 3™ harmonic the output becomes 0.75 of the input. Now
in case of three to five-phase Matrix Converter, 3 harmonic of output cannot be injected
hence 5™ harmonic of the output frequency is injected. For two frequency output, the
injection for both input and output frequency should be proportionally distributed among the
two output frequencies term according to v/f control scheme. The output voltage magnitude
reaches 0.7886 of the input voltage magnitude by injecting both 3 and 5™ harmonic. Thus
the overall gain in the output is 5.15% similar to that of in the reference [7.3]. It is to be noted
here that the same amount of enhancement is achieved by 5™ harmonic injection in a five-

phase voltage source inverter. The output voltage reference for the two frequency output is

give as:
a2 L omsc0(00)- 40 2 5 Vi s cos2040)-(0
o 20 27 ) 404 (2 {24022
E P e VAN EXCA M O B
V:d = \E% Vinerms cos(a)ot + 4%) ~ i (t)+ \/%(2 : q)Vm_rms cos(2 *w,t + 4%) — b (2)
v:e = \/%%Vin—rms cos(a)ot + 2%) ~(t)+ %( 2 : quin—rms COS(Z *w,t + 2%) ~(t)

(7.13)
The sinusoidal output references ride on a common mode voltage ¢,(¢) and ¢,(¢), which are:

Yy sin(6mf;t) - K\/Es .q.V.

h(t) = - 5 Vo-rms- <-rms- SIN(10mf,t)
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cos(5%2*w, 1) (7.14)

V6 J6 (2x
) (t) = Z Vin—rms COS(3a)it)+ m[ 3 9 jVinrms

The first term of equation (7.14) is related to the input side and the second term is for the

output side.

7.5 Simulation Results for Two-motor drive system

MATLAB/SIMULINK model is developed for the proposed Matrix Converter control. The
input voltage is fixed at 100 V to show the exact gain at the output side. The switching
frequency of the devices is kept at 10 kHz., Load resistance = 4 Q; Load inductance =1 mH;
Filter inductance = 500 pH; Filter Capacitance = 50 pF.

The input is three phase ac source and the output is five phase. The output is a combination of
two frequencies controlled by the direct duty ratio PWM scheme. The output loads are
connected in series with phase transposition so that the d-q and x-y components of the output
five phases can be utilized. DDPWM scheme needs the reference values of input three phases
and output five phases. Time is given as the third input for the direct duty ratio PWM block
sub system.

The purpose here is to show two decoupled fundamental components of voltages produced by
the Matrix Converter. The load to the Matrix Converter can be two series/parallel-connected
five-phase machines. These voltage components produced by the Matrix Converter are
decoupled from each other and thus can independently control the two machines. The results
shown here is only limited to the production of the appropriate voltage components. The
motor behaviour is not discussed in this thesis. It is assumed that one voltage component has
frequency of 25 Hz (750 rpm of the motor) and second voltage component has 50 Hz (1500
rpm of the motor). To respect the v/f'= constant control the voltage magnitude of the lower
frequency component is half compared to the higher frequency component. Simulation results
are shown for the modulation with common mode voltage addition in the output target
voltage to obtain the maximum possible voltage at the output of the Matrix Converter. Thus
the maximum output of the Matrix Converter is limited to 78.8 V as the input is 100 V. Two
voltage references are generated corresponding to the two operating speeds of the motors (25
Hz and 50 Hz in this case) and are added as per the transposition rule. The voltage references
thus generated are the modulating signals. The duty ratios are then calculated and used further
to generate the switching signals for the bi-directional power switches of the Matrix

Converter.
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The resulting waveforms are presented in Figs. 7.19 to 7.21. The input source side (at the
three-phase supply) and converter side (Matrix Converter input side after the filter)
waveforms are presented in Fig. 7.19. The results clearly show unity power factor at the input
side. The converter side current shows PWM signals while the source side currents are
sinusoidal. Thus the input filter design is satisfactory to eliminate the switching harmonics
from the PWM signals. The lower-order harmonics are not present in the converter side or
source side currents. This is the special feature of the Matrix Converter as the input currents

from the source are sinusoidal.
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Fig. 7.19. The input side waveforms; a. source side voltage and current for phase ‘a’, b.
source side three-phase currents, c. converter side three-phase currents.

The output side waveforms are depicted in Fig. 7.20a and the spectrums are shown in Fig.
7.20b. Two system of line voltages exist in a five-phase system adjacent line voltages (Vp,
Vbe, Vad, Vae) and non-adjacent voltages (Vae, Viod, Vee, Vdb). One phase voltage, V,, one
adjacent line voltage, V4, and one non-adjacent line voltage V,. are depicted in Fig. 7.20a.
The filtered five-phase voltages are presented in Fig. 7.20b, that shows the combination of
fundamental and its second harmonic voltages. The output inverter currents are presented in

Fig. 7.20c that also shows two components.
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Output Inverter Current [A]
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Fig. 7.20. The output side waveform; a. Phase, adjacent and non-adjacent voltages, b. filtered
output phase voltages, c. five-phase inverter currents.

The output filtered phase voltage of the Matrix Converter is transformed in the stationary

reference frame into two orthogonal components namely 7,, and Vy, and are shown in Fig.
7.21. The V,; components control one machine which operates at 25 Hz and the other
components Vy, control the other machine that operate at 50 Hz. The peak voltage of the v,

component is half that of the V;, component as the frequency of operation is half and thus v/f

= constant principle is maintained. It is evident that both the componens of voltages are

independent and sinuosoidal.
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Time [s]

b.
Fig. 7.21. The transformed voltage of the output phase voltages: a. and b. V.

The FFT analyis is further carried out for the phase voltage and the transformed voltages to
prove the decoupled components of the voltages. The resulting time domain and frequency
domain voltages are depicted in Fig. 7.22. The phase ‘a’ voltage shows two component of
voltages at the fundamental frequencies of 25 Hz and 50 Hz. The 25 Hz component is taken
as the first fundamental voltage and has 100% magnitude of 25.9 V, while the 50 Hz
component shows the magnitude of 200% i.e. 25.9 x 2 = 51.8 V. The sum of these two
voltages are (51.8 + 25.9 = 77.7 V) which is slighlty smaller than the therotecial value of 78.7
V and this is due to the numerical error in the computation and the sampling time of the
simulation model. The transformed voltage are further shown in Figs. 7.22b and 7.22¢ and
these two components shows peaks at 25 Hz and 50 Hz. Hence, it is evident that the two
components are independent of each other and will subsequently control the two machines
independently. Thus the proposed PWM control of the Matrix Converter succefully produces

two independent voltage components.
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Fig. 7.22. Time domain and frequency domain waveforms: a. Phase ‘a’ voltage, b. voltage

and c. Vi voltage.
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The output side filtered voltages are given in Fig. 7.19 and the spectrum of the output PWM
signal voltages are presented in Fig.7.21. The output filtered phase voltages shows
superimposed fundamental and second harmonic components. The spectrum of phase ‘A’
voltage and the transformed voltage are given in Fig. 7.21. It is clearly evident that the phase
‘A’ voltage contains two fundamental components at 25 Hz and 50 Hz. These voltages are
then decoupled and appear in a-f plane (50 Hz) and x-y plane (25 Hz). Thus the aim of the

control is achieved. Also the magnitude of the two voltages follows v/f'= constant rule.

7.6 Experimental Results

The Matrix Converter is connected to a five-phase R-L load and input voltage of 200 V is
supplied. The output of the Matrix Converter contains two frequency components, one with
50 Hz and one with 25 Hz. One output voltage frequency component is intended to control
one machine and the second frequency component will control the second machine. The
experimental results is intended to show the successful generation of two decoupled
frequency component at the output of the Matrix Converter. The obtained results matches

very closely the simulation results. The experimental results are shown in figs.7.23-7.24

Phase voltage

/

Adjacent line

» voltage Vab

Non-adjacent

i- o g | Iﬂ "ii | K voltage Vac

Fig. 7.23a . Experimental results: tope trace, phase Voltage, middle trace adjacent line
Voltage, and the bottom trace, non-adjacent line Voltage (y-axis: 200V/div, x-axis: 10
msec/div).
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Fig. 7.23b. Experimental results: output currents, (y-axis 4 amp/div, x-axis: 10 msec/div)

7.7

Summary

This chapter present direct duty ratio based PWM for a three-phase to five-phase Matrix
Converter supplying series-connected/parallel-connected five-phase two-motor drive system.
The presented PWM is different from carrier-based and space vector methods. The presented
scheme is modular in nature and can be applied to any number of output phases of Matrix
Converter. The output limit is same as that of obtainable using carrier-based and space vector
PWMs. However, the simplicity of approach is the major attraction of direct duty ratio based
PWM methods.
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Chapter 8
Conclusions and Future Work

8.1 Conclusions

Research on variable speed multi-phase motor drive systems has seen a significant growth in
recent years. The main driving force behind the accelerated research input is the advent of
cheap and reliable semiconductor power switching devices and fast and efficient Digital
Signal Processors/Field programmable gate arrays/Microcontroller/Embedded controllers etc.
Thus more complex control algorithm can be implemented in real time more efficiently. The
development in power electronic converter technology has also enabled the number of phases
to be considered as an additional design parameter. Multi-phase (more than three phases)
machines offer some major advantages over three-phase ones, such as reduced torque
pulsation and pulsation at higher frequency, higher fault tolerance, lower per-phase power
handling requirements, enhanced modularity, lower DC link harmonics and improved noise
characteristics. In spite, notable advantages of multi-phase machines, ‘off the shelf
availability’ of three-phase machines still limits the application of multi-phase machine to
specialized applications, for which three-phase drives are either not readily available or do
not satisfy the specification. One of the important application areas due to the high fault
tolerance of multi-phase drives, is in aerospace, predominantly in conjunction with multi-
phase Permanent Magnet machines. Applications of multi-phase machines in electric and
hybrid electric vehicles for propulsion and power steering are also feasible. Ship propulsion is
considered as one of the main areas of application formulation-phase drives. Multi-phase
Wind turbine generators are also considered for remote offshore applications especially using
six-phase configuration. The multi-phase output generated by wind generator is rectified to

DC and the power is transferred to shore using HVDC.

Multi-motor drive system (series-connected/parallel-connected) supplied by a single power
converter is an attractive features of multi-phase system. Stator windings of two or more
machines (depending upon the number of phases) can be connected in series/parallel and
supplied by one variable voltage and variable frequency source and controlled using field

oriented control principle, can independently control the machines. The major advantage of

248




this drive configuration is the saving in the number of converter legs. The major application
areas for multi-motor drive system could be in ship propulsion (main propeller and auxiliary
functions), mining (due to space restriction), winder application (two machines runs to wind

and unwind finished product) etc.

The multi-phase multi-motor drive system is readily supplied by current controlled pulse
width modulated inverters. In this thesis, alternative power supply solution is explored and a

direct Matrix Converter is considered.

This thesis is thus aimed at development of modeling and control algorithms for multi-phase
direct Matrix Converter. The Matrix Converter topology investigated in this thesis has three-
phase input and multi-phase output. The most common power converter supplying a multi-
phase motor drive for variable speed applications is a voltage source inverter. However, the
major drawback of a voltage source inverter is the presence of bulky DC link capacitors.
Further, the quality of source side current (utility grid side) in terms of high total harmonic
distortion is poor, due to presence of diode based rectifier at the front end. Moreover, the
power factor at the source side in not controllable. The alternative to this topology is voltage
source inverter with active front end rectifier, also called back-to-back converter. This
topology offers controllable source side power factor, bi-directional power flow and
sinusoidal source side (utility grid side) current. However, the DC link capacitor is
unavoidable which add to the cost and volume. An alternative topology is a Matrix

Converter.

In a general case, a Matrix Converter can be viewed as an array of nxk bi-directional power
semiconductor switches that are able to transform n-phase input voltages into k-phase output
voltages of variable magnitude, phase and frequency. The circuit configuration, typically has
no energy storage element and eliminate the need of a DC-link circuit. The input side of the
Matrix Converter is considered as voltage fed, while the output is a current fed system. For
this reason a capacitive filter on the input and an inductive one on the output are necessary.
The size of the filter is significantly lower in comparison to the equivalent voltage source

inverter.

Since space vector approach offers more generic method of modeling, it is adopted in the
thesis for modeling a five-phase, six-phase and a seven-phase direct Matrix Converter. This is
followed by development of various control algorithms. For the considered 3-phase (input) to

k-phase (output) configuration, the theoretical number of switching states amounts to 2°*, out
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of which some are not useful for implementing modulation algorithms. Considering the
nature of the two sides of the converter, the constraints are that two phases of the input should
never be short circuited and the output current should not be interrupted. As a result, exactly
one switch should conduct in each output phase in every instant. This makes the number of
usable switching states 3%, The complete set of switching states and usable vectors are given

in the thesis.

In case of a voltage source inverter, the output voltage level is fixed such as 2-level, 3-level
etc. However, in case of a Matrix Converter, the number of output voltage level can be of any
value by using any of the values of the voltages of the input 3 phases. The result is a complex
switching logic in a Matrix Converter, however, the availability of desired voltage level at the
output side is a significant advantage of a Matrix Converter. The basic operating principle of
a Matrix Converter, is to piece together an output voltage waveform with the desired
fundamental component from selected segments of the input voltage waveforms. For safe
operation of a Matrix Converter, an adequate clamping circuit is usually added to it that allow
output current free-wheeling path. This clamping circuit usually incorporates a capacitance

which is significantly smaller than the one used in counterpart Voltage Source Inverters.

The multi-phase Matrix Converters (multi-phase refers to three-phase input and more than
three-phase output) use the same bi-directional power semiconductor switching device and
apply the same switching strategies as in the three-phase case. Multi-phase Matrix Converters
represent a significant challenge when developing suitable modulation methods. This
challenge is even more pronounced than in the case of the multi-phase VSIs, due to the

higher number of possible switching states in Matrix Converters.
The modulation strategies considered in this thesis are;

e C(Carrier-based PWM, and
e Direct-duty ration based PWM

Carrier-based modulation methods, have been used for three-to-five, three-to-six and three-
to-seven phase topologies in. The duty ratios obtained using analytical method represent
sinusoidal functions, similar to the coefficients of a rotational transformation to the
synchronous reference frame, allowing the resulting voltage to be independent of the three-
phase supply frequency. This is a critical requirement of modulation of a Matrix Converter

using carrier-based scheme. The change of the phase shift and magnitudes of these
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coefficients results in the alteration of the phase shift and magnitude of the output voltages.
Thus the carrier-based PWM scheme used to independently control multi-phase multi-motor
drive system (five-phase, six-phase and seven-phase) can effectively control the
series/parallel-connected machines. The source side current is sinusoidal with controllable

power factor.

In direct duty ratio based PWM, duty ratios is calculated for each switch, and is compared to
a carrier signal. It applies to each output phase independently and therefore, can be used to
supply multi-phase loads. The input number of phases is restricted to three, since the
modulation requires identification of the values of the input voltages as the highest, medium
and the lowest. Once again independence of control is achieved for a five-phase
series/parallel-connected two-motor drive system. The source side current is sinusoidal with
unity power factor. The output voltage shows two fundamental frequencies that are used to
control two machines independently. This is a modular approach and can be used for any
number of phases. By changing the slope of carrier the power factor of the source can be

varied.

The voltage transfer ratio between the output voltage to input voltage magnitude for different
phase numbers is obtained as (first column given the number of input phase number which is

3 and the second to 5™ column shows the output phase number);

Input phase/Output phase 3 5 6 7

3 86.6% 78.8% 75% 76.9%

It is observed that the output voltage magnitude reduces as the number of output phases
increases. In case of series/parallel-connected multi-phase multi-motor drive system, this
voltage has to be appropriately distributed among different machines. Since the output of a
Matrix Converter voltage is lower, supplying more than one machine, is difficult and voltage
reserve issue may arise. Either using lower rated voltage machines or using boost in the
Matrix Converter (AC chopper) is seen as possible solution. However, this is not considered
in the thesis. The major aim of the thesis is to investigate the possibility of generating more

than one independent fundamental frequency components and this is successfully achieved.
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8.2 Future Work

The work carried out in thesis is limited to the modelling and control of a five-phase, six-
phase and seven-phase inverter with resistive (R) and resistive and inductive (R-L) load in
open-loop mode. However, there is still a huge scope of further research on this topic. The
motor drive supplied using the developed schemes have not yet been taken up. Hence
performance evaluation of multi-phase motors fed using multi-phase Matrix Converter with

the proposed control algorithms could be a direction of further research.

The multi-phase Matrix Converters provide improvements compared to the three-phase
counterparts. In this respect, converters with multi-phase input or output phase number can be
considered separately. When the number of input phases is higher than the output, the likely
applications would be wind generation interface system. This configuration of Matrix
Converter potentially provides higher resolution in the achievement of the output voltage and
also a higher achievable output voltage. There exists huge scope in further research in this

direction.

However, if the Matrix Converters are considered as multi-level inverters with their DC bus
potentials being variable, such a topology can be considered quite promising. This can also be

taken up in future research.

The effect of input side disturbances in terms of voltage variation, waveform distortion and

change in grid frequency, can be taken up for investigation in future work.

Multi-phase multi-level Matrix Converter can also be investigated and this is a good leading
direction of research. Voltage boost using impedance network at the source side or AC

chopper at the output side could be considered as a potential direction of research.
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