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Master of Science in Electrical and Computer Engineering

The AC-AC matrix converters are pulse-width modulated using either a carrier-
based pulse width modulation (PWM) or space vector modulation techniques. Both
modulation techniques are analyzed for a three phase-to-three phase matrix converter. It
is desirable to be able to synthesize the three-phase voltages with minimum harmonics
and the highest voltage gain possible.

A new methodology for designing an input filter for the matrix converter is
proposed. This approach is based on the Fourier series of the switching signals and
harmonic balance technique. The parameters of the filter are determined based on a
specified maximum allowable source current and input capacitor voltage ripple as well as
the overall system stability.

A complete dynamic modeling and a new approach of steady state analysis for an
AC/AC matrix converter fed induction motor drive are set forth. The dynamic responses
as well as the steady state performance characteristics of the system are studied under
various load conditions while the voltage source operates under a unity power factor.
Similar modeling is also done for a matrix converter feeding a passive RL load.

A new generalized model for stability analysis based on small signal modeling is
proposed for a matrix converter fed induction motor drive system under a constant
Volt/Hertz operation. Different factors which affect the matrix converter stability are
analyzed.

A high performance vector control for a matrix converter fed induction motor
with input power factor control is set forth in this work. Detailed controller designs are
presented after studying the internal and zero dynamics of the overall drive system. The
robustness of the proposed control scheme is verified through computer simulation.

Finally, the actual firing pulses for the bidirectional switches of the matrix
converter are generated using LabVIEW/FPGA on a national instrument NIcRIO chassis.
A computer simulation has been done based on these actual pulses obtained from the
FPGA terminals.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter gives a brief overview on the static AC/AC power frequency
conversion structures and introduces the matrix converter (MC), which is the topic of this
thesis. This thesis focuses on the modulation schemes, input filter design, modelling and
stability analysis of a direct AC/AC three phase to three phase matrix converter feeding a
passive load as well as an induction motor. It also presents vector control of a matrix
converter fed induction motor. The objectives of this work are clearly described. And

finally, the organization of the thesis is presented.

1.2  Overview of Static AC/AC Power Frequency Conversion

The first study of direct AC/AC frequency converters was presented in 1976 by
Gyugyi and Pelly [1]. In a general sense, an AC/AC power frequency conversion is the
processes of transforming AC power of one frequency to AC power of another frequency.
In addition to the capability of providing continuous control of the output frequency
relative to the input frequency the power frequency converter provide a continuous
control of the amplitude of the output voltage. These converters have inherent

bidirectional power flow capability.



The major application of this converter is in variable-speed AC motor drive. Here
the converter generates output voltage with continuously variable frequency and
amplitude from a fixed frequency and amplitude input AC voltage source for the purpose
of controlling the speed of an AC machine. The second application is providing a closely
regulated fixed-frequency output from input source of varying frequency. The third major
application is as reactive power compensator for an AC system. Here the power
frequency converter is used essentially as a continuously variable reactance providing
controllable reactive power for the AC system.

Static power frequency converters can be divided in to two main categories. The
first type is a two stage power converter with an intermediate DC link called indirect
AC/DC/AC power frequency converter. The second type is called a direct AC/AC power
frequency converter. This latter type is a one stage power converter which consists
basically of an array of semiconductor switches connected directly between the input and

output terminals.

1.2.1 Indirect Power Frequency Converter

The most traditional topology for AC/AC power converter is a diode rectifier
based pulse width modulated voltage source inverter (PWM-VSI) which is shown in
Figure 1.1. This consists of two power stages and an intermediate energy storage element.
In the first stage the AC power is converted to uncontrolled DC power by the means of a

diode rectifier circuit. The converted DC power is then stored in DC link capacitor.



Diode Rectifier PWM Inverter

Figure 1.1 Diode rectifier-PWM VSI converter
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Figure 1.2 PWM rectifier-PWM VSI converter
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In the second stage a high frequency switching operated PWM-VSI generates AC signals
with arbitrary amplitude and frequency.

Although this type of AC/AC converter is very cost-effective and reliable, it has
lots of drawbacks. Due to the uncontrolled operations of diode rectifiers, the current
drawn by the rectifier contains a large amount of unwanted harmonics with poor power
factor. The other topology for AC/AC power converter replaces the diode bridge with
PWM rectifier resulting in a back-to-back converter as shown in Figure 1.2. This

converter overcomes the input harmonic problem of the former topology.

1.2.2 Direct AC/AC Converter

The direct AC/AC converter provides a direct connection between the input and
output terminals without an intermediate energy storage element through an array of
semiconductor switches. A direct converter can be identified as three distinct topological
approaches. The first and simplest topology can be used to change the amplitude of an
AC waveform. It is known as an ac controller and functions by simply chopping
symmetric notches out of the input waveform. The second can be utilized if the output
frequency is much lower than the input source frequency. This topology is called a cyclo-
converter, and it approximates the desired output waveform by synthesizing it from
pieces of the input waveform. The last is the matrix converter and it is most versatile
without any limits on the output frequency and amplitude. It replaces the multiple
conversion stages and the intermediate energy storage element by a single power

conversion stage, and uses a matrix of semiconductor bidirectional switches,
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Figure 1.3 Direct three phase-to-three phase matrix converter

There are many advantages presented by the matrix converter compared to the
indirect power frequency converters. The main features of matrix converter are the
following [1-20].

e Unlike naturally commutated cyclo-converters, the output frequency of a
MC can be controlled in wide ranges which can be higher or lower than
the input frequency.

e MC does not have the large energy storage element which results in a
compact power circuit. This makes MC attractive for applications
demanding compact size.

e For the matrix converter, input power factor can be controlled for any
output load. Hence, unity power factor control can be easily realized

¢ It has inherent bidirectional power flow capability
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e MC has a sinusoidal input current and output voltage.
e [t has found utility in high temperature, high vibration and low
volume/weight applications such as aerospace
However, it has the following disadvantages

e Although the absence of the DC link capacitor makes the converter compact, it
decreases the maximum amplitude of the output voltage to be 86.67% of the input
voltage amplitude.

e Relatively large number of semiconductor switches and driver circuits are
required compared to AC/DC/AC converter. The MC requires 18 IGBTs
(Insulated Gate Bipolar Transistor) and 18 fast recovery diodes where as the
indirect converter only require 12 IGBTs and 12 fast recovery diodes. Therefore,

this increases the cost of the converter and affects the overall system reliability.

1.3 Objectives of the Thesis

The major objectives of the thesis are as follows
e To adapt space vector modulation, both direct and indirect space vector
modulations, and carrier based pulse width modulation techniques on a three

phase-to-three phase matrix converter.

e To design an input filter based on the Fourier series analysis of the switching

signals.



e To examine the transient and steady state response of a matrix converter feeding a
passive load as well as induction motor along with the interaction between the

interaction between the input and outputs through this converter.

e To derive a generalized steady state performance analysis which can be used for

unity as well as non-unity input power factor operations.

e To examine the different factors which affect the stability of a matrix converter

fed induction motor drives.

e To develop a control scheme which consists of vector control for a MC fed

induction motor and input unity power factor regulation.

14 Thesis Outline

This thesis is categorized in nine chapters. Chapter 1 presents the overview of an
AC/AC power frequency converter. The different topologies of indirect AC/AC
converters along with the operational principles and features are introduced. The
drawbacks and limitations of these topologies are also included. The matrix converter
topology and operations are presented. Detailed comparisons between the indirect and
direct AC/AC converters are also included. This chapter also gives clear research
objectives of the thesis followed by the organization of the thesis. Then, reviews of

previous work for the matrix converter are addressed in chapter 2.



In chapter 3, both space vector and carrier based pulse width modulation
techniques for the most known three phase-to-three phase matrix converter are derived
and presented in detail. The space vector modulation techniques are analyzed into two
categories, direct and indirect space vector approaches. The generation of the actual
switching pulses from the modulation signals are demonstrated.

Design of an input filter for a matrix converter system are presented in chapter 4
along with complete step by step derivation for Fourier representation of switching
signals of the MC. The methods used in this thesis are based on the maximum allowable
source current and input capacitor voltage ripple as well as the stability of the overall
system.

Chapter 5 presents the complete dynamic modelling of MC fed induction motor
and a MC connected to a linear RL load. Simulations are done in both cases to examine
the transient and steady state response of the overall system. Generalized steady state
formulations are also presented considering both cases which helps to analyze the system
operating in both unity and non-unity input power factor operations. This chapter also
includes the computer simulation results of dynamic and steady state performance
characteristics and it also provides comparisons between these two results.

In chapter 6, a new generalized model for stability analysis for a MC fed
induction motor based on small signal modeling is proposed. This approach considers the
analysis when the drive system operates at unity as well as non-unity input power factor
at the source side. With the help of this model, different factors which affect the matrix
converter stability are analyzed including stator and rotor resistance variation due to

motor heating and the impact of non-zero reactive power at the source side. Computer
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simulations are carried out to verify theoretical analysis on stability as well as on the
steady state performance characteristics.

A high performance vector control of matrix converter fed induction motor is
presented in chapter 7. In this chapter, an indirect rotor field oriented control (FOC) is
developed along with unity power factor control in the source side. The chapter also
includes a thorough controller designs and non-linear feedback linearization techniques
as the overall system is nonlinear. A proposed control scheme is verified using computer
simulation. Results are also included which verify the controllers’ robustness.

Chapter 8 gives a brief overview on the progress in the experimental results is
presented. The actual nine switching signals are generated with an NI instruments
compact RIO in a LabVIEW FPGA environment. The validity of these signals is proved
using a computer simulation.

Finally, the concluding remarks and summary of the work is presented in chapter
9. Moreover, the contributions of this research work and future suggestions are included

in this chapter.



CHAPTER 2

LITERATURE REVIEW

A survey of literature reviews related to this thesis is presented in this chapter. The
chapter consists of four sections. In the section 2.1, the different modulation strategies for
matrix converter are reviewed. Section 2.2 discusses a survey of input filter design
techniques developed for this converter. The works done related to the stability of a
matrix converter system are presented in section 2.3. Finally in section 2.4, existing

control methods for the matrix converter are described.

2.1 Modulation Strategies

It is very important to study the modulation strategies of a matrix converter because
the actual firing pulses of the nine bidirectional switches are generated through these
appropriate modulation signals [75,81]. Modulation methods of matrix converter are
complex and are generally classified in two different groups, the carrier-based (duty-
cycle) modulation and the space-vector modulation (SVM). A first solution has been
proposed in [2] obtained by using the duty-cycle approach. This strategy allows the
control of the output voltages magnitude and frequency and input power factor. The
maximum voltage transfer ratio of this modulation scheme is limited to 0.5. A solution
which improves maximum voltage transfer ratio to 0.866 has been presented in [3] by

including a third harmonics of the input and output voltage waveforms into the
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modulation signals. As demonstrated in [4], the inclusion of only input third harmonics
improves the maximum ratio to 0.75 and further inclusion of output third harmonic lead
to the maximum possible voltage ratio. It is necessary to note that this value is a
theoretical maximum voltage transfer ratio of a three phase-to-three phase matrix
converter under balanced input and output voltages under unity power factor at the input
of the matrix converter. This output voltage-to-input voltage transfer ratio is greatly
decreased when the converter operates at non-unity power factor. However, the
improvement in the range of operation of a matrix converter under non-unity power
factor is presented in [67]. These duty cycle approaches in matrix converter are further
investigated for voltage source and current source converters [5].

The second type of modulation technique is Space Vector Modulation (SVM)
which can be further categorized into direct and indirect SVM. The indirect SVM
approach, which is first implemented in [6], introduces an imaginary dc link which
fictitiously divides the matrix converter into a rectifier and an inverter stages. A
generalized PWM technique based on indirect SVM is implemented in [27] which
permits independent control of the input current and output voltage and the detailed
techniques of implementation is presented in [28]. However, the direct SVM compresses
the modulation process since it does not need imaginary dc link. Besides, direct SVM
gives the maximum possible voltage transfer ratio with the addition of the third-harmonic
components which is first implemented in [7]. A general and complete solution to the
problem of the modulation strategy of three phase-to-three phase matrix converters is
presented in [26]. In [29], performance evaluations of these modulation schemes along

with a loss reduced space vector approach are presented.
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Recently, a new modulation strategy that improves the control range of the matrix
converter is presented in [21]. This strategy can be used to improve the performance of
the matrix converter to compensate the reactive power of the input filter capacitor
whenever is needed, or just to increase the voltage margin of an electric drive.

A space vector modulation strategy for matrix converter has been modified for
abnormal input-voltage conditions, in terms of unbalance, non-sinusoid, and surge. As
presented in [83], this modified modulation strategy can eliminate the influence of the
abnormal input voltages on output side without an additional control circuit, and three-
phase sinusoidal symmetrical voltages or currents can be obtained under normal and

abnormal input-voltage conditions.

In [84], a general form of the modulation functions for matrix converters is
derived using geometric transformation approach. This paper considers a matrix
converter as generalized three-level inverters to apply the double-carrier-based dipolar

modulation technique of the three-level inverter to the matrix converter.

2.2 Input Filter Design

The input filter in matrix convert is needed to mitigate undesired harmonic
components from injecting into the AC main line [48-56]. These undesired harmonics are
generated due to the high frequency switching of the matrix converter. On the other hand,
this filter smoothen the input current and input capacitor voltage ripples to meet the

electro-magnet interference (EMI) requirements [51]. A single stage LC filter is the most
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commonly used filter topology since it is simple, low cost and reduced size as compared
to multi-stage and integrated filter topologies. However, the multi-stage topology
provides a better harmonic attenuation at the switching frequency [54]. The input filter
has to be designed to meet the following requirements [48-52]:

e The cut-off frequency of the filter should be lower than the switching
frequency and higher than the fundamental frequency of the input AC
source.

e The input power factor should be kept maximum for a given minimum
output power.

¢ The lowest volume and/or weight of capacitor and chokes is used.

¢ The voltage drop in the inductor should be minimum.

e The filter parameters should disturb the overall system stability.

The procedure to specify the value of the filter capacitor and inductor is presented
in detail in [50-51]. The existence of the filter circuit dominantly induces capacitive
reactive power in the line resulting in lower input power factor. This effect becomes more
significant at low power operation [51]. Therefore, the maximum value of the capacitor is
first determined based on the minimum power factor requirement at a given minimum
output power operation. The value of the minimum power factor is specified to be 0.8 in
[50-51] and 0.85 in [52] at 10% rated power operation, although there is no standard
value for it. Once the capacitor value is known, the filter inductor is determined based on
the chosen characteristic frequency. In [79], the study of different switching strategies has
been compared in terms of the rms value of the line current ripple and the result can be

used for input filter design.
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This approach gives only the maximum value of capacitor. The lower the capacitance, the
higher the input power factor. However, lower capacitance leads to higher ripple input
voltage and current. Similar to the maximum capacitance specification, it is necessary to
determine the minimum required capacitor value corresponding to the maximum ripple
voltage or current.

Recently, an integrated analytical approach towards filter design for a three phase
matrix converter is reported in [85]. This design method addresses both general filter
design aspects like attenuation, regulation and also MC-specific issues like the damping

resistors at the input filter.

2.3 Stability Analysis of a Matrix Converter System

It is reported that the input filter can be one of the elements which possibly leads
to instability operation in MC system [11]; for this reason several works related to
stability issues are addressed using small signal and large signal modeling [7-12]. In [8],
it has been shown that filtering the input capacitor voltage has an impact on the stability
of the converter. In addition, independent filtering of the angle and the magnitude of this
input voltage has significantly improved the stability as presented in [10]. The stability of
the MC is also influenced by the grid impedance, filter inductances and capacitance and
filter time constants as intensively discussed in [10].

One of the contributions of this thesis is the presentation of a new approach of
stability analysis which does not make any assumptions on the phase angle of the input

capacitor voltage and reference output voltage. In the small signal analysis presented in
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[39-44], the phase angle of the capacitor voltage and reference output voltage are
arbitrarily chosen to be zero which masks the effect of these angles on the stability of the
system. In addition, arbitrarily choosing the phase angle of the capacitor voltage makes it
impossible to operate at unity power factor at the source side. Therefore, it is essential to
investigate the effect of this angle on the stability of the system. This thesis also presents
a generalized steady state and small signal modeling which can be used for both zero and
non-zero reactive power at the source side. As the matrix converter may be used for
reactive power compensation, with the help of this model, the impact of non-zero reactive
power on the overall system stability is also presented. Since stator and rotor resistances
may vary up to 100% and 50%, respectively because of rotor heating [74], this work also
includes the influence of these stator and rotor resistances variation on the system
stability. Although [39] reported that adding a damping resistance across the input filter
inductor increases the power limit of the stable operation, this thesis in particular clearly

shows the effect of this variation in detail.

24 Control of Matrix Converter Drive System

Variable ac drives have been used in the past to perform relatively undemanding
roles [77]. Vector control technique incorporating high performance processors and DSPs
have made possible the application of induction motor and synchronous motor drives for
high performance applications where traditionally only dc drives were applied. Induction
motor drives fed by MC have been developed for the last decades [47]. The matrix

converter drive can theoretically offer better advantages over the traditional voltage
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source inverter based drives. The main advantages that are often cited are the
compactness, the bidirectional power flow capability and the higher current quality [67].

A new and relatively simple sensorless control for induction motor drives fed by
matrix converter using the imaginary power flowing to the motor and the constant air gap
flux is proposed in [47]. This scheme was independent of the parameters and employs a
non linear compensation strategy to improve the performance of the speed control in the
low speed region. In [81], an improvement on the performance of the direct torque
control for matrix converter driven interior permanent magnet synchronous machine
drive was studied in detail. This is realized through the modified hysteresis direct torque
control in [80] and the associated problems with this control are also investigated.

Induction machines are widely used in the industrial drive system due to its various
advantages over other machines as regards to price, size, robustness, etc [62-64, 77].
They are very suitable for constant speed applications; however, the controller algorithms
become more complex when used for variable speed drive [63]. Due to the great
advancement of power electronics and digital signal processing, they also offer a high
performance as well as independent control on torque and flux linkages, which is similar
to that of the DC machine. There are various control schemes available for induction
machine drives like scalar control, direct torque control, vector control and adaptive
control [77].

The scalar control is a simple and robust type of control which only considers the
magnitude variation of the machine variables and ignores the coupling effect that exists
in the machine [63]. The commonly used scalar control is Volt/Hertz control. In this

scheme the ratio of the applied voltage and frequency must be constant to maintain a
16



constant air gap flux. Generally, such control schemes are only implemented for low
performance application.

The vector control is a widely used control approach for high performance induction
machine applications [77]. Unlike scalar control, both amplitude and phase of the AC
excitation are the control variables. Vector control of the voltages and currents results in
the control of the spatial orientation of the electromagnetic fields in the machine, leads to
field orientation. Field orientation control (FOC), consists of controlling the stator current
represented by a vector. The control is based on projections which transform a three
phase time and speed dependent system into a two co-ordinate time invariant system.
This projection leads to a structure similar to that of a dc machine control. However, this
requires information about magnitude and position of rotor flux vector. A vector control
can be further categorized into a direct and indirect FOC, depending on the how the rotor
flux position is determined. If the rotor flux is directly evaluated, the control is called a
direct FOC. In indirect FOC, the stator currents are used to calculate the instantaneous
slip frequency which later be integrated and added to the measured rotor position to give
a better estimation of flux vector position. The indirect FOC can be further classified into
rotor flux, stator flux and air gap flux oriented control. In rotor flux oriented control, the
rotor flux vector is aligned in d-axis of synchronously rotating reference frame.
Therefore, the q axis rotor flux is zero.

In this thesis, the indirect rotor field oriented control for matrix converter fed
induction machine with unity input power factor control is presented to realize the high

performance control of the drive.
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Recently, the most common control and modulation strategies are briefly reviewed in
[75]. The paper used the theoretical complexity, quality of load current, dynamic
response and sampling frequency as a measure of performance of different control
strategies. These control strategies include direct torque control (DTC), predictive current
and torque control. As reported in [75], predictive control is the best alternatives due to
its simplicity and flexibility to include additional aspects in the control. However, the
author finally concluded that it is not possible to establish which method is the best.

In [14], the model based predictive control (MPC) targeted to obtain low-distortion input
currents, controlled power factor and high performance drive even when the source
contains disturbances. Basically it applied to establishrd a method to control the current
of an induction machine. Besides it allows the control of the input current and reactive

power to the system.

Simulation plays a relevant role in the analysis and design of modern power
systems and power electronics converters. A unique method of matrix converter
simulation technique called Switching State Matrix Averaging (SSMA) in presented in
[82]. This technique drastically speeds up the simulation and provides a possibility of
simulating even more complex systems which would not be possible with in a reasonable

time frame in a conventional computer.
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CHAPTER 3

MODULATION TECHNIQUES

3.1 Introduction

This chapter presents the two modulation strategies used for the direct matrix
converter. Complete derivation of the modulation signals for the carrier based modulation
is given in section 3.2. Both direct and indirect space vector approaches are also
presented in this chapter. The improvement in the voltage transfer ration of a matrix
converter using a third harmonic injection is illustrated. A methodology for generation of
the actual firing pulses of the bidirectional switches is demonstrated. Computer
simulation has also be done to verify the theoretical modulation technique and results
demonstrate the generation of the switching signals which synthesize the balanced set of

output three phase voltages.

3.2 Carrier Based Modulation

A typical three phase-to-three phase matrix converter consisting of nine
bidirectional switches is shown in Figure 1.1. The switching function of the bi-directional
switch connecting the input phase i to output phase j is denoted by S;; . The relevant
existence switching function S;; (i = ap, bp, cp, and j = as, bs, cs ) defines the states of

the bi-directional switches.
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When the switch is turned ON the switching function S;; = 1, and when turned OFF,
the switching function S;; = 0. There are two requirements must be fulfilled at any time
during switching [59, 79]. The input voltages of the MC should not be short circuited;
therefore, all three switches connected to an output phase voltage must not be turned ON
at the same time. The second requirement is that there should be always a path for the
output current; in other word, the output line must be connected all the time to a single
input line.

SatS,+S., =1
Sip+S+S.,=1 (3.1
S.ctS,ct+S.=1

The mapping of the input phase voltages and output phase voltages of the converter are

given as:

Ve * V0 =V, Sy ¥V, 8, +V,, 8

ap ™~ aA cp ™~ cA
ViV, =V, S V0,80 +V,, S (3.2)
Vcs‘ + Vpn = Vap SaC + VhpShC + ch SCC

Given the converter three phase input voltages, V,,, Vi, and V,, the expressions for the
switching functions §j; are to be determined with the specification of the desired three
phase output voltages, V,, Vi, and V.. And the V,, is a zero sequence voltage between
the neutral point of input capacitor voltage, p, and output voltage’s neutral point, n.
Equations (3.1) and (3.2) can be written in matrix form as given below.

For two vectors X and Y related by a non-square matrix A as given in (1.4), X can be
expressed in terms of Y by inverting the fat matrix [60] by minimizing the sum of the

squares of all the elements of X.
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Figure 3.1 A schematics of a simplified matrix converter

The inverse of the underdetermined equation can be calculated as follows.

AX =Y (3.4)
X =ATAATY Y (3.5)
5
~ 1S ~ -
Vo Vi)y V, 0 0 0 0 0 0 SbA Vi +V,
cA
o 0 0 V,V,V, 0 00 5 Vi +V,,,
O 0 0 0 0 OV V. V ¢ V. +V
ap bp cp SbB — cs pn (3 ) 3)
I 1 1.0 0 0 0 0 0fg 1
O 0 0 1L 1 1 0 0 0 SCB 1
o 0 0 0 0 0 1 1 1].° 1
L _ ShC L _
A Y
SCC
o2
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The average switching functions are determined as shown in (3.6). It is necessary to note
that V), is the average of V),. This expression is general and applied for both balanced
and unbalanced input voltage.

(i) =k (V 4V, BV, —(V,, +V,, +V, )=k (V,, +V,, +V,, )V, +k, (3.6)

where the k; and k; are defined in (3.7)

1
1 2(V’;’ +Vb§’ +VL127 VYo ~ViVe _chvaﬁ)
2 2 2 (3.7
_ VotV tVe,
2
2V +Vo +Vo =V, V, =V, V. =V.V.)

For balanced three phase input voltages and using trigonometric relations, the averaged
switching signals expressions are simplified as given in (3.8).

Therefore, the modulation signal which is the approximation of the switching signals is

determined.
v, cos(®, t;
V, | =V, | cos(@, i - T”) (3.8)
V. 2
b cos(@,t + ?ﬂ-)

where V, and w, is the peak of input phase voltage and input angular frequency,

respectively.
2 1
k, =—— and k, = — 3.9
Loy 273 (3.9)
my =L 2 3.10
<Sf/ > - Mi/ - g + 3Vp2 (Vjs + Vno) ( . )
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These expressions of modulation signal are the same as the expression given in [8]. These
give a more convenient for practical implementation. In (10), in the absence of the neutral
voltage, the output to input voltage ratio (q) is 50% which has a little drawback in real
applications. The voltage transfer ratio can be improved to 75% by adding a neutral

voltage, third harmonic of the input voltage, on the desired output voltage [4].

Vv

no

\%
=Tpcos(3a)pt) (3.11)

This voltage ratio can further be improved to 86.7%, maximum voltage gain possible for
three phase-to-three phase matrix converter, by injecting an additional third harmonic of
the output voltage which results in an expression neutral voltage expression given in
(3.12). V,

and o, is the magnitude of output phase voltage and output angular frequency,

respectively.

no

4
Vi = —-cos(3@,1) - V6—fcos(3wst) (3.12)

Figure 1.2 demonstrates the effect of adding a neutral voltage improves the voltage
transfer ratio considering input balanced three phase voltage with amplitude of 1pu. The
envelope is determined using the instantaneous maximum and minimum input voltages.
If the output voltage is out of this envelope is known as over modulated. Without neutral
voltage, the output voltage cannot exceed 0.5 pu in the linear modulation region. With the
addition of a third harmonic of an input voltage, as seen in Figure 1.2b the output voltage
can be increased up to 0.75 pu and still inside the envelope. Figure 1.2c shows the
practical maximum voltage transfer limit of 0.87 using the neutral voltage expression

given in (3.12).
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Figure 3.2: Illustration of voltage ratio of a) 50%, (b) 75% and (c) 86.7%

3.2.1 Switching Signal Generations

The actual switching pulses are generated by using the modulation signals obtained

using (3.10) with a high frequency triangular carrier signal.
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Figure 3.3 Generation of switching pulses for phase ‘a’

Generating the three switching signals for a phase ‘j’ output voltage involves two
intermediate signals. Zj, Z; and Z;3; are the signals compared with the triangular carrier
and calculated from the modulation signals using (3.13).

=M,

Z
Z =M, +Mb] (3.13)
Z M +M +M =1

After comparing the above signals with the triangular waveform, three intermediate
pulses Py, Py and P3; are generated. The sum of the three modulation signals which

produce an output phase ‘j’ voltage is 1 the pulse P;3; is always ON.



b 1;if Z,; > Triag
Y o;if Z,; <Triag

0;if Z,, <Triag

1;if Z,; > Triag
P = (3.14)
P3j =1

Finally, the actual switching signals are determined from (3.15) where a a complement

ofis P, .
S, =h;
S, =P,P, (3.15)
Sy =H;b,

Figure 1.3 shows the switching functions S,4, Spa and S.4 generated using the algorithm
explained above. These pulses are used to construct output phase ‘a’ voltage and using

the similar approaches the other six switching signals are found for phase ‘b’ and phase

‘c’ output voltages.

3.3 Space Vector Modulation

3.3.1 Direct Space Vector modulation

The second type of modulation technique is called space vector modulation and it has

the following advantages over the carrier based modulation [12]:
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® maximum voltage transfer ratio without utilizing the third harmonic component
injection method
e accommodate any input power factor independent of the output power factor
e reduce the effective switching frequency in each cycle, and thus the switching
losses
® minimize the input current and output voltage harmonics
The space vector modulation technique is based on instantaneous output voltage and
input current vectors representation. There are 27 possible switching configuration states.
However, only 21 can be usefully employed in space vector algorithm. As seen in Table
3.1, these switching states are classified into three categories:

Group I: All output terminals are connected to a particular input phases. For
example: mode AAA: all output terminals connected to input phase a voltage. These
results in a zero space vectors, hence, they are also called zero switching states.

Group II: Each output terminal is connected to a different input terminal. For
example, mode BAC- phase ‘a’ output connected to phase ‘b’ input voltage, phase ‘b’
output with phase ‘a’ input and phase ‘c’ output with phase ‘c’ input. As observed in
Table 1.1, these space vectors have constant amplitudes and rotate at the input frequency.
Therefore, these modes cannot be used to synthesize the reference vectors.

Group III: this group consists of 18 switching configurations and the two output
terminals are connected to one input terminal, and the third output terminal is connected
to one of the other input terminals. The space vectors have time varying amplitude which

depends up on the instantaneous input line-to-line voltages or output currents.
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Table 3.1 Possible output voltage space vectors

Mode |S,, Sy, Sep|Ves Vis V| Vi Vi vV, a,
— | AAA ]
HE
= p Yibp Vip
Olcccl2 2 2|vy, Ve Vol o0 0 0 -
ABCl 0 I 2|V Vip Vol Ve -IN3Vw| V, wpt
_VACB o 2 1 |Vy Vo V| Vo  1A3Vw | V, -0 pt
“% BAC|1 0 2|Vip Vo Vol Vip 1AV | V, -0pt+22/3
g BCA|1 2 0|V Vo Vol Vi -IA3Ve| Ve  wpt-22/3
CAB|2 0 1\|Vy Vo Vil Vo -IN3Va| V, -0,t-213
CBA|2 I 0|Vep Vip Vool Ve IA3Va, | V,  w,t+27/3
AAB 0 0 1|V Ve Vip|13Vap -IN3Vap |28V — /3
AAC 0 0 2|V Vo Vol|-18Va 1INV |23V — -20/43
ABA L0 I 0|Veyp Vip Vol 18Vayp IN3Vay |23V — -a/3
ABB |0 1 1|V Vip Vip|2/3Vay 0 2/3V vy 0
ACA L0 2 0|V Vo Vaol-13Vep -IN3Vep |23V — 2/3
ACCl 0 2 2|Vip Vo Vol-23Ve 0 2/3V 71'
BAA|l1 0 0|V Vg Val|-23Va, 0 2/3V sy 71'
—=|BAB |1 0 1|V Vo Vi|-1/3Vap -IN3Vary |23V, — 21/3
S| BBA |1 1 0|V Vip Vo |-13Vap 1A3Vary |23V 203
éﬁ BBC |1 1 2|V Vi Vol 18Vep -IA3Vip|2/3Vew — /3
BCB|1 2 1|V Vo Vip| 18V IN3Viy |28V — -n/3
BCC |1 2 2|Vyp Vo Vol 28V 0 2/3V bep 0
CAA|2 0 0|Vyp Vg Vol 28V 0 2/3V eap 0
CAC|2 0 2|Vyp Vg Vol|18Ve 1INV |23V — -n/3
CBB|2 1 1|Vy Vi Vip|-23Vig 2/3V bep 71'
CBC|2 1 2|Vy Vi Vol|-13Vigp -IN3Vig |2/3Vey — 21/3
CCAl2 2 0|Vy Vo Val| 13V -IN3Vep |23V /3
CCB|2 2 1|Vy Vo Vi|-183Vie 1A3Viy, |28V, 2273

The directions of these vectors are stationary and occupy six positions equally

spaced by 60° in qd reference frame. To determine the space vector switching strategy,

consider a balanced sinusoidal input and desired output three phase voltages.
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cos(@, 1)
ap
27
w | =V) COS(a)pf—?) (1.16)
cp 27
cos(@,t + ?)
1% cos(@,1)
vV, |=V|cos(,r —2—3”) (3.17)
Ve 2
cos(w,t + T)

The output voltage space vector V, can be resolved into two g- and d-axes. Vs and Vi

are the g-axis and d-axis components of the output voltage space vector which can be

found using stationary gd transformation.

1 1
V.=V, +jV [ R \‘j
= =+ _-—
s qs JVas Vds 2 0 - ﬁ _3 th
2 2 e

The transformation used is a stationary reference frame. The two axes voltages are used

to determine the magnitude and angle of the output space vector.

cs

1
Vqs = §(2Vas _Vbs -V )

s (3.18)

V3

The magnitude and the angle, o, of the output voltage space vector are calculated for each

de (ch - Vhs )

possible switching state using the expression (3.19).

Vo= Vi +V,)

\%
a, =—tan” [i
|4

qs

] (3.19)
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(3.18) and (3.19) are used to determine the space vector for the output and input current
space vectors for the 27 modes.
In Table 3.1, the switching functions S,,, S, and S, determine how the phase ‘a’,

‘D> and ‘c’ output terminals are mapped with the input terminals, respectively. For
example, when the output phase a voltage is connected to input phase a voltage S,, = 0, if
it is connected to phase ‘b’, S, = I and S,, = 2 when it is connected to phase ¢ input
voltage.
Output Voltage Space Vectors. The output voltage space vectors associated to each
switching state are given in Table 3.1. These space vectors are exemplified considering
three cases, one from each group.

e Mode AAA

In this mode all the output voltage terminals are connected to input phase ‘a’ voltage.
Hence, Suy = Spp = S¢p = 0 and Vs = Vi, = Vi = V,,, The g-axis and d-axis components of

the output voltage space vector are determined as

2 1 1 2 1 1
V, =2V, =V, -V |=2|V, ——V =V _|=0
qs 3( as > bs 9 cs) 3( ap 9 ap 7 apj

1 1

Vds = ﬁ(vcx - Vhs )= ﬁ(vap - Vap )= 0

Then the magnitude and angle of the output voltage space vector becomes zero. All

modes in group I do not produce any output voltage and they are a zero switching states.

_ |y 2 2 _
Vp - Vqs +Vds - 0

o, = tan_l(_vd“ J =0
1%

qs
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e Mode ABC

This mode belongs to group II where each output terminal is connected to different
input voltages. In this particular mode, phase ‘a’ output voltage is connected to phase ‘a’
input voltage, phase ‘b’ with phase ‘b’ and phase ‘c’ with phase ‘c’. Hence the switching
functions S,, = 0, Sp, = 1 and S, = 2 and the output voltages Vs = V), Vs = Vi, and Vi

= V,,. The g-axis and d-axis output voltage space vector are computed as.

2 11 2 o
Vqs Zg(Vas _EVbs _EVcsj zg(vap _E bp —EVCPJ :Vap

1 1 1

Vdv :_( cs _va):_( C _Vb ): __Vbc
g \/3 s s \/g P P \/3 P
The possible input line-to-line voltage, V,, V. and V,, are given as
. 2
Vo, =3V, sin( @1 + =)
Vye =3V, sin(@,1)
. 2
V. =3V, sin(@,1 - 3
The magnitude of all space vectors in this mode is constant and equal to the magnitude of

the input voltage. Unlike other modes, modes in this group II do not have fixed

directions. This direction rotates with the same frequency as that of the input voltage.

[ 2 2 _ 2, 1o
Vs - Vqs +Vds - Vap +§Vbcp _Vp

v j_ﬁvp sin(a)pt)
o = tanl( ds ] = tan”' =t
4 v, cos((opt)
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e Mode AAB

This mode is from the active switching groups where two of the output terminals,
phase ‘a’ and ‘b’ are both connected to phase ‘c’ input terminal. S, = Sy, = 0 and S, = /
the output voltage are related with the input voltages as Vi, = Vi, = V,p and Vi, =V,

The g-axis and d-axis output voltage space vector are determined as
2 1 1 2 1 1 1
Vqs = E(Vas _EVbs _EVcsj = E(Vap _Evap _Evbpj = gvabp

v, ==

"3

1

V3

1
—v, v, )=—%V

\/5 abp

V,-v,)=

Note that the magnitude of the space vector is time-varying with the line-to-line voltage
Var. And the direction of this vector is fixed to 60°. All vectors in this group have fixed
direction and time varying amplitude which takes the instantaneous value of the input

line to line voltage.

2 2
Vp: qu2+vds2 :\/(%Vab) +(_%Vabj zgvabp

1
_ abp
o, = tan™ (V—j =tan"' ‘/_ =tan”' (\/5 ):
qs

Iy
3%

Wiy

The complete derivation of the output voltage space vector for the 27 modes is given in

Appendix L.
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Input current space vectors. The input current space vectors are determined based on
the output three phase currents and output power factor. Table 3.2 shows input current
space vectors for the possible 27 switching modes.

Consider a balanced three phase output current given in (3.20) with an output

power factor of @ ; Where [ is the peak output phase current and w; is the is the angular

frequency of the output current which is the same as the output voltage frequency.

cos(wt—@,)

as 27[
I, |=1 COS(CQJ—?—(DS) (3.20)

cs

2
cos(a,t +? -@,)

The magnitude and the angle, 8, of the input current space vector are also computed

using the stationary gd-transformation followed by expression (3.21).

[ 2 2
Ip = qu +Idp

iy (3.21)
B, :tan_l{ ; dp]

qp

The calculation of input current space vector is exemplified using three modes, each

mode from different groups.
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Table 3.2 Possible input current space vectors

Mode |S,, Sy, S| 1oy 1y, 1o, I, 1, I, B,
=laaalo o o]Jo o o 0 0 0 -
slBBB|1 1 110 0 o o 0 0 .
Olcccl2 2 2f0 o o 0 0 0 -

ABC |0 1 2|1y Iy Io| 1o IA3(Iu-1h) | I ® s 1-9s
_lacB o 2 1|1, Iy Inp| Io  IA3(Ia-Iss) | I - 51405
5 BAC|1 0 2|Iy 1y Io| Iy  IA3(1a-le) | I -ost+ps-22/73
g BCA|1 2 0|Iy Iy Ip| Iy  IN3Uu-les) | I wst-ps+27/3

CAB|2 0 1|1, 1y Iny| 1o  IN3(u-les)| Is  -wst+es-21/3

CBA|2 1 0|1, Iy Io| 1o -IN3(Iu-ls)| Is  wt-ps+27/3

AABlO 0 1|, I, 0] - AN3L | 2A31, S/6

AAC 0 0 2|1y 0 Iy -y IN3Ls | 231 7a/6

ABA [0 1 0|1y I, 0] -y N3 | 2W31 Su/6

ABBl O 1 1|lp Iy O] Ig IN3Lss | 2M314 -1/6

ACAL O 2 0Ly 0 Iyl -Iy IN3Lhs | 2W31 /6

ACC 0 2 2|1, 0 -y,| Iy A3l | 2431, /6

BAA|1 0 0|y Iy 0| -l N3l | 2W31 4 S/6
—|BAB |1 0 1|1y Iy 0] Iy IN3Lys | 2W31 /6
g BBA|[1 1 0|lyp -1y O] Iy IN3Ls | 231 -1/6
g BBC|1 1 2|0 -, I,| O IN3I, | 2A31, /2

BCB|1 2 1|0 -Iy Ip| 0 IN3L, | 2A31 -1/2

Bcc|l1 2 2|0 I, -I,| 0 N3l | 2W31 /2

CAA|2 0 0|y 0 Iyp| -lo IN31 | 2M31 4 /6

CAC|2 0 2|1y 0 -y| Iy IN3Lys | 2A310 /6

CBB|2 1 1|0 -, I,| 0 IN3La | 2W31 4 /2

CBC|2 1 2|0 Iy, -Iyp| 0 IN3LL | 2K314, /2

CCA|l2 2 0|I, 0 -u| Iy N3 | 2A31 /6

CCB|2 2 1|0 1, -I,| 0 AIN3L, | 2M31, /2
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e Mode AAA
Since the output terminals are connected to input phase ‘a’ voltage. Hence, S, = S;, =
Se¢p = 0 and there is no path for the input currents, I, = I, = I, = 0. The g-axis and d-

axis input current space vector are determined as

2 1 1 2
Iql’ ZE(IIIP _Elbﬁ _EICPJ zg(las +Ibs +Ics):0

1, =1

b :ﬁ(lcp _Ibp):()

Similar to the output voltage space vectors, in this zero switching mode the magnitude

and direction of the input current space vector are both zero.

> - 2 2
2 2
I[’: I'ZP +Id[7 :g(las-i-lbx-i_lcs):()

-1
B, = tan_l(—dszo
Ly

e Mode ABC
When S, = 0, Sy, = 1 and S, = 2 implies 1, = I, Iy, = Iy and I, = I, The g-axis and d-

axis input current space vector are determined as

2 1 1 2 1
IQP zg(lap _Elbp _EICPJ :g(las _E(Ibs + Ics)} = Ias

1 1

Idp :E(Icp _Ibp)zﬁ(lcs _Ibs)
The input line-to-line currents can be defines as
. 2z
Iabp = —\/glp s1n( - @, +T)
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Iy, =31, sin(@,t - @,)
) 27
Icap = —\/glp sin( .-, —T)

The magnitude of all input current space vectors in this mode is also constant and equal
to the magnitude of the input voltage. Besides, modes in this group do not have fixed
directions. The direction of the input current rotates with the output current frequency;

therefore, they are not being used in space vector modulation.

2 2 2 1 2
Ip:ﬂqu +Idp :\/Ias +§(1cs_1bs)

1
-, -1,)
_I 3 cs bs
=t -1 dp =t -1 v
p, = tan {I ] an ;

qp as

=0, = @,

e Mode AAB
When S,, = Sy, = 0 and S, = I implies 1, = -1 I, = Is and I, = 0 The g-axis and d-

axis input current space vector are determined as below.

2 1 1 2 1
qu ZE(Iap _Elbp _Elcpjzg(_lcs _EICSJ:_ICS

1,=—(1 -1,)=—"1,

Ip \/5 bp
The magnitude of the input current space vectors in this mode has time-varying
amplitude depending on the instantaneous output phase ‘c’ current. And the direction of

this vector is also fixed 150°. All vectors in this group have fixed direction and time-

varying amplitude which takes the instantaneous output currents.
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2 2 1
IP: I(ZP +Idp Ics +§Ics :Elcs
1
I Tlcs 5
1l = _ T
ﬁp:tan 1( dpjztanl 3 =—
qp ~les 6

The complete derivation of the input current space vector for the possible 27 modes is
given in Appendix II.

Based on Table 3.1 and Table 3.2, the actual space vectors implemented in the
direct space vector modulation techniques are only 21. In other words, only group I and II
are used in the modulation. It can be also seen that the 18 non-zero space vector are
displaced with equal 60° with each other. Three of these vectors lie on the same direction
but they have different magnitudes. For example modes ACA, BAB and BAB produce an
output voltage vectors which all lie at 120° in space and similarly, CCB, BCC and CBC
comprise an input current space vector lying on 90° in space. Moreover, there are always
two space vectors having same magnitude with opposite directions. For example, Modes
AAB and BBA produces pairs of voltage space vector with equal magnitude and placed
on -120° and 60°, respectively. And they also result in a pair of input current space
vectors of equal magnitude placed on 150° and -30°, respectively. As a result these modes

are denoted as -7 and +7 switching states, respectively.
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The output voltage vector and input current space vectors generated by the active
switching modes, group II, and are shown in Figure 3.4 and 3.5. Switching states +1, +2
and +3 have a direction of zero and -1, -2 and -3 switching states lie on 180° as seen in
Figure 3.4. Similarly, Figure 3.5 -60°, 90° and -120° corresponds to the positive switching
states and negative switching states lie on the opposite direction.

The algorithm for space vector modulation basically involves two procedures: the
selections of appropriate switching states and determine the duty cycle of the selected
switching states. To construct desired output voltage and input current simultaneously,
the states are chosen such that they are adjacent to the both output voltage and input
current vectors and they involve the lowest switching transition as possible.

Consider both the desired output voltage and input current lie on sector 1, the
vector V, can be synthesized using two adjust vectors V; and V, as seen in Figure 3.6
corresponds to the upper and the lower adjacent vectors, respectively. V, can be
synthesized using six possible switching configurations (+7, +8, +9) and only four of
them (7, +9) simultaneously allow the modulation of input current direction. Similarly,
there are also six possible configuration to construct v, (1, £2, £3) in which (*1, £3) is
selected since it can also be used to synthesize the input current vector. The four
switching states which gives the lowest switching is found to be (+9, -7, -3, +1).

This technique of determining the switching states used for any possible
combination of output voltage and input current is given in Appendix IV and summarized

in Table 3.4.

38



Table 3.3 Possible switching configuration of a matrix converter

Switching
I
state Mode Vi O P Bp
0u AAA 0 - 0 -
0p BBB 0 - 0 -
0, ccc 0 - 0 -
N AAB | 2/3Vaw, w3 | 2W3I,  5a/6

+9 AAC | 2/3Vep 2073 | 2WN31,  72/6

-4 ABA | 23V, -n/3 | 2W31,  Su/6
+1 ABB | 2/3Vayp 0 2N3le  -ml6
+6 ACA | 2/3Vep  22/3 | 2N31,  71/6
-3 ACC | 2/3V ap ™ 231, w6
-1 BAA | 2/3Vup T 2N31.  Sa/6
+4 BAB | 2/3Vaw, 2n/3 | 2N31,  -a/6
+7 BBA | 2/3Vaw, -2a/3 | 2M31,  -n/6
-8 BBC | 2/3Vy, /3 | 2WN31s a2
-5 BCB | 2/3Vyy — -n/3 | 2A3Ly  -n2
+2 BCC | 2/3Vy, 0 2MN3le w2
+3 CAA | 2/3V 4 0 231, 7a/6
-6 CAC | 2/3Vep  -w/3 | 2A3Ly /6
-2 CBB | 2/3Ve s N3l -mf2
+5 CBC | 2/3Vyy 2773 | 2W31y 72
-9 CCA |2/3Vey w3 | 2W31, /6
+8 CCB | 2/3Vyy 223 | 2W31, 72
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£7+8+9

Figure 3.4 Output voltage space vectors

Figure 3.5 Input current space vector
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Table 3.4 The Selected switching configurations for the possible sector combinations

Sector of output voltage vector
1 2 3 4 5 6
49 -7 -3 +1]-6 +4 49 -7|+3 -1 -6 +4|-9 +7 +3 -1|+6 -4 -9 +7|-3 +1 +6 -4

-8 +9 +2 -3|+5 -6 -8 +9|-2 +3 +5 -6|+8 -9 -2 +3]-5 +6 +8 -9|+2 -3 -5 +6

+7 -8 -1 +2]-4 +5 +7 -8|+1 -2 -4 +5|-7 +8 +1 -2|+4 -5 -7 +8]|-1 +2 +4 -5
+3 -1]+6 -4 -9 +7]-3 +1 +6 -4|+9 -7 -3 +1]-6 +4 49 -7|+3 -1 -6 +4

Vector Sector

+8 -9 -2 +3|-5 +6 +8 -9|+2 -3 -5 +6/-8 +9 +2 -3|+5 -6 -8 +9]|-2 +3 +5 -6

In put Current
NN
O
+
3

-7 +8 +1 -2|+4 -5 -7 +8|-1 +2 +4 -5|47 -8 -1 +2|-4 +5 +7 -8|+1 -2 -4 +5
L Lt &t Ll btz Yl b G Ll & 6 Ll b Yy

=
:
7]

Figure 3.6 Output voltage vector synthesis

Once these four states are determined, a zero switching states are applied to complete the
switching period which provides maximum output to input voltage transfer ratio. The
expressions for the normalized times (duty cycles) can be done by considering the
synthesis of output desired voltage and input current phase angle. Consider the input
current angle lie on sector 5 and the desired output voltage on sector 3. The selected
switching configuration is -5 +6 +8 -9 based on Table 3.4.

In switching state -5, the output voltage and input current space vectors V; and 7,

are found in Table 3.3 as
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2 T 2 27
A R A )
2 T
I, =—1 /Z——
1 \/5 bs 2

And the voltage and current space vectors in mode +6, V> and I, are

2 27
V,=—V ~/—
2 3 cap 3
I,=21, /%7

3
V3 and I3 corresponding with output voltage and input current vectors in switching state

+8 are

2 dr 2 /4
V3 ZEVbCpZ? :_5 bep g
=21 -~

392

The fourth output voltage and input current vectors V, and I, at switching mode -9 are

2 V4
V, ==V,
4 3 cap 3
I, = 21/

Since each adjacent vectors are synthesized from two voltage vectors having the same

directions.
V.=V, +V,
‘/s” =V, +V, (322)
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\ 2

Figure 3.7 Input current vector synthesis

Define the two local angles which are measured from the bisection line of the sectors; a,
the angle of desired voltage measured from the bisection line of the voltage sectors and f;
the angle of input current measured from the bisection line of the current sectors.
Applying sine rule on Figure 3.6 result in one of the relation between duty ratios #; and #,
in terms of the output and input voltages.

Vv, v

S N

. . 27
siIn(—+a SIn(——
(6 5) (3)

2 2 2 . T
—gvcatl +§Vbct2 :—‘/S Sll’l(g+a0) (3.23)

V3

Using the same sine law on the input current vector shown in Figure 3.7, another
relationship between the duty cycles #; and ¢, is obtained as given in 3.24. It is very

interesting to note that the output current magnitude does not show up the equation.
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Therefore, it can be concluded that the duty cycles for each switching configurations does
not depend on the magnitude of the output current rather it depends on the desired output
voltage, input voltage, input current angle and output voltage angle.
2 2
3 3

. T A,
sm(g+,b’i) sm(g—,b’i)

Ihx tl IbstZ

:““Z_@Z

I (3.24)

. T !
sin( ¢ B)
Solving (3.23) and (3.24) simultaneously gives the expression of ¢; as follows

= V., sin(76r +a, )sin(z +5)

V3

2 T 2 V4
=V, sin(—+p,)+ -V, sin(— — p.
3 ca (6 IBZ) 3 bc (6 ﬁl)

t, =

Simplifying the denominator, and define the output voltage transfer ratio g = V/V,,

24 sin(’g +a,) sin(’g +B)

V3 cos(¢)

t1:

Where @ denotes the input power factor angle and using a trigonometric property, the

sine term can be replaced by the cosine and the final expression for #; can be given as

2gcos(a, —Z) cos(f, —73[)
V3 cos(@)

[, =

(3.25)

Substituting back the expression (3.25) into (3.24), the duty cycle ¢, is
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2gcos(a, —;[) cos(f +;[)
= J3cos(@)

(3.26)

Similarly, using the other adjacent voltage vector, the normalized time #; and #4 can easily
be computed. 5 is the duty cycles for the zero switching state and the expressions of these

times are given as

2gcos(a, +;[) cos(f. —;[)

t, = 3.27

‘ J3cos@) G2
2gcos(a, +73z)cos(,5i +;[)

t = 3.28

! J3cos@) 428

to=1—t,—t,—t,—t, (3.29)

3.3.2 Indirect Space Vector modulation

3.3.2.1 Space Vector for Rectifier Stage. This modulation technique applies the well
developed PWM strategies of converters to a matrix converter modulation algorithm. The
objective is still the same as the direct space vector; synthesize the output voltages
vectors from the input voltages and the input current vector from the output currents.
However, the output voltage and input current are controlled independently in indirect

space vector modulation [6].
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Rectifier Inverter

—>
IDC +
SapR ( prR( Sch Sapl prl( Scpl (
V. Vas
a, 2r ~YY_
Top g
Ve * las Vs
b 3 I—b VDC —>
bp [
c Vep .._rvwwis_\./ cs
[® t E
cp cs
£|E—£|j_ SanR SbnR ScnR Sanl San ScnI
p ( -

Figure 3.8 Equivalent circuit for indirect matrix converter

The advantage of this modulation scheme is that it is easier to implement the well
established PWM converters modulation to the matrix converter. Besides, it is potentially
possible to directly implement PWM inverter based controller such as vector control for
induction machine, to the matrix converter [6].

As the matrix converter can equivalently represent as inverter and rectifier stages
spitted by a fiction dc link. As seen in Figure 3.8, both the rectifier and inverter power
stages consist of 6 switches.

The input current can be expressed as the virtual dc link current and the rectifier stage
switching states. Similarly, the virtual DC link voltage is mapped with the input three

phase voltages as given in (3.31).
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Table 3.5: Truth table for rectifier stage

cp

Mode|Vector| OnDevices | I,, Iy, I | Igp Lip I, B, | Voc
I | Is |Sar  Sewx|Inc -Inc 0 |Ipc 1A3Inc |2N3Ipc /6 | V
2. I; |Sgpr Ser|Ipc 0 -Ipc|Ipc -IN3Ipc|2N3Ipc w6 |-V cop
3. I35 |Swr  Sar|Ipc Inc 0 |-Ipc -IN3Ipc|2N31pc 51/6 |-V app
4. I |Swr Sar| 0 Ipc -Ipc| 0 -IN3Ipc|2N3Ipc 2 | Vi
5. Iy |Ser  Sar|-Ipc 0  Ipc |-Ipc IN3Ipc | 2N3Ipc -52/6 | V o
6. Is |Sww Swr| 0 -Inc Ipc| 0 IA3Ipc |2/N3Ipc a2 |-V ey
7- On |Saopr  Sanr| 0 0 0 - - - - i
8. O |Swr Swr| 0 0 0 - - - i i
Z O |Spr Sar| 0 0 0 - - - - i
I ap SapR SanR
— S S |:IDC+:|
bp bpR bnR I (330)
| “ep S cpR S cnR e
v S Var
DC+i| ={ apR bpR ch} Vb (3.31)
_VDC - SanR bnR cnR V ’

To comply with Kirchhoff’s voltage and current laws on the rectifier stage, only one

switch from the three top switches (Sqpr, Sppr and S¢,z) and one from the bottom switches

(Saprs Skpr and S.r) can be turned ON simultaneously. The possible nine switching

combinations in which three of them gives zero input current and the other six gives non-

zero input current as shown in Table 3.5.
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Figure 3.10 Rectifier current space vector

The input currents space vectors can be determined using a stationary gdo

transformation. The complete derivation of the input current space vectors shown in

Table 3.5 is given in Appendix I1I

; -1 _1
I 2 2 )
qu ) . \/5 \/g Ip
o730 "% o | 632
i PR T I
_2 2 2_

Using (3.32), the g- and d- axis components of the input current space vector is given as

2
qu =§(21up _Ibp _Icp)

1 (3.33)
Idp zﬁ(lcp _Ibp)

48



The magnitude and the angle of the input current space vectors can be determined from

(3.34)

_ [;2 2
qup_ qu+1dp

) =—tan1(li ] (3.34)

qdp
qp

Consider the following sector to synthesize the desired input current using the two
adjacent vectors as seen in Figure 3.9. 6y is the angle of desired current measured from
the lower adjust voltage vector and 6, is the angle of desired current measured from the
lower adjust current.

In Figure 3.9, the reference current can be expressed as the sum of the products of the

duty cycles with the respective current space vector.
L,=tl,+1,1, (3.35)

From the sine law,

t1 _ Iref

a " a

= (3.36)
V4 27

sin(——6 sin(—
3 ) 3 )

The duty cycle 7, can be expressed as (3.37) using (3.36) and substituting the value of /,
from Table 3.5.

t =g, sin(% -9,) (3.37)
Where the current modulation index g;as follows

Ire
q, = !

IDC
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Figure 3.9 Diagram for synthesis of the reference current

Similarly, applying sine laws to get a relation for duty cycle 1,

thb _ Iref
= 2 (3.38)

And substituting the value of I, from the Table 3.5

2 .
tl,=—=1,,sin@,)

NE

, =4, 5n6) (3.38)
The rest time will be allocated for the three zero vectors such that,

t, =1-t,—t, (3.39)
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3.3.2.2 Space Vector for Inverter Stage. The output three phase voltages can be written
in terms of the virtual dc voltage and the switching functions. Using the switching state of
the inverter stages, the output voltages are related with the virtual dc voltage as follows.
Table 3.6 gives the complete truth table for this stage.

\% S

as ~ apR anR VDC+
Vbs =S bpR SbnR
V.

S VDC +
cnR

%)

(3.40)

And the mapping between the input virtual dc link current and the output current can be
done using the same switching state transfer matrix.
I[lS
|:IDC+i| — |:SapR prR Schi| I
IDC+ SanR SbnR ScnR " (3'41)

1

To make the analysis more convenient the output voltages can be expressed by using only

the top devices as given in (3.42).

as

\%
Vs Z%C(zSapl _Shp[ _Scp[)

<

s apl

vV, = gc (-s,, +25,,-5.,) (3.42)

\%
V= 13)C (_ Sapl _prl +25€p1)

Using stationary reference frame transformation, the g-axis and d-axis output voltage

vectors are expressed as:

Vv
V z%(ZSapl _Shpl _Scpl)

qs

1
de = _3 (ch - Vbx ) (343)
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The expressions for the magnitude and angle of the voltage space vector for the inverter

stage are given as:

Table 3.6 Truth table of inverter

Mode| Vector [S.pr Sppr Scpi]  Vas Vis Vs Vs Vs Vs o Ipc
1. 0v; 0 0 O 0 0 0 - - - - -
2. V4 0 0 1 |-13Vpe -1/3Vpe 2/3Vpe |-1/3Vpe IAN3Vpe |2/3Vpe -27/3 Ics
3. V2 0 1 0 |-13Vpe 2/3Vpe -173Vpe|-1/3Vpe -IN3Vpe|2/3Vpe 2x/3 Ips
4. V3 0 1 1 |-2/3Vpc 1/3Vpc 1/3Vpe |-2/3Vpc 0 23Vpc w  -lgs
5. Ve 1 0 0 |2/3Vpc -1/3Vpc -1/3Vpc| 2/3Vbpe 0 2/3Vpc O Has
6. Vs 1 0 1 |13Vpe -2/3Vpe 13Vpe | 1/3Vpe IN3Vpe |2/3Vpe -n/3 Ips
7. Vi 1 1 0 | 13Vpe 1/3Vpe -2/3Vope| 1/3Vpe -IAN3Vpe|2/3Vpe /3 Ies
8. 0 1 1 1 0 0 0 - - - - -

V, = V2+V,;
@ =tan™ ( —Va } (3.44)
gs

As shown in Figure 3.12, the desired output voltage is synthesized using the same space
vector modulation used in voltage source converter. 6, is the angle of desired voltage
measured from the lower adjust voltage vector and

Since the reference output voltage are produced using the adjacent two vectors, it can be

expressed as the sum of the duty cycles multiplied by the respective voltage vector.

Vref

=tV +t,V, (3.45)
Using sine law,

tV Ve

C C

T . r
in(——6 in(—
s1n(3 ) sin( 3 )
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Figure 3.11 Inverter voltage space vector

v, Vy

Figure 3.12 Diagram for synthesis of the reference voltage

Substituting the value of V,

2 Vref . T 2 Vref . T Vref . T

. =— sin(—-6,) =— sin(— — 6, =\/§—sm——6’

c \/gv[ (3 V) \/gzv (3 V) VDC (3 V)
DC

3
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Vref

Define a voltage modulation index g, as g, =

VDC
2

V.= EVDC
The duty cycle ¢, can be expressed as

t. =3q, sin(%— 9,) (3.46)
Similarly,

tdvd — u ref
sin(6, )

. 2T
sin(——
( 3 )
And the duty cycle to the other adjacent voltage is given in (3.47)
t, =~3q, sin(8,) (3.47)

The rest time is allocated for the two zero vectors

ty, =1—t,—t, (3.48)

3.3.2.3 Indirect Space Vector for Matrix Converter. Using two space vectors derived
in the previous sections, the matrix converter output voltage space vectors can be
obtained using the inverter stage space vectors. And the input current space vector of the
matrix converter is synthesized employed using the rectifier power stage space vectors.
The four normalized times for the entire matrix converter is computed using the

product of the duty cycles of rectifier and inverter stages.
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t,=t,t, = \/gqvq, sin( @, )sin(4,)

. . T
Ly =11, = \/ngQI sin( 6y ) Sln(?‘ 6,)
. T .
t, =t,t, = \/gqvq, s1n(§— 6,)sin(6,)
t,=tt, = \/gqvq, sin(% -6,) sin(%— 0,)
Applying power balance equations in the rectifier stage

P outCSR — PinCSR

The output power of the rectifier is

P

uicsk = Voel pe

And the input three phase power is given (3.52)

3
[)inCSR = Evplp COS( ¢)

Where ¢ is the input power factor angle and V), is peak of the input voltage

p

3
Viclpe = EV - cos( @)

The product g,q;can be evaluated as:

Vref 1 ref Vref 1 ref

Vdc IDC Vdc IDC

qvd; =

Using (3.53) and (3.54)

C] q — ‘/reflref :2 ‘/ref
VI
3V
EVpIref cos(®) , Cos@)

Define ¢ as the ratio of the output voltage to the input voltage, g=

55

Vref

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)



(3.55) can be expressed in terms of the voltage ratio as follows

4,9, =~ (3.56)
" 3 cos@) '
Substituting (3.56) into (3.49),
. . 2 g . ) 2gsin(8, )sin(6,)
t, = \/Eq q, sin(@, ) sin(@ )=\/§(— Jsm(@ )sin(@,) =
1 v4 % 1 3 cos(@) % 1 \/ECOS(@
The expressions for the first active duty cycles are given in (3.57).
= 2¢gsin(6, ) sin(4,)
' V3cos(9)
2gsin(6,) sin(% -6,)
t, =
2 V3 cos(9) (3.57)
2g sin(% ~8,)sin(8,)
t, =
’ V3 cos(¢)
2q sin(% -6,) sin(% -6,)
r, =
* \6 cos(@)
And the normalized time for the zero vectors is,
ty=1—t, —t,—t, —t, (3.58)

To compare the results of the direct and indirect space vector modulation techniques,
define two angles a, and f.. o, is the angle of desired voltage measured from the bisection
line of the voltage sectors, f; is the angle of input current measured from the bisection
line of the current sectors. And it is stated that 6, is the angle of desired voltage measured
from the lower adjust voltage vector and 6, is the angle of desired current measured from

the lower adjust voltage vector. It is possible to relate the two sets of angles as follows.
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(3.59)

/1
0, :a0+g

V4
01 = 131' +g
Therefore, the expressions for the duty cycles in terms of the local angles is given in

(3.60)
20 cos(a, — E) cos(f; — ﬁ)
1= 3 3
V3 cos(@)
20 cos(ax, — z) cos(f. + z)
1, = 3 3
V3 cos(¢)
20 cos(a, + z) cos(f; — z)
I, = 3 3
J3 cos(@)
20 cos(a, + z) cos(f; + z)
1, = 3 3
/3 cos(@)
(3.61)

(3.60)

ts=1—t,—t,—t, -1,
Comparing the results given above with (3.25) to (3.29), it can be concluded that

both direct and indirect space vector modulation ultimately result in the same expression

for the duty cycles.
Based on the two stages space vector modulations, the current and voltage vectors

for the whole six sectors are shown in Table 3.7. To synthesize each input current and

output voltage vectors, two adjacent vectors are required. Therefore, there are four

vectors used to synthesize both vectors.
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Table 3.7 Modes for voltage and current sectors

Vl V2 V3 V4 VS V6
I1 |AAC CAC CAA CCA ACA ACC
I2|BBC CBC CBB CCB BCB BCC
I3| BBA ABA ABB AAB BAB BAA
14| CCA ACA ACC AAC CAC CAA
IS|CCB BCB BCC BBC CBC CBB
16 | AAB BAB BAA BBA ABA ABB

Table 3.8 Switching configuration for the combined matrix

1 2
V1, V6 V2, V1

3
V3, V2

4
V4,V3

5
Vs, V4

6
V6, V5

1 11,16

2 I, I

3 312

4 14,13

5 1514

6 16,15

AAC, AAB, ACC, ABB CAC, BAB, AAC, AAB
49, -7, -3, 4+l -6, +4, 49, -7
BBC, AAC,BCC,ACC CBC, CAC,BBC, AAC
-8, 49, 42, 3 45, -6, -8 49
BBA,BBC, BAA, BCC ABA, CBC, BBA,BBC
+7, -8 -1, +2 4, 45, 47, -8
CCA,BBA, CAA,BAA ACA, ABA,CCA, BBA
9, +7, 43, -1 +6, -4, 9, +7
CCB, CCA, CBB,CAA BCB, ACA, CCB, CCA
+8, -9, -2, 43 4, 45, +1, -8
AAB, CCB, ABB,CBB BAB,BCB, AAB, CCB
<7, 48, 4+, 2 #4500 -7, 48

CAA,BAA, CAC,BAB
+3, -1, -6 +
CBB, CAA, CBC, CAC
-2, 43, 45, -6
ABB, CBB, ABA, CBC
+, -2, -4 45
ACC, ABB, ACA, ABA
3, +l, +6, 4
BCC, ACC, BCB, ACA
+1, -2, -4, 45
BAA, BCC, BAB, BCB
-, 42, #4, -5

CCA, BBA, CAA, BAA
9, +7, 43, -1
CCB, CCA, CBB, CAA
48 -9 -2, 43
AAB, CCB, ABB, CBB
-7, 48, 41, -2
AAC, AAB, ACC, ABB
49, -7, -3, +l
BBC, AAC, BCC, ACC
-8, 49, +2, 3
BBA, BBC, BAA, BCC
+7, -8 -1, 42

ACA, ABA, CCA, BBA
+6, -4, -9, +7
BCB, ACA, CCB, CCA
-4, 45, 471, -8
BAB, BCB, AAB, CCB
+4, -5 -7, +8
CAC, BAB, AAC, AAB
-6, +4, 49, -7
CBC, CAC, BBC, AAC
+5, -6, -8 49
ABA, CBC, BBA, BBC
-4, 45 47, -8

ACC, ABB, ACA, ABA
-3, 41, 46, 4
BCC, ACC,BCB, ACA
+1, -2, -4 45
BAA, BCC, BAB, BCB
-Lo+2, #, S5
CAA,BAA,CAC,BAB
43, -1, -6, +
CBB, CAA, CBC, CAC
-2, 43, 45, -6
ABB, CBB, ABA, CBC
41, -2, -4 45

Table 3.9 Modes result in zero voltage and current vectors

0Vl 0V2
0I1| AAA AAA
012| BBB BBB
013 CCC CcCC

Since each space vectors consists of 6 sectors, there are 36 input current and

output voltage sector combinations. These are shown in Table 3.8, which has the same

switching configuration derived based on direct space vector modulation and given in

Table 3.4.
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Table 3.10 Sequence of switching devices

1
V;,V6

2
V2,V1

3
V3,V2

111,16
2 12,11
313,12
414,13
515,14
6 16,15

CCC, ACC, AAC, AAB, ABB, BBB
BBB, BBC, BCC, ACC, AAC, AAA
AAA, BAA, BBA, BBC, BCC, CCC
CCC, CCA, CAA, BAA, BBA, BBB
BBB, CBB, CCB, CCA, BAA, AAA
AAA, AAB, ABB, CBB, CCB, CCC

BBB, BAB, AAB, AAC, CAC, CCC
AAA, AAC, CAC, CBC, BBC, BBB
CCC, CBC, BBC, BBA, ABA, AAA
BBB, BBA, ABA, ACA, CCA, CCC
AAA, ACA, CCA, CCB, BCB, BBB
CCC, CCB, BCB, BAB, AAB, AAA

CCC, CAC, CAA, BAA, BAB, BBB
BBB, CBB, CBC, CAC, CAA, AAA
AAA, ABA, ABB, CBB, CBC, CCC
CCC, ACC, ACA, ABA, ABB, BBB
BBB, BCB, BCC, ACC, ACA, AAA
AAA, BAA, BAB, BCB, BCC, CCC

4
V4 .,V3

S
V5,v4

6
V6,V5

111,16
212,11
313,12
414,13
515,14
6 16,15

CCC, CCA, CAA, BAA, BBA, BBB
BBB, CBB, CCB, CCA, BAA, AAA
AAA, AAB, ABB, CBB, CCB, CCC
CCC, ACC, AAC, AAB, ABB, BBB
BBB, BBC, BCC, ACC, AAC, AAA
AAA, BAA, BBA, BBC, BCC, CCC

BBB, BBA, ABA, ACA, CCA, CCC
AAA, ACA, CCA, CCB, BCB, BBB
CCC, CCB, BCB, BAB, AAB, AAA
BBB, BAB, AAB, AAC, CAC, CCC
AAA, AAC, CAC, CBC, BBC, BBB
CCC, CBC, BBC, BBA, ABA, AAA

CCC, ACC, ACA, ABA, ABB, BBB
BBB, BCB, BCC, ACC, ACA, AAA
AAA, BAA, BAB, BCB, BCC, CCC
CCC, CAC, CAA, BAA, BAB, BBB
BBB, CBB, CBC, CAC, CAA, AAA
AAA, ABA, ABB, CBB, CBC, CCC

Table 3.8 shows only the four active vectors, but in actual switching sequence the three

zero vectors are included sequence. It can notice that these zero vectors are added at the

two ends and in the middle of the sequence. For example the sequence when both input

current and output voltage vectors lie on sector I, the sequence which result in the

minimum switching transition is shown as

CCC ->ACC ->AAC -> AAA -> AAB -> ABB -> BBB

It is necessary to note that the middle zero vectors do not show in Table 3.10. AAA is

added in the middle of the sequences of the first and fourth row; whereas BBB on third

and six rows and CCC on the second and fifth rows. The complete procedure of finding

the actual devices selected to construct Table 3.10 for all the possible output voltage and

input current space vector combinations are presented in Appendix D.

59




Table 3.11 Neutral voltage in output voltage Sector I and input current sector II

Vas Vbs Ves Vno
+9 AAC Vap Vap Vep Vnol
-7 AAB Vap Vap Vbp Vno2
-3 ACC Vap Vep Vep Vno3
+1 ABB Vap Vbp Vbp Vnod

AAA Vap Vap Vap Vnod
BBB Vbp Vbp Vbp Vnob
CCC Vep Vep Vep Vno7

3.3.3 Common Mode Voltage Expression Based on Duty Cycle Space Vector

Modulation

An efficient mathematical approach for the analysis of matrix converter
modulation techniques are developed based on a duty-cycle space vector [26]. This
method uses the instantaneous space vector modulation. Consider a three phase time
varying waveforms x,, x, and x.. Transformed gd axis with a stationary reference frame

transformation given in (3.62).

(Zn’j (475)
1 cos|— | cos| —
Yol 2 43 o
T T
X, |==|0 sinf]— | sinj— || x 3.62
N e 3] P (3.62)
“lono 1oL
_2 2 2 |

From (3.62), x,, x4 and x, can be expressed as

X, = 2 X, +x, cos(z—”j + x, cos(4—7[j (3.63)
3 3 3
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X, = %(xb sin(z?ﬁj +x, sin(‘%D (3.64)

X, =%(xa +x,+x,) (3.65)

And the instantaneous space vector can be represented based on the two axis component

as
xX=x,+ jx, (3.66)

Substituting (3.63) and (3.64) into (3.66)

_ 2 (275] . (275] (475] . (475]
X=—|x,+x,| cos| — |+ jsin| — | [+ x| cos| — [+ jsin| —
3 3 3 3 3

_ 2 2 s
X=—|x,+txe > +xe (3.67)

3
The inverse transformation matrix is obtained with a similar approach using the inverse

stationary reference frame transformation matrix as given below

a q
x, |= cos(z?ﬂ-j sin(z?ﬂ-j 1| x, (3.68)

From (3.68), x,, x, and x. can be computed as follows

X, =x,+x, (3.69)
X, =X, cos(%”j +x, sin(%”j +x, (3.70)
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X, =X, cos(%tj +x, sin(%[j +x, (3.71)

Since x, is expressed as the dot product of the space vector x with the unit vector in the

direction of zero axis.

x, =x-e' (3.72)

q
And the x, is give as the dot product of the space vector x with the unity vector in the

direction of 90°.

X, =%e? (3.73)
Substituting (12) into (9)
x,=x-¢ +x, (3.74)
And substituting (12) and (13) into (10)
—{ o (Zﬂ'j iy (275}
X, =X-| e’ cos| — |[+e ?sin| — ||+ x,
3 3
2
x,=x-e ’ +x, (3.75)
Similarly substituting (12) and (13) into (11),
A
x.=X-e’ +x, (3.76)
Therefore, the space vector can be represented using the following transformation
_ 2 = i
X =§ x,+xe ° +x.e
(3.77)

X, =%(xa +x,+x,)
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And the inverse transformation leads to

X, =x-e ’ +x, (3.78)

In direct duty-cycle methods, instead of defining switching matrix, averaged matrix can
be directly constructed from the known input voltage and output current and desired

output voltage and input current [26, 37].

MaA MhA McA
M;=ave(S;)=\M, M, M, (3.79)
MaC MbC MCC

In order to prevent short circuit on the input side and ensure continuous output current

M, <1

M, ,+M,, +M_ =1
Mgy+M,,+M_,=1
M, +M, . +M_ =1

(3.80)

Based on the transformation given in (3.77), the first three duty cycles in the first the

matrix given in (17) can be represented by the duty-cycle space vector as follows

M, =§(M M M e ) (3.81)
— 2 jQri3) J(4xi3)
M, =§(MaB+MbBe +M e ) (3-82)
— 2 jQan) j(4x13)
M. ZE(MachMbce +M e ) (3.83)

And the inverse transformation can be obtained based on (3.78.) and the constraint given

in (3.80)
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1 —

MaA _§+ A '€J0
1 —

M, =2+M, -l (3.84)
1 =

My=3+M, L)

Similarly, the second row on the matrix given in (3.79) can be obtained using the inverse

transformation as

1 —

M,=~+M, e
3

M, ‘%+1\73 LT (3.85)
1 — s

M, _§+ B -/

Finally, the inverse transformation corresponding to the third row can be given as

1 —

MaC = g + c’ ejo
1 -

M, _§+ c e/ (3.86)
I — um

McC = 5 +tM-e

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

averaged switches and represented as

I as_ _MaA M,, MCA_ ap

Vi |=| My My My |V, (3.87)
Vel IMye Mye M|V,

I ap_ _MaA M,, ML-A_T 1,

L, |=|M, My, Mg |1, (3.88)
Lt | LMac M, Mcc_ I,
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Transforming the output three phase voltages to space vector using (3.77)

_ 2 jed Jad
V==V +V. e +V e 3 (3.89)
s 3 as bs cs

Substituting (3.87) into (3.89)

(M aAVap + MhApr + MCAVCp) +
_ 2 Jra
V. =§ M 3V, + MV, +M V. e ° + (3.90)
Ar

=
(MaCVap +MhCpr +MCCVC[7 )e :

The input three phase capacitor voltages can be represented in the terms of the input
voltage space vector using the inverse transformation given in (3.78) for a balance

voltage sets.

Vap = ‘717 ' eJO
— =
V=V, e’ (3.91
_ j%”
V,=V,-e
Substituting (3.91), (3.84), (3.85) and (3.86) into (3.90),
VS:7"(MZ+M;e S+ Mye )+ 2’ (M ,+Mye ® +M e *) (3.92)
Similarly, the input currents are transformed to instantaneous space vector
- 2 = 2
I, =§ l,+1,e° +1,e (3.93)
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From (3.93) and (3.88)

(MaAIaS+MaBbe+MaCch)+
-2 2
I,=3 (M, 1 +M,I, +M,. I )e > + (3.94)
A

jaid
(MCAI +ML'BIbS +ML'CIcs)e :

as

Using the inverse transformation, the output current can be given in terms of the output

current space vector as follows.

Ias :I_S .ejo
27
I,,=1¢"
b=l ) (3.95)
I =1 -ej{

I :%(MA+A73e Y v . (M, + Mo’ +Moe' ) (3.96)

2 4z
M, :%(MA +Mye' v Mo ? J (3.97)
e T
M,:§ M,+Mze > +M_e (3.98)
S
Mozg( M+ M) (3.99)

The three vectors, M D> M ; and M ,might be considered as a direct, inverse and zero

components of the duty-cycle space vector.

66



M,, M, and M. can be computed using the inverse transformation of (3.97) —

(3.99).

Substituting (3.100)-(3.102) into (3.96)

I =

p

[, ST M,

N | W

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

In a space vector modulation of a matrix converter, it is possible to control the output

voltage space vector and the input current direction (or the input power factor). Note that

it is not possible to control the magnitude of the input current. (3.106) is obtained by

imposing the vector I, M, +1I M, in the direction of the input current space vector [21,

26]. Therefore, the dot product of this vector with a unit vector perpendicular to the input

current phase angle is zero.

V

©

%vpzﬁ; +%v

(3.105)
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0=(IM,+IM,)- jp (3.106)
@ is defined as a unit vector in direction of the input current space vector.

The solution for M, and M, is given in (3.107) and (3.108). The parameter A is

a real variable which reflects the degree of freedom which can be used to define different

type of modulation strategy.

A ——— (3.107)
3V, -p) VI

M-—V? A (3.108)
3W,-p) V,I

The vectors in (3.107) and (3.108) can be written in polar form as follows

‘75, — Vs ejevs

— jo,,

V, = \v,,\e

I =] (3.109)

7 _ jgip
I, =1,

Where ¢, and 9, is the input current and voltage angles. ¢,, and ¢, are the output

voltage and current, respectively. The output displacement angle, ¢ =6, —6, . The

voltage transfer ration is represented by g.

Substituting (3.109) into (3.107) and (3.109),

I e+ - .
M, =g ™ " (e (= jr) (3.110)
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_ 1 . B . )
M, ==qe" " " (1= (y+ jr)) (3.111)

3
where
) 31
=tan@ sin@ +—— 3.112
/4 @, sma@; VI ( )
r=tang@, cos @, (3.113)
¢,=6,-6, (3.114)

From (3.100) to (3.102) the duty cycle space vector can be determined by adding an

appropriate zero sequence components.

M,=M,@ +M,@, +M, (3.115)

where the unity vector &; can be given as.

1, j=A
a, ="V, j=B (3.116)
ej(47r/3)’ j: C

The duty cycle can be determined based on (3.115) and using the inverse transformation

given in (3.78). It can be observed that M, is a duty cycle and it is a scalar term whereas

the duty cycle space vector, M is a vector quantity.
1
M‘.:§+M.A-ak (3.117)

Substituting (3.115) into (3.117), the expression for the duty cycles becomes
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v M@, @, (3.118)

It is necessary to note that, the duty cycle is a scalar terms since it is the result of the dot
products of two vectors as seen in (3.118). In addition, it can also be expressed as a sum

of two scalars as follows.
M,;,-:Moj"‘Aij (3.119)

The first scalar term is the component of the zero sequence space vectors and it is given

as

+M, @, (3.120)

J

M, =

9]

W | =

And the second terms which reflect the duty cycle space vector without the zero sequence
component. These components can be defined as the duty cycle resulting from the active

switching states and they are defined as

A, =M,

q

‘M@ )@, (3.121)

J

R

It is necessary to note that the above quantities linearly depend on M, and M, ;

hence, they also depend on the output voltage transfer ratio and 4. Thus, A; are used to
specify the parameter 4 which result in the maximum output voltage transfer ratio for a

given output current angle.
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Since the modulation signals are average of the switching functions, the feasible

value of the duty cycles is between 0 and 1. Applying this constraint on (3.119),

0<M, +A,<1 (3.122)

It is possible to rewrite (3.122) in the following inequality,
~min{A, }< M, <1-max{a, | (3.123)

Using (3.123), the following inequality holds true,
max{4, - min{4, f<1 (3.124)

For each desired output phase voltage V,.; the corresponding three active duty cycles
used to synthesize it are A,, Ap and A.. At any instant of time, the minimum and the

maximum of the three active duty cycles are defined as A; i, and A; .4y, respectively.

A
A

= min {Aaj ,
= max {A

Abj ’ Ac,/'
Ab./' ’ Ac,/'

Jmin (3.125)

J,max aj ?

Substituting (3.121) into (3.124)

(MD(C_L,I:aX_C_L,:ﬂn)—i_MI(C_Z _c_xmax))'c_xj‘31

max

(1,4 +M,A) 7| <1 (3.126)
where

Aed -7 (3.127)
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Using the definition of & given in (3.116), the difference between minimum and the

maximum values are always \/5 .This is demonstrated as follow,

Case 1 @, =@, =1 and @,;, =&, =’

min

3, .43

|A| = ‘C_Zmax — | = ‘1_ ej(27r/3)‘ = > + ]7
Case2 @, =, =e' ™ and@,, =a. ="
|A| :‘ﬁmax —a. :‘ej(2ﬂ/3) _ej(4ﬂ/3)‘ 2‘]\/5‘ -3
Case2 @, =, =" andx,, =@, =1
a3 e

From (3.126) the worst case is when the following scalar product is maximum.

(37,4 +37,4) <1 (3.128)
Substituting (3.110) and (3.111) into (3.128)

07,2 + 3,4 = jg glcos(8, —8,) + jysin(6, — 6, —,) - jycos(8, — ¢, —6,)| (3.129)

Cauchy-Swartz inequality: states that for any vector x and y

e+ sl < ol = v + 52 (3.130)

Applying the property of Cauchy-Swartz inequality on (3.129),
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lcos(6, —6,)+ jysin(8, —6, —p,)— jrcos(@, — @, —6,)| <V1+ 7 +r*  (3.131)

Substituting (3.131) and (3.129),
(37,8 + 3, A) :%q,m Vo (3.132)
Using (3.128) and (3.132)

%q,hwﬂz < (3.133)

It can be rewritten as

V3
g< NS (3.134)
21+ +7r°
From the matrix converter maximum allowable voltage transfer ratio,
g< ﬁ (3.135)

2

Based on (134) and (135), the condition for the maximum voltage transfer function is

give as
y=0 and r=0 (3.136)

Base on the condition given in (3.136) and substituting into (3.112), the necessary
condition to obtain the maximum voltage transfer ratio is obtained if the parameter A has

the following value

A== (1= jtan(g,sin(p V.1, (3.137)
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@, and @ are the input and output power factors.

Substituting (3.137) into (3.110) and (3.111)

VS

b =3 (1— jtan(g,)cos(@,)e '*) (3.138)
p
vV io,
M, = a (1-jtan(@,)cos(@,)e’™) (3.139)

p

The zero sequence components are necessary for the calculation of the duty-cycle and the

basic idea is to search the minimum among the duty cycles for each input phase.

50j =min(M ;) (3.140)
After the minimum duty cycle §,; is computed, substituting (3.119) into (3.140).

M, =3, —min(A;) (3.141)
Finally, the zero sequence components can be calculated as

iM . (3.142)

To summarize the duty cycle space vector, consider the desired three phase output

voltages are

Vi s =V, o COS(@+6,)
27
Vi ver =V 1o COS(OF + 6, —?)
27
cs_ref = Vv ref COS(C()YI + QY +—)
s_ s _re ) ‘ 3
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Space vector for the desired output voltage are found using the transformations
given in (3.77). The desired output voltage vector can be represented as 17s_,ef. For the
known output current angle, the output power factor can be represented as ¢, . Therefore,
M,, M, and M, for the desired output voltage and input power factor @, ,, under the

given output power factor can be determined as follow

Once, M,,, M, and M, are determined the duty cycles can be calculated based on

V_) __re
=5 L (- jtan(p, . )cos(@,)e ")

p

D

V. .
M, =—22(1- jtan(p, ., )cos(p,)e’”)

Once the duty cycle space vectors M ,,, M, and M, are determined, the duty cycles of

each switch can be calculated as follows

)

M, :%+1\7{, o+ Mo +M,a,)- @,

+M, -

L»-)IH
\

oj

These expressions give the appropriate duty cycle for each switch to synthesize the

desired output voltage and input current direction (or input power factor) simultaneously.
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34 Simulation Results and Discussion

Simulation has been done using the carrier based modulation techniques and using a
60 Hz of input frequency, 30 Hz output frequency and 5 kHz switching frequencies and
the results are demonstrated in Figure 3.13 to Figure 3.20.

Figure 3.13 shows the modulation signals used to generate phase ‘a’ output voltage.
This modulation signal have basically consists of the dc component, the sum of the input
and output frequencies, 90Hz and the difference between the two frequencies, 30Hz as
seen in Figure 3.14. Unlike the conventional PWM technique for converters, the
modulation signals do not directly used to generate the switching pulses rather the three
signals Z;4, Z>4 and Z3, are first synthesized as seen in Figure 3.15. Since Z34 is always
unity the corresponding intermediate pulses P34 is also ON and it is not shown in Figure
3.16. This figure only show the intermediate pulses P;4 and P;4 generated by comparing
Z4 and Z4, with triangle carrier.

After the intermediate signals are generated, actual switching signals are produced
using (3.15) and presented in Figure 3.17. As seen from the results, only one switch is
turned ON at each instant of time which avoids input voltage short circuit and there is a
one switch which turns ON so that a current path is always provided. With similar
approach, the modulation signals used to synthesize the output phase ‘b’ voltage are
shown in Figure 3.18 and the actual switching signal which compiles both Kirchhoff’s
laws are given in Figure 3.19. And finally Figure 3.20 and Figure 3.21 show the

modulation and actual switching signals which synthesize phase ‘c’ output voltage.
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Figure 3.13 Modulation signals for output phase ‘a’ voltage
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Figure 3.14 FFT for the modulation signal M4
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Figure 3.16 Intermediate signals used to generate switching signals
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Figure 3.18 Modulation signals for output phase ‘b’ voltage
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Figure 3.20 Modulation signals for output phase ‘c’ voltage

80



I—— |

]

| | | |
0.4 0.4005 0.401 0.4015 0.402 0.4025 0.403 0.4035 0.404 0.4045 0.405

 ——

“
.y

L

0.3 0.3005 0.301 0.3015 0.302 0.3025 0.303 0.3035 0.304 0.3045 0.305

m% 05"

od LI U L

|

0.3 0.3005 0.301 0.3015 0.302 0.3025 0.303 0.3035 0.304 0.3045 0.305

Figure 3.21 Switching signals for output phase ‘c’ voltage

Vo V]

L L L L L L L L
0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15

Vop [V]

1 1 1 1 1 1 1 1 1
0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15

Vg, V]

L L L L L L L L
0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15
Time [sec]

Figure 3.22 Input three phase voltages



The modulation signals generated using the methods discussed in this chapter is
used to synthesize the desired three phase output voltage of 180V phase peak-to-peak
with a frequency of SOHz. The input three phase voltages are 310V with a frequency of
60Hz as shown in Figure 3.22. As seen in Figure 3.23, the desired voltages are about
180V/50Hz and form balanced sets. The input power factor at the input terminal of the
matrix converter is kept high to allow wide range of voltage transfer ratio. Figure 3.24
shows the input phase ‘a’ capacitor voltage and phase ‘a’ input matrix converter current
which are in phase and hence unity input power factor operation at the input terminal.
From Figure 3.23 in particular, it can be concluded that the developed carrier-based
modulation scheme along with the technique used to generate the actual nine switching

signal perfectly synthesizes the desired output voltage.
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Figure 3.23 synthesized output three phase voltages
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Figure 3.24 Phase ‘a’ input capacitor voltage and input matrix converter current with

unity input power factor

3.5 Conclusion

The chapter presents both carrier-based and space vector modulation technique for
three phase-to-three phase matrix converter. The resulting expressions of the modulation
signals are simple and suitable for practical implementation. Besides, it is general that it
can be used for unbalanced input voltages. It is interesting that this technique gives the
same result as the complex and the more mathematically intensive approaches given in
[3]. Detailed methodologies for generation of switching signals are also presented. The
direct and indirect space vector modulations are clearly developed. The final result shows
that it is possible to equivalently analyze the matrix converter into rectifier and inverter
stages for the purpose of modulation and result in the same switching configuration as the
direct space vector modulation. Although the space vector modulation does not require

injection of third harmonic component, the common mode voltage is derived using space
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vector which can be implemented in carrier based modulation. Computer simulation has
also been done to verify the theoretical modulation technique and results demonstrate the

generation of the switching signals which synthesize the output three phase voltage.
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CHAPTER 4

INPUT FILTER DESIGN

4.1 Introduction

This chapter propose a new input filter design technique for a three phase to three
phase matrix converter. The objective of the input filter is to mitigate the high frequency
component of the switching signals from injecting into the ac mains. The type of input
filter developed in this work is the conventional first order LC filter. For the purpose of
specifying the switching signals which generate input current harmonics, a Fourier series
of a switching signals are derived. This Fourier series analysis can possibly used to study
the spectrum of the input current and output current waveforms. This Fourier series
analysis is presented step by step following Appendix F. A harmonic balance technique is
presented to independently study the fundamental and ripple component input and output
waveforms. The complete derivations for the new input filter design methodology are set
forth in detail. Since the input filter greatly affects the stability of a matrix converter
system, the overall system stability under the designed input filter is studied. This
analysis involves a small signal modeling and steady state analysis for a matrix converter
feeding an RL load. Computer simulation has been done to show the performance of the
proposed input filter design. These results also show that the designed filter meets the

resonance frequency requirement as well as overall system stability criteria.
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4.2  Fourier Series Analysis of Switching Signals of a Matrix Converter

This section present the Fourier series analysis of the switching signals of a three
phase-to-three phase matrix converter. The expression of the modulation signals of a
matrix converter which is the approximation of the switching function is given in
(4.2).where i = a, borcandj = A, B or C. In this analysis the common mode voltage is

not included for the purpose of simplicity and without losing the generality.

1 2V.V.

M. =—+ ip" js

(Y34

Define the phase ‘i’ input capacitor voltage and phase ‘5 output voltages below where 9,

and o;, are the phase angles of the input and output voltages, respectively.

V, =V, cos(@,t+0,)
V.=V, cos@t+0,) (4.2)

Substituting (4.2) into (4.1)

2
M,=—+ 3“//“ cos(@,t+0J,,)cos(@t+7,) (4.3)
P

Using the following trigonometric identity:
cos(A)cos(B) = %(cos( A+ B)+cos(A— B))

Substituting the above trigonometric relation in (4.3), the modulation signal consists of
two frequency components, one at the sum and the other on difference between the input

and output frequencies as shown in Figure 2.14.
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| I Vv
s =—+——cos((w, +w)t+0, +3, )+——cos((w, —w)+5, -0, ) (44)
7 3 3vp p P J 3vp p P J

The phase angles of the three phases input voltages are shown below considering a

balanced source.

S =wt, O

ap P bp P 3 cp )4

Similarly, the phase angles of the output voltages are

0, =0t, Oy =a)st—2—37z, O, =a)t+2—37z

S S

The modulation signal corresponding to phase a input and phase a output voltage is

represented as:

M, = l+ 3“/; (cos( ®, -0t +cos(w, + Cl)s)f) 4.5)
P

Define the following rational numbers a and b. It is necessary to note that these constants

may or may not be an integer based on input to output frequency.

w
a=—"t-1
o,
, o, 1 (4.6)
=24
.

VS
q:
VP
M, =%+%(00s aw,t+cos bw,t) 4.7)
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From (4.7), the modulation signals can be considered as a™ and b™ harmonic components
of output voltages. (4.7) can also be represented in terms of the input frequency and then
it can be considered as harmonic components of input supply frequency rather than the
output. Similarly, the other two modulation signals which synthesize the output phase ‘a’

voltage is given in (4.8) and (4.9), respectively.

M, = %+%(cos(aa)st — B)+cos(ba,t - B)) (4.8)
M., =%+%(cos(awst+ﬁ)+cos(ba)st+ﬁ)) 4.9)

The generalized expression for the modulation signals are shown below.

. :%+ 3“/; (cos(am,t+86,)+cos(baw,t+8,,)) (4.10)

p
Where 6,, and 6y, the initial angles for the a™ and ™ harmonic component of the output

voltage which are expressed in (4.11) and (4.12) respectively.

0 ; M, M andM .

2r
== M, .M zand M,

ao ’

4.11)
2z
_?; MbA’McB andMaC
The angle for the second harmonics are considered as
0O ; M, ,M_zand M,
2z
9[)0 = ?’ ML'A ’MbB andMaC
o (4.12)
—?; M, M, ,andM
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The harmonic spectrum of a generalized carrier-based PWM wave can be expressed as
(4.13) where the modulating signals consist of a™ and b™ harmonic and non-zero phase

angles [58].

Flxy)= % +3 (A, cos(ny) + By, sin(ny))

n=l

+ i (A,,, cos(mx) + B, sin(mx)) (4.13)

m=1

+ Z Z (A,, cos(mx+ny)+ B, cos(mx+ny))

m=1l n=—co
n#0

Where m is carrier index variable which denotes the multiples of carrier frequency
and 7 is base band index variable represents the multiples of fundamental frequency [53-
54]. The first term in (4.13), Ago/2 denotes the dc offset of the PWM waveform. The first
summation term defines the fundamental frequency component and baseband harmonics.
The second summation term defines the carrier frequency components. And the double
sum with defines the sideband harmonics around the carrier harmonic components. x and

y which are defined as:

y=a,t
‘ (4.14)
x=m,t
The coefficients are defined below.
cC =A _+jB = LJ.” Jlﬂ f(x,y)e j<m+"~”dxdy (4.15)
mn mn mn 2”2 U

With a similar approach, the switching signals of the matrix converter can also be
represented in (4.16). The complex Fourier coefficients corresponding to the DC offset,
the baseband harmonics and the side band harmonics around the carrier are computed

calculated separately.
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S, (0, @)= % + Y (A, cos(nm,r)+ B, sin(na,r))
n=l1

+ i (A,,cos(mawt)+ B, ,sin(ma.t)) (4.16)

m=l1

+> D (A, cos(ma,t +nwp)+B,, cos(ma,t +nay))

m=l n=—co
n#0

The coefficient of the DC offset can be computed when m = 0 and n = 0 and using (4.16)

1
27’

V2 ﬂ'Mj .
— v j(0x+0y)
COO - J.—ﬂ' J.—II'M € dXdy

Substituting (4.10) and evaluating the double integrals,

Cop = 2+ 29 Gn(ax)cos( 6,)+ 29 Gin(b 1) cos( 6,,)) (4.17)
3 3ma 37b

Since the above expression only contains a real part, the imaginary component By

becomes zero.

Ay = 2+ 29 gincaz)cos(, )+ 2Lsin(b)cos(6,,)) (4.18)
3 3ma 37b

If the ratio of the input to output frequency is integer, the coefficients are simplified as

follows.

The coefficient for the base band harmonics computed when m = 0 and n > 0

1 T oM, . '
Co=o— | | /e ™ dxdy
27" Jmd-aMy

Substituting (4.10) and evaluating the inner integral

1 a . T .
Co,=5) e™Mdy+ ij (cos(ay +8,,) +cos(by +6,,))e’™ dy
3 -7 Ry K
Since integral of the exponential function over a period gives a Sinc function
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27 sin(nrw)

J‘fﬂ ejny dy - J‘,” e_jny dy - niw

The cosine function can be represented in terms of the exponential function as follows.
1 o e
cos(by+6,,)= E(ej(m 000) 4 o= i 0V 6 ))

The integral of this function over the period is

jo,, Zsin((a+n)7x) 4 g% zsin((a—n)x)
(a+nm)r (a—n)x

ao

j” cos@ay+6 Yedy=e

Similarly,

Iﬂ' Cos(by+ 9 )ejnydy — ejelm ZSln((b'i‘n)ﬂ:) + e*/'@m ﬂ.SIH((b —n)f[)
-7 bo (b+n)7 (b—n)7

Therefore the final expression for the coefficient becomes

C

_2sin(n7) , g (e o, SIN(@+mm) g, sin((a - n)i[)j s

“ 3 a3 (a+n)7 (a-n)x
q (e jo, S +MT) | g, sin(b— n)i[)j (4.19)
3 (b+n)x (b-n)x

The coefficient of the side band dominant harmonics which are the ™ and »™ harmonics
can be determined from (4.19) as follows:

Forn =a

¢ =2sinar) +z[em sinQar) +€—mj+z oSO+ AT) | g, sin(6-a)7)
3 arw 3 2arw 3 b+ar b-ar
Forn=b

C

_2sin(bz) g o, sin(a+b)m) 5, sin((a—b)7) +q(e,.9,w sin( 2b 1) ”_M”J
“ 3 br 3 (a+b)x (a-b)x 3 2brw
The third terms in (4.16) are the carrier harmonics when m > 0 and n = 0 and the

coefficients can be computed as follows.
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1 T M, O
C,o = [" ] e dxdy
" 27[2 -7 d-7M

After evaluating the inner integral, it is possible to split into two terms

jmmw

e 3 V4 jm”qcos(ay+<9a0) jm”qcos(by+€bu)
_ 3 3 -
mo ~ . 2 I e e y
j2mmz” o
_ir
e 3 T 7/m”qcos(ay+t9{m) 7Jmﬂ-qcos(by+0,m)
—2_[ e 3 e 3 dy
j2mm” -~

Define the following two terms and the integrals are done separately,

jmrx jr

3 3
Cpo=—5G=-—G
j2mr j2mr

[J,, % D+2Y. T, % q)cos(aky + k6, >j
G =.|‘jf ( k=1

J, (? D+2> ", (? q)cos(bhy + h6,, )de (4.20)
h=1

(Jo (? 9+ 22 it (? g)cos(aky + k6, )j

G =[
(J,, )+ 23 79,5 eostbhy + 8, )de @.21)
h=1
+ j&cos( )

Using Jacobi-Anger expansion € can be given in Bessel series expressions as

[58]:
e 0 = J (E)+ 2i J*JT (&) cos(kO) (4.22)
k=1

Applying (4.22) on (4.20) and (4.21)
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m m MmN . m
J, =, (@) +2J (=) j" T, (= q)cos(by + h6,,) +
3 3 3 o 3
G, S

7 m =, m
G :I 2‘]0 (? CI)Z .]k‘,k (T q) COS(aky + kga()) + dy
k=1

G;

oo

43S i, (% I, (% q) cos(bhy + h8,, ) cos(aky + 6,

k=1 h=1

G,

o m m - . m
T, (=) +2] (=) j T, (5-q)cos(bhy + h6,,) +
3 3 3 e 3
G: G;

G'=["|2J, (%” DY i, (—"’3” q)cos(aky+k6,,)+ dy
-
k=1

g
G,
0 oo

43S, (% 9J, (% g)cos(bhy +h6,,)cos(aky + k6, )
k=1 h=1

G,
The expressions given in the above expressions consists of four terms, each of them are

evaluated independently, the first terms cane given as

Jjmn _jmm
e’ e 3 .
CmOl =" 2 Gl -, 2 G 1
j2mrx j2mrx
.. mn
2 m m sin(——)
C. . ==J (= &—g)—2— 4.23
mO1 3 0( 3 q) o( 3 q) ﬂ ( )
3

And the second term is evaluated and is given in (4.24)

2J,—q) j '
°r 3 = m R I
Cop=——5DJ,(q)|e* j'—e ? cos(bhy + h6, )d
m02 ]2 2 e h( 3 q){ J J Jj—” ( y ho) Yy
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Using the definition of the exponential functions

Jh

j'=e

e

jmx jmx j(mﬂ , hﬂj 7j(m7r . hizj T hr
. - — ' ' R m
3 ]h_e 3 j h:e 32 —e 32 =]2Sln(+j

2
m
2J,(—¢q)
° s m . (mx hx)1 .
C,n02=—m;2 hz_th(?q)sm[—3 +7jﬁsm(ﬂhb)cos(h0,m) (4.24)
Similarly the third terms,
mm
20,9 =
° m . (mx kxm)1 .
Cm03 = m—ﬂi; ]h (T q) SIH(T + TJa—kSln(ﬂka)COS(kga”) (425)

And finally the fourth term can be expressed as given in (4.26)

4 &< V4 V4 (7 4
Cros =— 2.2 1/ (SR, sin| =m+=(h+k) (4.26)
k=1 h=1 3 3 3 2
Where
R, = lwsin(m +b)T) + lwm((a —b)7) 4.27)
2 a+b 2 a—>b

The last group consisting of the double summation determine the carrier harmonics m > 0

and n # 0.
C _ 1 LMy j(mx+ny)d d
mn 27[2 r _”M“e xay
jmm
3 Jmm Jjmz ,
e T . gcos(ay+6,,) gcos(by+6,,)
cC, =—- 2.[ e™e 3 e’ dy —
j2mm” 7
_iz
e 3 T iy —Jm”qcos(ay+0a0) —jm”qcos(by+¢9,m)
> ”Zjﬁeme 3 e 3 dy
Jem -
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Using the similar approach used in the previous expression,

¥ _in
e’ e 3 .
CmO =" o G- R P G
j2mrw j2mrw
Where
m m m o~ . m
I, (=), (=) +20 (== )Y j" T, (5= q)cos(by +6,,)+
3 3 3 e 3
G, c,
G=["em 210(%(])2 ijk(%q)cos(ay+9m)+ dy
k=1
G,
O Ok 7 7
4y > ", (E T, (§ q)cos(by +8,,)cos(ay+6,,)
k=1 h=1
G,
mn mm M o~ . mn
T, ()] () +20 (@)Y j " T, (5 q) cos(by + 6,,) +
3 3 3 e 3
G, G,
G =["em 210(%(1)21'*1,( (?q)cos(ay+9ao)+ dy
d =1
G,
o —h—k T T
4> > ", (5 T, (5 q)cos(by +6,,) cos(ay +6,,)
k=1 h=1
G,
Evaluating the first term,
Jjmz _imz
e’ e 3 .
mnl = . 2 Gl - 2 G 1
j2mm j2mrm
sin(mﬂ)
2 7m m 3 ’sin(nx)
cC =27 (T (&£ (4.28)
mnl 3 0( 3 q) 0( 3 q) M nr
3
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The second term becomes,

jmrx

eS
Cc = — J,(—q)costby+86, )—
]zmj <3q>zj (5 Deosby+6,)

jmrx

= L[ (—q)ZJ"’J (—q)COS(by+9b,,)

j2mr’
2J (*61) -
Cng Z Jh( C])Rmnz Sln(mTﬂ- + hTﬂ.) (429)
Similarly,
2J (— q) -
3 mrx  krx
C .=——>»J (—q)R — (4.30)
mn3 miT ; ( 3 q) 3 Sln[ 3 2 )
Where
R =l sin((n +ak)7) 4 g sin((n—ak)r) @31

(n+ak)z (n—ak)zw

And the fourth term can be evaluated as follows

mn4

zz]mj (_q)J (_q)I ™ cos(ay+86,,)cos(by +6,,)
]2m72' k=1 h=1

C., =m—”ZZJ Eq, ( DR, Sir{gm+7—2z(h+k)J (4.32)
k=1 h=1
Where
Rmn4 _ ej(9b0+9"“) Sin((n +bh+ ak)ﬂ:) n ej(gbo_gao) Sin((n +bh—ak )ﬂ') "
(n+bh+ak)xw (n+bh—ak)x i3
iy SN = bR+ GR)T) i g sin((n=bh—ak)m)
(n—bh+ak)w (n—bh—ak)x
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Combining (4.28), (4.29), (4.30) and (4.32) the coefficient of the Fourier series is finally

combined as follows.

0 (—CI)J,, (—q) sin (m—ﬂ-) sin(n7r)
nw
Z‘]o( CI)J (_C[)Rmnz Sln(mTﬂ'—}—h?”j +
) _Z 2 (4.33)
m 1 n=—oco ZJO( C[)J (_Q)Rmrﬂ SIH(T”—}_%j'F

/4 /4 T /4
J,(=q)J, (—q@)R, ,sin| —m+—(h+k
2 GO G DR, [3m > ¢ >j
4.3  Input Filter Parameters Specification

A typical connection of an input filter for the matrix converter is shown in Figure 3.1.
In matrix converter with a harmonic of current-source characteristics, the second order

LC filter is preferred [57]. The current and voltage relationships of the filter are

SRL
V.(s) = Rl L(s)+V,(s) (4.34)

sCVi(s)=1;(s)—1,(s) (4.35)

The input voltage can be expressed in terms of only the current as

1
Vi(s) = o [1,5)-1, ()] (4.36)

Substituting (4.36) into (4.34)

2
s°L,C,+sR,C, sL.+R,
1(s)=— rC 15yt . ;T Iy 1,(s)
K} RfoCf+st+Rf Ky RfoCf+st+Rf
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li(s) Ip_(f )
| (YYY
Vi(s) Ls Cr —— Vy(s)

Figure 4.1 Schematics of input filter circuit

The input current transfer function related to input voltage is given as:

L1
§S—+s5—
Lo _ & L (4.37)
Vi) o, b1
Rfo L.fcf

And the input current transfer function related to output current is

R
L) RS LG (4.38)
L) o, 1 1

Rfo Lfo

Considering the denominators of the above two transfer functions, and compare with the
second order Butterworth filter,

PN S ~s*+2lw, s+ w? (4.39)
R, Cr L;Cy

Thus the characteristic frequency w, and damping factor ¢ are given as:

o = (4.40)

L,Cy
1
gzm IL.C, (4.41)
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4.3.1 Harmonic Balance Technique

The schematic of a three phase matrix converter feeding an RL load is shown in
Figure 4.2. This typical topology is used to illustrate the design methodology proposed in
this thesis. As shown in the figure, a linear load is connected to the matrix converter
output terminal in which the output currents are considered to be pure sinusoidal and
balanced three phase. The harmonics present in the input current are totally due to the
switching. To demonstrate the dominant input current harmonics, one phase of the input
current and the corresponding three switching signals are considered for analysis.
The switching signals which generate the input phase ‘a’ current from a three phase

output current can be represented in terms of the dominant harmonics as follows.

1
Su= §+ Ciucos(@,1)+C,,, cos(o,t)+C,, cos(@, — @)t +C,,, cos(@, — @)t

+Cs, 4 cos(w )t + Cg , cos(@, + @)t +C,,, cos(@, + )t

4.42)
1

Ss= 3 +C, zcos(wt+pB)+C, cos(@,t — B +C,, ,cos(w. —w, )t — )+

Cop €OS(@, = @)t + B)+ C;  cos(@, )t + C y cos((@, + @)t + §) +

C 5 cos((@. + @)t = f) (4.43)
S = %+ Ciuc cOs(@,t =)+ C, . cos(@,t+ ) +C;, . cos((@, — @)t + ) +

Cuc cos((@, —@ )t = B) + C;, cos(@, )t +Cy, cos(@, + @, 1) = )+

Ciuc cos((@, + @)t + f3) (4.44)

Where

0. =0,-0, 0O =0,+0,
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Figure 4.2 A matrix converter feeding an RL load

The output three phase currents with amplitude /; and phase angle of 6, are represented
as follows
I, =1 cos(wt+86,)

2z
I, =1 cos(at - 6,)) (4.45)

1. =1 cos(or +2?”+ 8.))

The mapping between the input and output currents of a matrix converter is shown

below.

Iap = SaAIas +SaBIbs +S I (446)

aC”cs

The input current can be obtained by substituting the switching signal expressions given
in (4.42-4.44) into (4.46). The Fast Fourier Transform (FFT) of the input current are
plotted in Figure 4.3. And it has been observed that the dominant harmonic components

of the input current are occurred at w.- w, and w.+ ®,,.
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Figure 4.3 Dominant harmonics components of the input current
This input current ripple, /,,- can be given as:

1
= E (CSaA + C4aA + C3aB + C4aB + C3aC + C4aC )Ia COS( a)c - a)p )l +

ap ,ripp

(4.47)

1
5 (Cyps ¥Cry +Css +Cr +Coo +C,.0 ), cos(@, + o, )+

For analysis one of the ripple components of the input current is considered which is

shown below.

1, =1, cos(w +o,)t (4.48)
Where I, is the magnitude of the ripple which is given in terms of the output current and
Fourier coefficient of the switching signals.

1

Ipr = 5(C6(1A + C7aA + CGaB + C7aB + C6aC + C7aC )Is (449)
The phase ‘a’ input current of the matrix converter consisting of a fundamental
component and a ripple part is represented as.

I, =1,cos(@,t+86,)+1, cos(®, +m,)+86, (4.50)
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Similarly, the phase ‘a’ input capacitor voltage, the filter current and source current have

the same ripple component as that of the input current.

V,, =V, cos(@,+6,)+V, cos((w, +@,)+8,) (4.51)
1, =1I,cos(@,t+6,)+1,cos(@, +@,)+6,) (4.52)
I,,=1,cos(@,+6,)+I,cos((@ +@,)+6,) (4.53)

The three phase ac source is considered to be pure sinusoidal and balanced.

V.=V, cos(a,t)

V,, =V, cos(@,t —2?7[) (4.54)
V., =V, cos(@,t +2?7[

The dynamic source current shown in Figure 4.2 are given as.

V=R, ,+L,pl, +RU,—1,)+V,
Ve =R, +L,pl,, +R . (I,,—1,)+V, (4.55)
V.=RJI,+Lpl +R U, —1,)+V,

The filter capacitor dynamics are given as

Cfp‘/ap :Iag _Iap

CrpViy =1y =1,
¢ pV,=1,-1,

(4.56)

The three phase dynamics equation of the filter inductor are expressed as

Liply =R, (L —1y)
Lyplyy =R, (I,, = 1)) (4.57)
Liply =R (I —1y)
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Since the input capacitor voltage, filter current and source current consists of a
fundamental and ripple part. Using Harmonic Balance Technique it is possible to separate
the fundamental and ripple dynamic of the input side. Before applying this technique, it is
necessary to transform input side dynamics into synchronous reference frame using the

transformation matrix given in 4.58.

cos(d,) cos(Bp—Z?ﬂ) cos(9p+2?ﬂ-)

sin(6,) sin(@, —2—7[) sin(@, +2—”)
K= i i (458)
cos(8,) cos(6, —?) cos(6. +?)

sin(8) sin(ﬁr—z?ﬂ-) sin(€r+2?ﬂ-)

The transformed gd equation for the fundamental component of the source current
dynamics is given in (4.59). I ,; and I, are the g-axis and d-axis components of the

fundamental component of the source current.
V Rg]qgl +L plqgl +prgIdg1 +Rf(1qg1 qf1)+ qpl
4

=R +L,ply,—o LI +R U, —1,)+V,,

P8 gl

(4.59)

The dynamics equations for the fundamental g-axis and d-axis filter current, I, and Iy

are given as

Lpl,+@, L, =R, ~1,)

qf1

(4.60)
Lyply =@, L1, =R (L =1yp)
Similarly, the input capacitor voltage
Cfpvqpl T, c Vdpl qgl _qul 61)
Cfde a) C qul dgl - Idpl .
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Similarly, the ripple dynamic equations for the source current are given below where I,
and 14, are the g-axis and d-axis ripple components of the source current. /5 and I, are
the corresponding filter current ripples. Similarly, V,,, and Vg, stand for the ripple axes

components of the input capacitor voltages.

0=R1,+L,pl, +(@+0,)L]I,

8 48T q8r 8r

0=R],

8r

+R (I, —1,)+V,

q8r qpr

(4.62)
+ Rf (Idgr _Idfr) +‘/dpr

+Lgpldgr —(@, +a)p)Lqug1

The ripple dynamics for the filter current in synchronous reference frame are expressed in

(4.63).

Lpl, +(@ +@ )L, =R, ~1,)
1

(4.63)
Lyply — (@ +@,)L 1, =R (L4, —1y
Similarly, the input capacitor voltage dynamics are given as
CipVy, H(@.+@,)CV,, =1, — 1, 4.64)
¢ pvV,-(@+o0)CV, =1,-1,, ‘

At steady state where the time derivatives, p = 0 the expression given from (4.62) to

(4.64) becomes,
0=(R,+R)I , +(@.+@,)L 1, —RI;+V,, wes)
0=(R, +R ), ~(@ +®)L I ~RI,+V, |
(@, +@,)L 1, =R, (I, ~1,) »
—(@+@)L1,, =R (I, —1,) e
(@ +@,)CVy, =1, —1,, 167
—(@+@)CV, =1, -1, (+67)
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From (4.66), the g-axis and d-axis filter current can be expressed in terms of the source

currents as follow.

R; (0, +w,)LR,

I, = —
qfr 2 272 Tqgr 2 2 y2 “dgr
Rf+(a)c+a)p) L, Rf+(a)c+a)p) L,

(0. +,) LR, R;

(4.68)

= +
dfr 2 252 “qgr 2 272
Rf+(a)c+a)p) L, Rf+(a)c+a)p) L,

(4.69)

dgr

Since the input current ripple component is a function of the output current and the

Fourier coefficient, (4.67) can be modified as given (4.70). K., is a coefficient computed

from the coefficients of the switching signal components which result in the particular

input current ripple.

(w.+o,)CV, =1,-K, I

ripp” qs

-(w.+0,)CV, =1, —K

qpr dgr

Ids

ripp

Substituting (4.68) and (4.69) into (4.65),

R3
O:(Rg+Rf— ! qug,+((a)c+a)p)Lg+

R +(w.+w,)°L,

3

2 272
R, +(w. +w,)"L;

O:(Rg+Rf— ! Jldg,—((a)c +@)L, +

(4.70)

4.71)

2
(0, +@,)L;R;

+V
2 272 | dgr qpr
R +(o. +w,) Lf} 4.72)

+V

qgr dpr

(@, +@,)L,R;
R +(a+w,)°L;

(4.73)

Since the filter parameters are selected based on the specified maximum allowable source

current and input capacitor voltage ripples, I, and V.
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2 2 _ 72
12412, =12 (4.74)

V: +V, =V’ (4.75)

qpr dpr pr

Solving the six non-linear equations given (4.70) - (4.75), it is possible to determine the
six unknowns, Ie, 1ig, Vyp, Vap, Ly and Cy. It is necessary to note that these variables are
computed for a specified value of damping resistor and rated output current. However,
the designed filter is later proved to work for output currents lower than the rated value.
Besides, the chosen damping resistor is valid regarding the stability of the overall system.
The rated output current is chosen to be /5A with phase angle of -30° and damping
resistor value of 30Q. The maximum allowable source current and input capacitor voltage
ripples are selected to be 0.27A and 12.5V, respectively. The filter inductor and capacitor

are calculated to be 7.46mH and 10uF respective.

4.3.2 Stability Analysis for Matrix converter feeding an RL load

The stability of the system shown in Figure 4.2 are studied stability of the system
under chosen filter parameters. This analysis is necessary to properly choose the damping
resistor which determines the filter inductor and capacitor. The dynamic equations of the
overall system are summarized as follows:

ng :Rglqg +Lgp]qg +prgIdg +Rf(qu _qu)+vqp
V, =Rg1dg +Lgp1dg —w L 1 +Rf(1dg —Idf)+Vdp

8 P8 48

(4.76)
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Liply+@,L 1y =R, ~1,)
_ 4.77)
prlwf —a)pLngf = Rf(Idg —Idf)
Cfpvqp +prdep = qu _qu 478)
Cfpvdp_a)pcqup =14 —1, '
The dynamics of digital filter in synchronous reference frame are

1
pVy, = ;(VQP _qu)

| 4.79)

de :;(Vd _Vdf)

The output current dynamics are given in gd reference frame as given below where V,
and Vy, are the output voltages where as I, and Iz are the output current axes

components.

Vqs = Rs 1 qs + Ls pP I qs + ws 1 ds

Vds = Rslds +Lsp1ds - a)slqs (480)

The mapping between the input and output of the matrix converter current and voltage
relations are given as

Idp :qulqs +Mdd1ds
l,=M 1, +M,1I,

99 95

(4.81)

The modulation signal components, M4, M4, My, and My, are discussed in detail in the
subsequent chapters. The output voltage is also written in terms of the input capacitor

voltage as follow.

V=MV, +M,V,

qq9 = qp

V=M,V +M,V,

dq " qp

(4.82)
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The stability study involves the small signal modeling and steady state analysis for
system shown in the Figure 4.2. The linearization of the system dynamics around steady
state operating point leads to the following small signal model of the system.

1
pAI, = L—(Ang —(R,+R,)AI +R,Al, — L Al ~AV, )
8

1
pAIdg - L_ (Avdg h (Ré’ + Rf )Aldg + RfAIdf + prgAqu - Avdp )

1
PAI, :L_(RfAqu —R,Al, _a)poAIdf)
f
Al =L (RAI ~RAI, —wLAl)
PALy =7\ Al pRLy =@, L ALy,
¥
Al —I(RAI—RAI— L.Al,)
PALy =7\ Al pRLy =@, L ALy,
¥

Alds - IqsoAqu - IdsoAqu )

dqo

1
PAV,, = (a1, -w,C,AV, —M, Al -M

PAV,

4

1
= C_ (Aldg + a)pCqup - quoAIqs - MddoAIds - IqsoAqu - IdsoAMdd )
f

1
PAV, = —(AV, —AV,)

1

PAVy =—(AV,, —AV,)
1

pAIqx = L_(quoAqu + quoAVdp - RSAIqs - a)sLxAIdx + quuAqu + VdpoAqu )
1

pAIds = L_( dququ + MddoAVdp - RsAlds + wsLsAIqs + quoAqu + VdpoAMdd )

s
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The characteristic matrix is shown (4.83) and it depends on the operating points.

— Rg + Rf — a)p & 0 — L
Lg Lg Lg
o R A+R, 0 & 0
! Lg Lg
R R
-t 0 - _ : 0
Lf Lf
R
0 — o, -—L 0
Lf Lf
1 0 0 0 0
A= C;
0 L 0 0 o,
Cf
1
0 0 0 0 —
T
0 0 0 0 0
0 0 0 0 - X
0 0 0 0 -x

The constants represented in the matrix are computed at the steady state operation.

V.V

gso " gpo
NE=ET o7

Vpo

_ Vdsovqpo

=

po

2 2
ym oy, =L Vo Vi lk
1 4 Cf V ;0

k=V I +V, I

gso™ gso dso” dso

109

0 0 0
0 0 0
0 0 0
0 0 0
b%) “ 2,
Ya <3 23
0 0 0
-— 0 0
T
RS
'x2 - LS - a)s
Rs
X, ), —Z_
(4.83)
_ Vqso Vdpo
X2 =TT
po
v,V
x4 dso 2dpu
Ve
1 2v, V., .k
Y, = Vs :C_ qu 4dp
f po



Table 4.1 System parameters

Vi=160V  f, = 50Hz
R, =10Q L, =20mH for I, = 15A with -30°

R, =30Q L, =60mH for I, = 5A with -30°

Ve=230V f,=60Hz R,=05Q  L,=ImH

Rf = 30Q Lf = 7.46mH Cf = ]0,uF

The steady state variables are computed step-by-step as follows for the given parameter
For varies damping resistance the operating points are computed to analyze the Eigen
value of the characteristic matrix given above. The operating points by solving the

quadratic equation shown in (4.84)

aMﬁd +bMdd +c¢c=0

(4.82)
Mgy =M, —-818:M 44
qu:Mdd“j—;]Z M 4 :A]ZZ M 4
Vap =kiVag +81(M galys + M gal ) Lyg = B3B4Vgg =Vgp)
Lig = Plyg Vap = BaVgg =Vgp)
Ly = PBilgg Ly = Balgg
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4.4 Simulation Results and Discussion

Using the system parameter given in Table 4.1 which is based on the designed filter,
simulations are done to examine the effect of the damping resistor on the system stability
as well as to verify the filter designed based on the proposed method in mitigating the
harmonic in the input current. Figure 4.4 show the stability limit of the studied system in
terms of the voltage transfer ratio and digital filter time constant. It is observed that
higher filter time constant results in wider range of stability region. The figure also shows
that to operate in higher voltage gain, the corresponding digital filter should have higher
time constant to keep the overall system stable. The effect of the damping resistance on
the system stability is shown in Figure 4.5 by analyzing the dominant Eigen value for
each value of damping resistances. Note that this dominant Eigen value varies with the
damping resistance and therefore it is necessary to particularly selected dominant Eigen
value as the resistance vary. It is seen that with the select damping resistance, Ry = 302,
the system is stable even in lower digital time constant. It can also be observed from the
figure that, lower resistance leads to a better system stability; however, the low value of
damping resistance will lead to higher power loss in the filter.

Simulations are also done to observe the resulting input and output waveforms of
the matrix converter —RL load system. A sinusoidal input voltage with input unity power
factor is considered for simulation as shown in Figure 4.6. As seen in the Figure 4.7, the
designed input filter maintained sufficiently high power factor at the input terminal of the

converter which allows wide range of output voltage operation.
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Figure 4.4 Stability limit of a matrix converter with RL load
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Figure 4.5 Dominant Eigen Values for various damping resistance
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Figure 4.6 Phase ‘a’ source voltage and current
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Figure 4.7 Phase ‘a’ input capacitor voltage and current of the MC

The source current shown in figure above are magnified by twenty times. The averaged

output voltage and current with 10 times magnified are shown in Figure 4.8. The input

current of the converter before and source current which is after the filter is shown in

Figure 4.9.
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Figure 4.9 Input current and source current
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Figure 4.11 FFT of the source current

The harmonic content of Figure 4.9 are presented in the above two figures. The
dominant harmonic of the input current is as high as 4A and the next dominant harmonics
is around 3.4A. As observed in Figure 4.11, these harmonics are greatly reduced in the
source current due to the input filter. From this result it can be concluded that even if the
proposed filter parameter considered only one of the dominant harmonics, it also
mitigates the other harmonics.

115



[*/]

ap
=

5 i i i i i i i
849 952 9594 955 953 10 1002 1004 1008 1008 1041
Fraguency (kHz)

Figure 4.12 FFT of the input capacitor voltage

Figure 4.12 shows the harmonic component of the input capacitor voltage. With the
designed input filter, the input capacitor voltage and source current ripples meet the

specified maximum allowable ripples as demonstrated in Figure 4.11 and Figure 4.12.

The stability of the system under the determined filter capacitor and inductor
values for an output current of 5A is studied. As observed in Figure 4.13, the damping
resistance does not affect the system stability under low output current. And therefore,
the filter designed based on output rated current can also work for lower current

operation.

The Bode plot of the filter transfer function given in (4.38) is shown in Figure
4.14. This figure shows that the gain at the resonance frequency, 583Hz is near to zero
and therefore, it can be concluded that the chosen filter parameters can also result in very

less oscillation at the characteristic frequency.
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Figure 4.14 Bode plot of the designed input filter
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4.5 Conclusion

This chapter propose a new input filter design for a matrix converter which mitigate
unwanted harmonic generated by the high frequency switching. A harmonic balance
technique is set forth which enables an independent analysis for the ripple component of
the current and voltage waveform. The filter inductor and capacitor are determined based
on the specified maximum allowable source current and input capacitor voltage ripples
under a given damping resistance and output rated current. Stability of the overall system
is studied with the help of small signal modelling and steady state analysis. Simulation
results shows that the system is stable under the chosen damping resistor even with a low
digital low pass filter’s time constant. Moreover, the designed filter parameters which are
determined based on the rated output current perfectly works lower output currents.
Although the analysis is consider only one dominant harmonic component of the input
current, the resulting filter are capable of mitigating lower harmonics as well. It is also
observed that the proposed approach maintained a high power factor at the input terminal
of the matrix converter which allows wider control range of a matrix converter. Based on
the transfer function of the filter, the chosen damping resistance is sufficiently damp the
oscillation near the resonant frequency and besides this resonance frequency is far from
the fundamental and sufficiently lower that the switching frequency. Finally, this new
approach can be implemented when the source voltage contained harmonics although this

work assumes a pure ac source.
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CHAPTER 5

DYANMIC AND STEADY STATE MODELLING OF MATRIX

CONVERTER SYSTEMS

5.1 Introduction

This chapter presents the complete modelling of a matrix converter feeding a
passive RL load. It also gives a detailed steady state analysis supported by a computer
simulation. The model implements the carrier based modulation strategies developed in
the chapter 3. The dynamic and steady state performance analysis of a matrix converter
fed induction motor are presented in this chapter. A new generalized stead state analysis
which can be implemented for matrix converter based drives operating in both unity and
non unity input factor operations. The motivation behind this analysis is that most of the
literature gives a steady state operating points computed under unity input power factor
operation. With the help of this generalized analysis, it is possible to study the
performance of the drive under lagging, unity or leading input power factor. Moreover,
this analysis is used to evaluate the operating points for the stability study of the drive
system. Computer simulations results obtained using a MATLAB/Simulink platform
have been provided to verify the starting transient, dynamic response and the steady state

performance of the drive.
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5.2 Matrix Converter Feeding an RL Load

5.2.1 Dynamic Modelling

The topology of the overall system which comprises a three phase power supply, an
input LC filter, digital low pass filter, modulation signal and switching signal generation
blocks and three phase-to-phase AC/AC matrix converter feeding a passive load is
schematically shown in Figure 5.1. The digital low pass filter is implemented in
synchronous reference frame; therefore, the measured input capacitor voltages first
transformed to gd synchronous reference frame and then transformed back to abc after
the low pass filter. These filtered capacitor voltages are then used to determine the
appropriate modulation signals which are compared with high frequency triangular
carrier signal to generate the actual switching pulses. The modulation scheme used
throughout the modelling is carrier-based PWM or duty-cycle technique.

Complying with the Kirchhoff’s voltage and current laws, the switching functions

are constrained as follows.

Sa+S,,+S.,=1
SptSp+S.,=1
S, tS,ctS.c=1

G.D

The three phase voltage equations for the input side of the MC are given in (5.2)
assuming the common mode voltage between point p and o shown in Figure 5.1 are zero.

The term p represents the time derivatives (d/dt).
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Matrix
Converter

Figure 5.1 Schematic diagram of AC/AC matrix converter feeding an RL load

The dynamic equations for the filter capacitor voltages are expressed in (5.4). Where I,
I, and I, are the three phase source current while 7,,,, I, and I, are the three phase input
current of the matrix converter. V,,, V;, and V., represent the input three phase capacitor
voltages.

Cfpvap =Iag _Iap

CipVy =1, —1,, (5.4)
C,pV,=1,-1,

The mapping of the input phase voltages and output phase voltages of the converter are

related as in (5.5). Vg, Vis and V., are the output three phase voltages.
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Vas +Vnp = SaAVup + SbApr + SL'A‘/C[J
Vbs + Vnp = SuBVup + SbBpr + ScBch (55)
Vcs + Vnp = SaCVap + SbCpr + SCCVCp

For a balanced output voltage, the sum of the output phase voltages becomes zero.

Summing all the rows in (5.5), the expression for V,,, is given by (5.6).

1 S aA‘/ap + SbA‘/bp + S L'A‘/bp + SaBVap +
= (5.6)

V =
v 3 ShB‘/hp + SCB‘/hp + SaCVap + ShC‘/hp + SCC‘/hp

The input and output phase currents are related by switching function given by (5.7)
where 1, I; and I, are the output currents.

I, =Sl +Spl, +S,1

aA =~ as aC * cs
Ibp:SbAIa‘v+SbBIhs+ShCIm
I, =81, +Sul, +S.1

cA " as cC " cs

5.7

The output RL load voltage equations are expressed in (5.8) where R; and L; are

respectively the resistance and inductance of the passive load.

‘/as = Rslas +l‘splas
‘/bs :Rslbs +Lsplbs (58)
‘/cs = Rslcs +Lsp1cs

The expression for the digital low pass filter is given in the synchronous reference frame
since it does not introduce any phase angle and attenuation on the fundamental
component of the input voltage [40]. V,rand V,rare the g-axis and d-axis of the filtered
capacitor voltages and 7 represents the time constant of the digital low pass filter.

1

pvqf :;(qu _qu)
1

pVy = ;(Vdp V)

5.9
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Adding a zero sequence (common mode) voltage, V,, on the modulation signals which is

expressed as in (5.10), the expression for the modulation signals are given as in (5.11)

(8.]
V., = %Vp cos(3a)‘,,t)—éVAY cos(3w,t) (5.10)
M, = 1(1+2Vf” WV, V)4 Gn(w 1)sinGew t)] (5.11)
i A 2 js no .
i3 Vp J 3\/5 p P

There are two transformations carried out in this analysis: the input side and output side
transformations K(6,) and K(6;). 0,, and 6, are their corresponding initial angle of the

reference frames.

cos(d,) cos(@, - 2?7[) cos(@, + 2—3”)
K@) :% sin@,)  sin(, —2?”) sin(@, +2?”) (5.12)
1 1 1
| 2 2 2 |
cos(é ) cos(é’p —2—7[) cos(&p + 2—7[)
P 3 3
2| . . 27 ) 27
K@, = 3 sin(d,) sin(@, — ?) sin(@, + T) (5.13)
1 1 1
| 2 2 2 |
where
91’ = wl’t + 9017 0& :a)‘vt+90x

All the currents are transformed using the above two transformations using the relations

given in (5.14).
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I, =K@O)I,,
Iy =K@ )I,,
l,,=K@,)S"K"(6)I,, (5.14)
1= K@©)HI,,.

Iy, Ir and I.yare the three phase current flowing through the filter inductor. Note that the

currents shown below are a vector of three elements

qu IQf 1 qp IqS
Lyge =| 14 Ly =1y Ly =114 Ly =| 14
I 0g 1 of 1 op Ios

where
I,,- the g-axis source current
14, - the d-axis source current
I,¢- the g-axis filter current
14, - the d-axis source current
I, - the g-axis input current of the matrix converter
14~ the d-axis input current of the matrix converter
Iqs— the q—axis output current

I, - the d-axis output current

1 ag 1 af
Tapeg =| 1oy Liper =| Ly
1 cg _I o |
ap as
Iabcp = Ibp Iabcs = Ibs
p L “es |
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Similarly, the voltages are transformed to synchronous gd axis as follows.

V. =K,V

abcg
qup = K(ep )Vabcp (515)
V. =K(6,)SK(6,)V,,
where
ng qp qs
qug = Vdg qup = Vdp qus = Vds
og op os
And

Ve » Vag - the g-axis and d-axis source voltages
Vap Vap - the g-axis and d-axis input capacitor voltages

Vs Vas - the g-axis and d-axis output voltages

Vag Vap Vas
qug = ng qup = Vhp qus = Vhs
ch VP ‘/cs

Using (5.14) and (5.15) the synchronous reference frame source voltage expression is
given as

ng = Rg qu + Lg plqg + prg Idg + Rf (qu - qu ) +qu

(5.16)
V=R, +L,pl, —a)pLqug +Rf(ldg —Idf)+Vdp
The gd axis voltage is expressed as
Lyply+o,L 1y =R (L, —1y)
(5.17)

L,pl,-o, L1, =R, ~1;)
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Similarly, the capacitor dynamics in gd is shown below

C,pV,+@,C,V, =1, ~1I
C,pV,-oCV, =1,-1I

flap

qp

(5.18)

dp
The mapping between the input and output current is done using the four components of

a modulation signals. The detailed derivation for the expression given in (5.19-5.23) is

given in Appendix E.
Idp :qulqs+MddIds (5 19
_ 19)
qu _qulqs +qu]ds

The expressions of the synchronous frame modulation signals are shown as follows,

M, =M cos(d,)cos(d,,) M, =-M cos(d,)sin(d,,)

2
qu =-M Sin(dvs)COS(Jpp) Mdd =M Sin(dvs ) Sin(gpp) (5 O)

where J,, and J,, are the phase angle of the capacitor and output voltages respectively.

é,=96,-6, 6,=0,-6 (5.21)

op
The modulation index of the matrix converter is related to each component of the
modulation signals as follows

M?>=M. +M; +M; +M,, (5.22)
The input output voltage mapping in gd is represented in (5.23)

V,=M,V, +M,V,

99" qp (5.23)
V=MV, +M,V, '
Finally, the output voltage of the converter given
Ve=RI +Lpl +a&l,
(5.24)

Vds = Rs Ids + Ls pIds - a)s Iqs
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Figure 5.2 Switching pulses for phase ‘a’ output voltage

5.2.2 Dynamic Simulation Results and Discussion

Based on the model equation derived in the previous section and with the
parameters given in Table 5.1, simulations are given in Figure 5.2 to 5.8. The switching
signals used to synthesize output phase ‘a’ voltage are shown in Figure 5.2 where at any
instant of time one and only one device turns ON. The output line-to-line voltages are
given in Figure 5.3 with an average sinusoidal waveform. Similarly, the three phase
voltages are all sinusoidal average voltages and balanced as seen in Figure 5.5. The input
phase capacitor voltage containing small ripple are shown in Figure 5.5 and are filtered

by the digital low pass filter before they are used to generate a modulation signals.
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Figure 5.3 MC output line-to-line voltages
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Figure 5.4 MC output three phase voltages
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Figure 5.5 Input three phase capacitor voltages
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Figure 5.6 Filtered three phase capacitor voltages
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Figure 5.7 MC three phase input current
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Figure 5.8 Three phase source currents
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These filtered input voltages are given in Figure 5.6. The input current of the
matrix converter and the source current after the input low pass filter is show in Figure

5.7 and 5.8 respectively.

5.2.3 Generalized Steady State Analysis

The generalized steady state analysis proposed in this thesis is presented in this
section. To determine the steady state analysis, the dynamic equations given in abc are
transformed into qd synchronous reference frames. At steady state the g-axis and d-axis

voltage equations of the source are expressed as

ng :Rglqg +prgIdg +Rf (qu _qu)+qu

(5.25)
Vdg = Rgldg —a)pLqug +Rf (Idg —Idf)+Vdp
The voltage equations for the inductor voltage at steady state are
WLyl =Ry (L —1y)
_ (5.26)
—@O, L1, =R (1, — 1)

The g-axis and d-axis voltage equations for the inductor voltage at steady state is given as

w,CV,=1,-M, -M,I,

q9 = qs

0 CV, =1, -MI -M,I,

qd” gs

(5.27)

The active and reactive power drawn from the source can be represented in terms of the

synchronous reference frame voltages and currents as follows:
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3
Pg = E (ng qu + Vdg Idg )

3 (5.28)
Qg = E (ng Idg N Vdg qu )
Aligning the input side reference frame angle to the d-axis of the source voltage, the d-
axis of the source voltage becomes zero and the g-axis source voltage is equal to the

magnitude of the phase voltage. The expressions for the active and reactive power are

modified as shown in (5.29).
P ZEV,I Qg :EV Idg (529)

Considering the output sides, the steady state synchronous reference frame voltage
equations are

Vqs = Rs 1 qs + wsLs 1 ds
V,=RI,-oLI

s gs

(5.30)

The corresponding g-axis and d-axis load current can be computed from the respective

voltages using expression (5.31)

p— RS wSLS
“ "R+l * R+l *
‘ o L‘ ‘ ‘ S (5.31)

S

1, = + :
d:
C R+ " RI+oL

ds

Since this particular approaches is a generalized method of steady state analysis, it can be
used when the whole system operate a unity, lagging or leading power factor at the

source side. By specifying the operating input power factor (pf), based on (5.29) the
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relation between the g-axis and d-axis components of the source current can easily

represented as shown below.

Idg :plqg (532)
where p is the ratio of the reactive power to the active power
The gd components of the inductor current can also be represented in terms of the g-axis
source current by simultaneously solving (5.26).

qu :ﬁllqg

(5.33)
Idf = ﬁ21qg

The constants which are function of the input frequency, input power factor, filter
inductor and damping resistor are represented below.
_R,-pa,L,
T p2 272 f
R, +w L,
B PR+, L,
T op2 272 f
R, +w,L;

B
(5.34)
b,

Substituting (5.33) into (5.25), all the input side voltages and currents can be represented

in terms of only the g-axis capacitor voltage which is represented by (5.35)

qu =ﬁ3,34(ng _qu)

(5.35)
Vo :ﬁ4(ng V)

where the expressions of the above constants are given in (5.36) and it is seen that all

these constants so far does not depend on the filter capacitor parameter.
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1
C(@,L, +R,B, - p(R, +R,))
1
CB(R,+R,(1-B)+po L)

B,

(5.36)

B,

The input and output voltage now are related by the four components of the modulation

signals.

V,=M,V, +M,V,

qq9 = qp

Vo=M,V, +M,V, (5.37)

dq * qp
Similarly, the input current components are related to the output voltages by these

modulation signal components.

1,=M,I +M,I,

99 qs

Idp :qulqs +Mdd1ds

(5.38)

These four components of the modulation signals are represented in (5.39) where M is the
modulation index, Jy, is the phase angle difference between the output voltage and output
side reference frame. And J,, is the phase angle difference between the input capacitor
voltage and input side reference frame. The complete derivation is given in Appendix IV.

M, =M cos(,,)cos(d,,)

M, =—-M cos(,,)sin(d,,)

M, =-Msin(5 )cos(d,) (5.39)
M, =Msin(d,,)sin(d,,)

M?>=M: +M; +M; +M_

Defining constants k; and g; as given in (5.40), V,, can be represented in terms of the

other variables.
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_ PBB,
1 pﬁ3:64 - a)pcf
3 1
,0,33,34 - prf

(5.40)

81 =

V,=kV,+g WM I +M,l,) (5.41)

The four non-linear equation and four variables, M,,, M4, M4, and My, are shown in
(5.42). Eliminating three of the four unknowns, first M,, then M, and later M, , makes
the computation easier and it does not need mathematical tools.

quMdd :ququ
Vqs = (qu _quﬁ4)(klvqg +g1(quIqs +Mdd1ds))+quﬂ4ng

Vi = (qu - Mddﬂ4)(klvqg + 8, (qulqs + Mddlds))+ Mddﬂ4vqg (5:42)
gZ(klvqg + gl(quIqx +Mddldx)): gzvqg _qulqs _qulds

The final quadratic equation which is a function of M, is shown (5.43). Once M, is

computed all the other variables are determined by back substitution.
aM’,+bM,, +c=0 (5.43)
The coefficients of the quadratic equations are given as follows.

a= gl(gng +IB4))(Vqqus +Vds1ds)
b=(k(gg,+B,+tkegg,—(B,+ gng))ngVds

2
c=V, — klMdequg (5.46)

8, = BB, _a)pCfIB4
8.V, Vi (d=k))

v 4V, I,

qs” qs
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5.2.4 Steady State Simulation Results and Discussions

In order to verify the analysis, simulation of a MC system with the parameters
given in Table 5.1 is performed. Figure 5.9 to Figure 5.13 shows the steady state
simulation results of a matrix converter supplying an RL load. The output power factor is
always a lagging power factor since it is an RL load and the value of this power factor
depends on the load parameters. The graphs presented in this section are obtained by
varying the output power factor possibly from near to O to 1 at the same time three cases
of the input power factors are taken. The output active power and reactive power
combinations are seen in Figure 3.9. It has been observed that the output powers are

independent of the input power factor.
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Figure 5.9 Output active and reactive power for possible output power factor operations
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5.3  Modelling of Matrix Converter Fed Induction Machine

5.3.1 Dynamic Modelling

A typical schematic of a MC converter fed induction motor is show in Figure
5.15. The modeling in the case is similar with the model presented in the previous
section. In this case the load is an induction machine. The input side dynamic equations

are shown below.

ng :Rglqg +Lgp]qg +prgIdg +Rf(qu _qu)+vqp

(5.47)
Vie=R1,, +L,pl,,—®, LI +R; (Idg —Idf) +V.,
The gd axis voltage is expressed as
Lyply+o,L 1y =R L, —1y)
(5.48)
Liply—@,L 1, =R (I, —1;)
Similarly, the capacitor dynamics in gd is shown below
CpV,ta,CV, =1,-1,
(5.49)

Cf P Vdp -0, Cf qu - Idg - Idp
The g-axis and d-axis stator voltages are in synchronous reference frame is expressed as
(5.50)

V=Rl +pl, +al,

S

V,=R]I, + pA g a)s/lqs (5.50)
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Figure 5.14 Schematic diagram of the AC/AC matrix converter fed induction motor

In squirrel cage type induction machine with shorted rotor, the rotor voltages are zero and

expressed as

V. =0=RI +pA, +(@ o),

, o , , (5.51)
Va’r = 0 = RrIdr +p/ldr _(a)s _a)r )ﬂ’qr
The expressions for g-axis and d-axis stator flux linkages are given as:
A,=LI +L,1I,_
! ! ! (5.52)

ﬂ’d

A

= LsIds + LmI;ir

The g-axis and d-axis rotor flux linkages are expressed as:
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A, =L +L]I
! v (5.53)
/ldr :Lmlds +Lr1dr
The electromagnetic torque is expressed in terms of the stator flux linkage and stator
current as given in (5.54). This torque is positive for motor action and negative in

generating mode.

T =3TP(/1 1, -a,1,) (5.54)

e ds © gs

The rotor speed and electromagnetic torque of a P pole machine are related by (5.55)
where J is the inertia of the rotor and connected mechanical load expressed in kgmz. Ty is

the load torque.

PO, = E(Te -T,) (5.55)

5.3.2 Dynamic Simulation Results and Discussion

Simulation of the system is developed based on the model equations (5.48) to
(5.55) using the parameters given in Table 5.1. The motor starts at no load so as to
observe the starting transient and then a 25 Nm load torque are applied after 0.5 s to show
the dynamic response of the system. At starting, the motor experiences high
electromagnetic torque with rising rotor speed until they both reach their steady values
after 0.3 s as seen in Figure 5.15. These figures also show the responses for a step change
of load at 0.6 s. The output line-to-line and phase voltages of the converter are both

average sinusoidal waveforms as shown in Figure 5.16.
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Figure 5.15 Starting transient and dynamic response of (a) rotor speed and (b)

electromagnetic torque
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Figure 5.16 MC output (a) line-to-line voltage (b) phase voltage
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Figure 5.17 (a) Input capacitor phase voltage (b) filtered capacitor voltage
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Figure 5.18 (a) MC input phase current (b) source phase current

The input capacitor voltages before and after the digital filter are given in Figure

5.17. Tt clearly verify that the digital low pass filter implemented in qd-synchronous
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reference frame eliminate higher order harmonics resulting in a relatively pure sinusoidal

voltage which is used to generate the modulation signals.

5.3.3 Generalized Steady State Analysis

This section presents a generalized steady state analysis for matrix converter fed
induction machine. With similar approaches shown in section 5.1.3, steady state the g-

axis and d-axis voltage equations of the source are expressed as

ng :Rglqg +prgIdg +Rf (qu _qu)+qu

(5.56)
Vdg = Rgldg —a)pLqug +Rf (Idg —Idf)+Vdp
And the voltage equations for the inductor voltage at steady state
WLy 1y =Ry (L —1y)
(5.57)

—o,L1I,=R 1, ~1,)

The g-axis and d-axis voltage equations for the inductor voltage at steady state is given as

w,CV,=1,-M, -M,I,

q9 = qs

o CV, =1, -MI -M,I,

qd” gs

(5.58)

The active and reactive power of the drawn from the source can be represented in terms

of the synchronous reference frame voltages and currents as follows.

3
Pg ZE(ngqu +Vdg1dg)

3 (5.59)
Qg = E(ngldg _Vdglqg)
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The g-axis and d-axis stator voltages are given as:

‘/qs = Rqus + wsﬂds

5.60
Vds = Rs I ds a)s /lqs ( )
Rotor voltage steady state equations
vV, =0=R1, +(@-0),
, o , (5.61)
V,=0=RI,-(0-»)4,
The expressions for g-axis and d-axis stator flux linkages are given as:
A, =LI1 +L]1I
! ! ! (5.62)
ﬂ’ds = leds + LmIdr
The g-axis and d-axis rotor flux linkages are expressed as:
A =L1 +LI,
’ v (5.63)
ﬂ’dr = Lmlds + Lrldr
In matrix form
Vqs Rs a)s Ls O a)x Lm Iqs
% -w.L, R, —-w,L 0 1,
ds — a)s K s a)s m ds (564)
0 O Sa)sLm Rr Sa)er Iqr
0 - Sa)me O - Sa)er Rr Idr

The electronic torque is expressed in terms of the stator flux linkage and stator current as
given in (). This torque is positive for motor action and negative in generating mode.

T =1 ~A,1,) (5.65)

e 4 ds™ qs
The rotor speed and electromagnetic torque of a P pole machine are related by (5.65)

where J is the inertia of the rotor and connected mechanical load expressed in kgmz. Ty is

the load torque.
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pw, = %(Te 7)) (5.66)

The steady state variables are computed step-by-step as follows:
aM[%d +bMdd +c=0 (5_67

Mg, =M, —818:M 4y

qu=Mdd@ M =quMd
Ve =y
Vp =ktVge +81(M gl ys + M g1 ;) Log = B3BsVgg =Vgp)
Tag = Plgg Vap = BaVag =Vap)
Loy =Bl Ly = Balyg
I,=mV, —m,V, Ty =maVys +miVy,

The constants used in the above expressions are given below:

a:gl(glgz +ﬁ4))(vqslqs +Vdslds) b:(kl(g1gz +IB4 +k1g1g2) _(164 + g1g2))vqgvds

VvV -k
C:des _klMdequg M, =52 i)
Vqsl qs +Vdsl ds
1
. S 8§,=5p,-0,C.p
& pﬁ3ﬁ4_wpcf ’ e T
B _Ry—pa,L, R B _PR +o,L,
1 2 2712 S 2 2 2712 f
R; +w,L; R +o,L;
1 1
B, B,

T (@,L,+R,B,-p(R, +R,) TR, +R, (- )+ pw, L)

PBp,

1 2 2 2712 272 —
m, =—(R,R>+R s*@w’L* +s®>*L’R,) e
LA IOIBSIB4_prf

4] _
* (L,R> + 0*L,s’L* —s*®?L’L,)  p=tan(cos "' (pf))

A
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5.3.4 Steady State Simulation Results and Discussions

To verify the steady state performance of the induction motor drive, calculations are
done based on the model equations (5.56) to (5.67) with the parameters given in Table
5.1. Figures 5.19 - 5.19 are drawn considering lagging, unity and leading input power
factor operations. The torque-slip characteristics of the motor are shown in Figure 5.19
for different input power factor operations. This figure also shows that the
electromagnetic torque does not depend on the input power factor. Figure 5.20 gives the
magnitudes of the input capacitor voltage and source current. It can be observed that
when the drive operates at lagging input power factor, the speed range is very narrow
because of the limit in the matrix converter voltage transfer ratio. However, when the
overall system operates in leading and unity power factor, the matrix converter voltage is
below the maximum allowable limit in all possible speed ranges as seen in Figure 5.22.
The fundamental reason is demonstrate in Figure 5.20, when the system operate in
leading power factor mode, the magnitude of the input capacitor voltage will significantly
increased to inject reactive power to the source. As a result, it is possible to keep the
output stator voltage at the required value within the limit. On the other hand, in lagging
power factor operation, the capacitor voltage relatively lower value. Therefore, it is not
possible to get the specified stator voltage for wide load ranges; otherwise it goes to
unwanted over modulation region. The input active and reactive powers are shown in

Figure 5.21.
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Table 5.1 System Parameters

RL Load parameters

Ve =220V(rms)  f; = 50Hz R, = 10Q L, =20mH

Source and filter parameters

V, = 380V(rms)  f,=60Hz  R,=0.5Q,  L,=ImH

R =30Q Ly =746mH  C; = I0uF

Induction machine parameters

Vi =220Vrms  f; = 50Hz R, =0531Q R, =0.408

Ly=8722mH L,=87.22mH L, =857mH J=0.04kgm’ P=4

54 Conclusion

A modeling of the AC/AC matrix converter feeding an RL load is presented. A
new generalized steady state analysis is developed which avoid the constraint of
operating at input unity power factor. Simulation has been done to verify the theoretical
analysis. Results show that with matrix converter, it is possible to control the input and
output power factor independently. With a similar approach, dynamic and steady state
analysis are developed for matrix converter fed induction motor system. Computer
simulation results clearly show the starting transient and the dynamic response to a
sudden change of the load during the steady state operation. The steady state analysis of
the complete system is also laid out clearly along with the plots of the performance

characteristics of the system.
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CHAPTER 6

STABILITY ANALYSIS FOR A MATRIX CONVERTER FED

INDUCTION MOTOR

6.1 Introduction

This chapter investigates issues related to instabilities in a matrix converter fed
drive system. The presence of the input LC filter along with the direct coupling nature of
the matrix converter may lead to unstable operation when the power delivered exceeds a

certain limit value.

A new generalized model for stability analysis based on a small signal modeling
is proposed, for matrix converter fed induction motor drive system. A small signal model
of the overall drive system is also presented in synchronous reference frame. It is
necessary to note that the stability analysis does not include the mechanical dynamics as a
result it can also be known as electrical stability analysis. The stability of the system is
evaluated by analyzing the migration of eigen values of the system, which is linearized
around the operating point. The generalized steady state analysis is also presented to
provide the operating points for stability analysis as well as to study the steady state

performance of the system under constant Volt per Hertz (V/F) operation.
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This approach considers the analysis when the drive system operates at unity as
well as non-unity input power factor at the source side. With the help of this model,
different factors which affect the matrix converter stability are analyzed including stator
and rotor resistance variation due to motor heating and the impact of non-zero reactive
power at the source side. The paper also presents a complete and a general steady state
analysis in the g-d synchronous reference frame when the whole drive system operates
under a constant Volt/Hertz operation. Computer simulations are carried out to verify

theoretical analysis on stability as well as on the steady state performance characteristics

6.2  Modeling of the Drive System

The complete modelling of the studied system shown in Figure 6.1 is presented

section 5.3. The input voltage equations in a synchronous reference frame are shown as.

ng :Rglqg +Lgplqg +prgIdg +Rf(lqg _qu)+vqp (6 1)
Vdg = Rgldg +Lgp1dg _a)pLqug +Rf(1dg _Idf)+vdp

The voltage drop in the filter inductor can be represented as
L,pl,+a&, L1, =R, (I, ~-1,) (6.2)
Lypl, -, L1, =R, (I, —1,)

The dynamic equation of filter capacitor is given by,

Cfpvqp +wpcfvdp = qu _qu 6.3)
C;,pV, —0,C,V, =1, -1

dp
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Figure 6.1 Schematic diagram of the AC/AC matrix converter fed induction motor

The g-axis and d-axis stator voltages are

Vqs = Rslqs + p/lqs + ws/lds
Vd

A

(6.4)
= Rslds + p/lds - ws/lqs

In squirrel cage type induction machine with shorted rotor, the rotor voltages are zero and
expressed as

Vqr :0:erqr +pﬂqr +(a)s _a)r)ﬂ’dr
Vdr :OerIdr +p2’dr _(a)s - )/l

r qr

(6.5)
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The expressions for g-axis and d-axis stator flux linkages are given as:

/1qs =LI +L1,

(6.6)
}Lds = leds + Lmldr
The g-axis and d-axis rotor flux linkages are expressed as:
A =L1 +LI,
q g q 6.7)

}Ldr = Lmlds + LrIdr
The electronic torque is expressed in terms of the stator flux linkage and stator current as

given in (4.54). This torque is positive for motor action and negative in generating mode.

T =3TP(/1 1,-2,1,) (6.8)

e ds " gs

The rotor speed and electromagnetic torque of a P pole machine are related by (6.9)
where J is the inertia of the rotor and connected mechanical load expressed in kgmz. Ty is

the load torque.

po, = £(Te 7)) 6.9)

The digital filter dynamics in synchronous reference frame are

1
quf :;(qu _qu)

| (6.9)
PVy= P Voo =Vep)

The mapping between the input current and output current using the components of the
modulation signals are

l,=M,1, +M,1,

99" gs
+M 1,

(6.10)
1,=M,I

qs
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Similarly, the output voltage can be expressed in terms of the input voltage and
modulation signals as follow.

V=M,V +M,V,

qq9 = qp (611)
V=M,V +M,V,
Equation in (6.1) can be rearranged as follows
[ =LV —(R+R)I +R,I Li, -V )
pqg_L_ qg_( ¢ T f) g TRy =@, L Ly =V,
f (6.12)
pl,, = L—(Vdg ~(R, 4RI, +R, 1, +@ L1, ~V,)
8
Similarly, the filter current dynamics can be expressed as
I =Y (R1I -RI -wLl,)
Ply T Wrle TNy @y Lpl g
1f (6.13)
pldf :L_(Rfldg +prfqu _Rfldf)
f
Substituting (6.10) into (6.3)
= )
pv,, = C_ Ly =@,CVy =M 1)y =M 41y
f (6.14)
1
pV,, = C—(Idg +0,CV, ~M I, ~M,I,)
!
PV, =i, V)
af o af (615)

1
PVdf = ;(Vd _Vdf)

The g-axis stator and the rotor currents can be written in terms of the stator and rotor flux

linkages as follows.

r’¥gs ‘m” Y qr

r,
Iy = (LA, ~L,A,) (6.16)
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r

Ill’ = b (_Lmﬂqx + Lvﬂ‘ q’) (6.17)
where the
D=LL -, (6.18)

Similarly, the d-axis stator and the rotor currents can be written in terms of the stator and

rotor flux linkages as follows.

I, =%(L/lds ~L,A,) (6.19)

m’¥dr

r

Idr = D’ (_Lmﬂdx + Lxﬂ’dr) (6'20)

Substituting (6.61-6.19) into (6.4) and (6.5), the induction motor dynamics can be written
in terms of only the stator flux linkages. From the stator voltage equations, the dynamics

of the stator flux linkage can be written as

rL, L,
p/lqs = ququ + quVdp - D lqs +T/lqr - we/lds
r.L r.L ©:21)
pﬂ’dv = quvqp + Mddvdp _#ﬂ’d? + Mﬂ’dr + a)eﬂ’qs
: p v p ‘
Similarly, the rotor flux dynamics can be represented as
ph, =tkn g Ly g 2,
r D qs D qr so” "dr
s . (6.22)
r r. L,
pﬂ’dr = rDm ﬂ’ds - rD‘ ﬂ’dr + a)soﬂ’qr
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6.3  Small Signal Analysis

This section discusses the stability of the model given in Figure 6.1. The small
signal analysis of the system is done to determine the stability limit under constant volts
per hertz (V/f) operation. To determine the small signal model of the system, it should be
first linearized around the operating point. Therefore each state are defined by the

operating points

X=X +AX (6.23)

And the inputs and the disturbances are

U=U, +AU (6.48)
where
M aq M qqo AM aq
b= | Ma o | M Ay | MM
M, ° M, AM ,
M M 440 AM ,,
r
X = [I qg8 1 dg 1 af 1 af qu Vdp qu Vdf /lqs /lds /1qr /1dr ]

T
X o= [I qgo I d; I qfo I dfo V Vdpo quo Vdfo ﬂ“qm ﬂ’dm ﬂ’qm ﬂ“dm ]

80 qpo

T
AX=|AI, AL, A, Al, AV, AV, AV, AV, AL, Al AL, AA,]
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The linearization of the system dynamics around steady state operating point leads to the

following small signal model of the system.

pAlL, =Lig(Avqg —(R,+R,)AL +R,Al,— L Al ~AV, ) (6.24)
pAIL, :Lig(Avdg —(R,+R,)AL, +R,Al, +@ LAl ~AV,) (6.25)
pAI, :L—lf(RfAqu ~RAl, -o,L Al (6.26)
pAl, =%(RfA1dg +@,L,Al,—R,AlL,) (6.27)

f

Al ~1,AM,, ~1,,AM,,) (6.28)

dgo

1
pAV :C_(Alqg - wpcfAVdP _MWONQS -M

qp
f

1
pAVdp = C_ (Aldg + a)pCqup - quoAIqs - MddoAIds - IqsaAqu - IdsoAMdd ) (629)
f
1
PAV, = —(AV, ~AV,) (6.30)
1
PAV, = —(AV,, ~AV,) (6.31)
pAﬂ,qS =M, AV _+M AV, +V AM +V, AM ,—

6.32)
rs_g,qu +%Mqr _ WAL,
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pAAy =M, AV, +M AV, +V, AM, +V, AM , -
L L (6.33)
”Yl) AL, + “'D'" AL, + @A,
PAA, = %Mw L ap -, AR, (6.34)
r L r.L
pMdr = ”Dm Mds - VDS A/?'dr +a)soMqr (635)

By resolving (6.24)-(6.35), the state equations is given as

pX = AX + BU

In the above state space representation, the inputs are the modulation signals.
Since the operating conditions are computed for a specified stator voltage of the
induction motor, it is possible to change the inputs from the modulation signals to the
stator voltage. Define the four components of the components of the modulation signals
as follows. It is necessary to note that these modulation signals depend on the filtered

capacitor voltage and output voltage.

V.V
P RRTES (6.36)
V2i+V?
.= BASE (6.37)
1 ti +Vd§.
V.V,
o=t (6.38)
V2+V;?
v,V
P ey (6.39)
o TV
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Applying small signal analysis on (6.36)-(6.39), the operating point modulation signals can
separately represented in terms of the operating point filter input capacitor voltage and

output voltage.

V \'()V (4
M, =5 (6.40)
fo
V SOV 0
M, = qv—;’f (6.41)
fo
Vdsovqfo
dqo V2 (642)
fo
_ Vdsovdfo
ddo — V2 (6.43)
fo

At steady state, the input capacitor voltage before and after low pass filter is the same.
Substituting (6.44)-(6.47) into (6.28), (6.29), (6.32) and (6.33), the system characteristic

matrix is given in (6.50).

V N (V 20 _Vz()) 2V Y()V ()V 0 V o
AM ,, = . 2 “ 2 qi AV, - Z . 2 dfz AVy + “ AV, (6.44)
Vo +Vap) Vo + Vo) Vo *Vapo
_ zm‘m‘/qﬁ)vdfa AV 7‘/qs0 (‘/L;U - Vd;() ) V Wdf(} ( 6 4 5 )
gd — 2 22 ot 2 22 R 2 gs :
(qua + Vdf()) (qua + Vdﬁ)) qua + Vdﬁ)
2 2
_ de (Vdfo _quo A _ ZdeVqﬂ)Vdﬁ) V + Wq o AV (6 4'6)
dg — 2 2 N2 af 2 2 N2 df 2 2 ds :
Vo + V) Vo + V) Vo Vi
2N, V.V, V-V
AM ,, = _—ﬂ;‘“" PPNV, +—de2( LAV, +—2W‘4f" — AV, (6.47)
(‘/qfu + Vdf(} ) (‘/qfu + Vdf(} ) ‘/qu + Vdf()
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R, +R

o

\h ‘\?’ w%

=)

o \(‘3‘_

(e}

R,
-, — o -— 0
Lg Lg
B R, +R, 0 & s
L, L, L,
R,
0 L -0, 0 0
L
R R
- w, ==L 0 0
L L
0 0 0 0 -o
L 0 0 o 0
C;
1
0 0 0 — 0
T
1
0 0 0 0 —
T
0 0 0 X X
0 0 0 —-X; =X
0 0 0 0 0
0 0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
2 0
Cf Cf
Cf Cf
0 0 0 0
0 0 0 0
RL RL

_ s _ a)£ s m 0
D D

RY Lr RT L’ﬂ
, - 0 —
D D
Ran1 RVLT
0 E— - a)Y()
5 A
RL, RL,
0 0, -
D D
(6.50)

The constants represented in the matrix are computed at the steady state operation.

_ Vqsu quo
Xl B v >
po
_ Vdsovqpo
Xy == V2
po
2 2
S I/ /31
1 4 Cf V p40

k=V I +V, I

gso™ gso dso” dso

161

X, =
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_ Vqso Vdpo
2
Vpu
_ deo Vdpu
2
Vo
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37T 4
C, Vo




The eigen-values can be found by evaluating the determinant of 1S - Al = 0, where the
matrix A is given in (6.50). There are /2 eigen values in which /0 of them always have
negative real parts regardless of the operating points; therefore, the rest two identical
dominant eigen values are used for determining stability limits. The graphs shown in this
section are obtained by varying the output and slip frequencies and collecting the
operating points which give zero real part of the dominant eigen values. It is necessary to
note that this eigen-value depends on the operating points. In [40], it is assumed that the
initial angles of the capacitor and reference voltages are zero, but in this analysis there is
no assumption made so that it is possible to study the effect non-zero reactive power at

the source on the stability of the system.

6.4 Simulation Results and Discussions

A matrix converter-induction motor system with parameters given in Table I, are
considered and the results of the stability analysis are given in Figure 6.2 to Figure 6.6 in
which the regions above the curves are the instability regions. As seen in Figure 6.2, a
significant improvement can be achieved using a low pass filter to the input capacitor
voltage. The influences of each factor on the stability are analyzed by adjusting only one
of them and keeping the other factors constant. As seen in Figure 6.3, in some regions of
load there is a limit on the maximum allowable output frequency to keep the system
stable. The figure also demonstrates that it is possible to improve the output frequency
limit by increasing the filter time constant, though the higher the time constant, the

slower the system response would be. The effect of the damping resistance is also
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observed in Figure 6.4 Choosing a lower resistance value draws the high frequency
components of the input current and hence improves the stability of the system. However,
if this resistance is too small, the power loss in the damping resistance becomes very

significant at a low frequency.

The impact of the stator and rotor resistance variation on drive stability analysis is
also considered in this paper. For demonstration, the rotor resistance is varied by 40%
and 80% while the stator resistance increases by 20% and 40% since the rotor heating
affects the value of rotor resistance more than the value of stator resistance. Hence Ry, =
1.2R;, Ry, = 1.4R, R, = 1.4R,, and R,; = 1.8R, are selected for the analysis. From the
result seen in Figure 6.5, these resistance variations expand the stability margins. It was
noted that the rotor resistance variation is crucial in the design of high performance
induction motor control algorithms where the flux observers require the exact knowledge
of the rotor resistance [74]. However, regarding the stability of the system, it is not a
crucial issue. In Figure 6.6, the impact of non-zero reactive power on the matrix
converter stability is given. The result clearly shows that the system has better stability
region when the matrix converter operates with a leading power factor than with a
lagging power factor under the given input filter parameters. Therefore, in applications
where the matrix converter is used as a reactive power compensator, the stability region
is improved. However, when the converter operates at source lagging power, the drive

system becomes more stable with increasing in power factor.
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The verification of the region of instability is done by a computer simulation
using motor and filter parameters given in Table I. The motor starts at no load so as to
observe the starting transient and then a /5 Nm load torque is applied after it reaches the
steady state at 0.5sec to show the electrical dynamic response of the system which is not
included in the figure. At starting, the motor experiences high electromagnetic torque
with rising rotor speed until they both reach their steady state values at 0.5sec as seen in
Figure 6.7. At this point the system operating at 50Hz output frequency and /.5 Hz slip

frequency which is in the stable region as shown in Figure 6.3 when 7 = 2 m sec . Then

|
e

0.7 leading

0.9 leading

Unstable region

L Unity i
0.9 lagging .
I 0.7 lagging Stable region |
| | | | |
5 10 15 20 25
fs o [Hz]

Figure 6.6 The impact of power factor on the stability of the system

30

the slip frequency is increased to 7Hz to operate in the unstable region after 0.8 sec. It is

necessary to note that both these points are taken in a linear region of torque-speed curve

of the motor, P; and P, as seen Figure 6.10.
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Figure 6.8 Output line to line voltage and (b) input capacitor phase voltage
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Figure 6.9 MC input phase current and (b) source phase current

6.5 Steady State Operating Conditions

The steady state performance characteristic of the drive system is done to provide the
operating points for the electrical stability of the system as well as to study the
performance characteristics of the drive under constant Volt/Hertz operation. The steady-
state operating points of the system are determined from the system dynamic equations.
For the analysis, the input side reference frame angle is aligned to the g-axis of the source
voltage, such that V4, = 0. This model is general which can be used either when the
source draws unity power factor or non-zero reactive power by giving proper value of the
power factor, pf. These operating points are evaluated first by calculating the M,; from

(6.51) and all other variables can be found consecutively from (6.52) to (6.62).
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aM’ +bM , +c=0

quo =M, —-g,8,M,,
Vqso
quo :Mddo
dso
— quo M

qqo qdo
M ddo

quo = klvqg +g, (M +M o 4)

qdo I qso

!y =BsBi(Voy =Vi)
Ly = Pl

Viro = BsWVie =Viyo)
Ly, =Pl

Ly, = prl,,

Iqso = mlvqso - m2Vds0

Idso = mZVqso + mlvdso

The constants used in the above expressions are given below:
a=g1(8182 +ﬂ4))(vqs1qs +Vds1ds)

b=(ki(g182 + Ba+k18182) — (By + 8182) Vo Vs
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- (prg +Rfﬁ2_p(Rg +Rf)) IB4 - ﬁ3(Rg +R_f(1_ﬂl)+pa)pLg)

B3

1
=L R R RS OL 0 LR) = (LR L - PO
= PB3B4
PB3fs —@,C p = tan(cos™ (pf))

6.6 Simulation Result for Volt/Hz Control

The result of the steady state performance is demonstrated in Figure 6.10 to
Figure 6.13 under a unity power factor operation. These results also compared with
simulation results given in Figure 6.7. Figure 6.10 shows how the torque speed curves of
the induction motor vary with the stator frequencies under constant volt/Hertz operation.
These results also validate the simulation results given in Figure 6.7 where the angular
speed goes to 307rad/sec after applying I5Nm during stable operation at P;. Further

increasing the load to 45Nm reduces the rotor speed to 288rad/sec at P, which leads to a
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drive system oscillation. It is clearly seen that these two operating points are in the linear
torque region. Since the stator voltage is not constant resulting in a variable capacitor
voltage, the source current will also corresponding vary as shown in Figure 6.11. This
figure also verified the result in Fig 5c¢ where the source current is about /3A at
307rad/sec. With the constant voltage source, the gain is directly proportional to the
output frequency with V/f control as seen in Figure 6.12. As verified in Figure 6.13,
when the source draws a unity power factor current, it is certain that the power factor at
the input of the converter will no longer be unity due to the reactive power generated in
the filter circuit. Therefore these results verify that under unity power factor operation at
the source side it is not correct to make the assumption on the phase angle of the

capacitor voltage to be zero.

Table 6.1 System parameters used in the stability study

Squirrel cage induction machine parameters

V, = 220V(rms) f, = 50Hz, R, = 0.531Q,
R, = 0.408%, L, = 87.22mH, L. = 87.22mH,
Ly, = 84.7mH, J = 0.04kg.m’, P=4

Source and filter parameters

Ve, = 380V(rms) fp = 60Hz,
R, = 0.5Q, Ry = 30Q,
L, = ImH, Ly = 7.46mH, Cr = 10uF
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6.7 Conclusion

A small signal electrical stability study of the AC/AC matrix converter fed induction
motor drive system is presented. This is determined from the small signal analysis of the
whole drive system operating under constant Volts/ Hertz operation. By analyzing the
real values of the dominant eigen values, the limit for stable operation has been
determined. It is also noticed that this stability limit is affected by different system
parameters including the input filter time constant and damping resistance. This work
also investigates the influence of reactive power exchange between the source and the
converter on the system stability in which the system is more stable when it operates with
a leading rather than a lagging power factor. The impact of stator and rotor resistance
variations on the converter stability is also studied and the results show that these
variations expand the stability regions. The proposed model clearly shows, through
computer simulation results the region of stable and unstable operations. The paper also
presents a generalized steady state model of the drive system which can be used for a
unity as well as non-unity power factor operations at the source. The analysis was
validated with computer simulation results which clearly show the performance
characteristics of the drive under unity input power factor operation. Clear comparison

between simulation and steady state results are presented.
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CHAPTER 7

VECTOR CONTROL OF MATRIX CONVERTER FED

INDUCTION MACHINE

7.1 Introduction

In this chapter, the indirect rotor field oriented control (FOC) for matrix converter fed
induction machine is presented to realize the high performance control of the drive. The
control scheme proposed in this work also includes unity power factor control in the
source side. Induction motor drive fed by matrix converter is superior to the conventional
inverter based because of the lack of bulky direct current (dc)-link capacitors with limited
lifetime, bidirectional power flow capability, sinusoidal input/output currents, and
adjustable input power factor [67]. Besides, a matrix converter provides more degree of
freedom than the conventional voltage source inverter. Therefore, it is possible to control
additional variables such as reactive power in the input side.

The chapter is organized in different sections; the complete formulation of the
proposed control scheme in synchronous reference frame is presented in the first section.
An input-output feedback linearization is given to transform a nonlinear system into a
(fully or partially) linear system so as to use the well-known and powerful linear design
techniques to complete the control design. The control block consists of the rotor speed,

rotor flux and unity input power factor controllers. Besides, the q-axis component of the
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rotor flux is controlled to assure rotor flux orientation. These involve separate control of
g-axis and d-axis stator currents, source current and input capacitor voltage.

The stator flux estimation which is later used to estimate the rotor fluxes is
presented. The control scheme involving nine controllers including the flux estimation is
simulated using Matlab/Simulink considering different speed trajectories and load
variation. Results verify the robustness of the proposed controllers. Finally the chapter is

summarized with a concluding remark.

7.2 Field Oriented Control for Matrix Converter Fed Induction Motor with

Unity Input Power Factor Control

The control scheme presented in the subsequent sections is categorized into two, the
FOC of the induction machine and input power factor control in the source side of the
matrix converter. In vector control, the rotor and stator fluxes have g-axis and d-axis
components like the voltage and currents. However, in rotor field orientation control, the
rotor flux linkage is aligned in the synchronous reference frame. As result, the rotor flux

is represented by a scalar instead of a phasor.

7.2.1 Indirect Field Oriented Control

This section presents the formulation of vector control scheme for the induction

motor.
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Figure 7.1 Schematic diagram of the matrix converter fed induction motor without

damping resistor

It also provides detailed and step by step controllers designed to track the speed and
flux trajectories. The schematic of the drive system used in the control design is shown in
Figure 7.1.

The damping resistor is assumed to be big enough to be considered as open circuit.
As a result, the source and filter inductors are added together and represented as L,. The
induction machine model equations are derived in section 5.3.1. The stator voltage
equations in synchronous reference frame are

Vqs = rslqs + pﬂ’qs +weﬂ’ds (7 1)
Vds :rslds+pﬂ’ds_we/1qs .

And the rotor voltages are expressed as follows where the rotor voltages are zero for a

squirrel cage induction machine.
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Vqr :O:erqr—i_pﬂ’ qr+a)soﬂ’dr
V,=0=RI, +pls—-0,A

so”qr

(7.2)

ws, , the slip frequency is given as the difference between the frequency of rotor flux
linkage and rotor speed.

Stator flux linkage are expressed as

ﬂ’qs = LYIqS + Lmlqr

(7.3)
ids = leds + Lmldr
And the rotor flux linkage equations:
A, =L1 +L]I,
q q q (7.4)
ﬂ’dr = Lmlds + Lrldr
The rotor speed dynamics
P
w =—IT,-T 7.5
p r 2] ( e L) ( )

The developed electromagnetic torque can be written as different equations using four of

the eight components of the stator and rotor flux linkages and currents.

T - %P(,zd‘ 1, -1,

5T qs

3P L,

=S Al —AT,)
4 L r* qs qr = ds
r (7.6)
P L,
=TL_(ﬂqs'Idr _ldslqr)
_3PL

- (Idrlqs - Iquds)

4L
The gdo voltage equations of the squirrel-cage induction motor can be modified to (7.7)

to have the stator current and rotor flux linkages in the expressions.
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R L L
LO'pIqs :Vqs - rlqs _a)eLO'Ids + = _a)r L_mﬂ'dr

2 qr
r

r

(7.7)
R L R L
L.pl,=V,-rl,—@LJI, +—="1,+0 —"1

e~o" gs 2 r qr
r r

Similarly, based on the rotor voltage equations, the dynamic of the rotor flux linkages are

shown below.

R, RL
pﬂ’qr = _L_ﬂ’qr +L—Iqs _a)soldr

Rr R l: (7.8)
pﬂ’dr = _L_rﬂ’dr +%Ids + a)voﬂ’qr

Substituting the equation of the electromagnetic torque given in (7.6) into (7.5), the

modified rotor speed dynamics is shown below.

P
pow, = Ke(/?’drlqs _ﬂ'quds)_ZTL (79)
where
L R L’ P’ L
L,=L,——, r=R +—" and KE=3——’"
L, ‘ L & L,

In the rotor flux orientation control, 4, = 0, the expression for the electromagnetic torque

can be modified to

T,=—7-—"2A,1 (7.10)

As shown in equation (7.10) if the g-axis rotor flux is regulated to be zero and the d-axis
flux is made constant, the electromagnetic torque is proportional to the g-axis stator

current. Therefore, the g-axis stator current is also known as a torque producing
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component of the stator current. Since A, = 0, rotor voltage equations are modified as
follows.

0 = erqr + wsoﬂ’dr

(7.11)
0:Rr1dr +pﬂz dr
Similarly, the rotor flux linkages are
O=L,1,+LI,
(7.12)

/?’dr = Lmlds + Lrldr
From the above equations the rotor currents are expressed in (7.13); however, the rotor

currents are not generally known.

Lm
R (7.13)
I — ﬂ’dr B Lmlds .
dr L

At steady state the rotor flux linkage only depend on the d-axis current; therefore, this
component of the stator current is also known as magnetizing component. From (7.10)
and (7.14), it is possible to consider the induction machine as idealized DC machine for
the control purpose in which the d-axis current is analogous to the field current where as
the g-axis current is equivalent to the armature current of the separately exited dc

machine.
A =L,1, (7.14)

Substituting (7.13) into (7.11), the slip frequency can be given as
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R R, L
pA,, +L—’/1d, - L =1, =0 (7.15)

¥ r

Therefore, the induction machine dynamic equations for the system under rotor flux
oriented control are summarized below:

R L L

Loply =V =rly ~@L 1+~ 3, ~a) 7":/1[,, (7.16)
L.pl, =V, —rl, + a)eLGIqs + R}Jl{m /1dr +w, %ﬂqr (7.17)
A, =—’Z A, +RfL—fmzqs —wo A, (7.18)
i, :—’z: A +RrL—fm1ds ro, (7.19)
po, =K (A1, A, 1,)- £TL (7.20)

7.2.2 Unity Input Power Factor Control

The second category of the proposed control scheme is unity input power factor
control. This is achieved by controlling the reactive power absorbed by the system to
zero; the drive system can only draw active power from the source. The unique advantage
of operating at unity input power factor in matrix converter driven system is that the
converter will operate with the maximum possible voltage transfer ratio. However, the
improvement in range of operation of a matrix converter operating at non-unity power
factor is presented in [67].
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The expression for the input reactive power in synchronous reference frame is given
as

0, =2, 1,-V,I,) (7.21)

d,
2 8 48

Aligning the source voltage in the g-axis of synchronous reference frame, V4, = 0, and
V4o = V, where V, is the peak value of source phase voltage. Therefore, the reactive
power expression only depends on the d-axis source current, /.

0 =3v 1 (7.22)

2 q8 " dg

By regulating I, to zero, it is possible to maintain unity input factor and hence the
controller design technique developed in this section is totally based on this component
of the source current. The g-axis and d-axis voltage equations of the source are expressed
as

V=R, +Lpl,+&,Ll,+V,
Vo =R, +Lpl,-oLl, +V,

p 1748

(7.23)

The g-axis and d-axis current equations for the filter capacitor

Cfpvqp + wﬁcfvdﬁ = qu - qu (7.24)
Cfpvdp - wpcquﬁ = Idg - Idﬁ

The digital filter dynamics in synchronous reference frame are
1

pvqf :;(qu_vqf)

i (7.25)
PVy= P Voo =Vep)

The mapping between the input current and output current using the components of the

modulation signals are derived in section as follows
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1,=M,I, +M,I,

qq9 g5

ly, =M, 1, +M,I,

qd " gs

(7.26)

Similarly, the output voltage can be expressed in terms of the input voltage and
modulation signals as follow.

V=MV, +M,V,

qaq9 = qap

V=M,V +M,V,

dq " qp

(7.27)

The dynamic equations (7.16 - 7.27) are used to design the controllers.

7.2.3 Input-Output Feedback Linearization

The control design for induction machine is not easy due to the nonlinear nature of
the dynamic equations. There is no general method for designing nonlinear controllers;
however, there are alternative techniques which are best applicable for particular
nonlinear control problems [73]. Feedback linearization, Adaptive control and Gain
scheduling are commonly used nonlinear control design techniques. Feedback
linearization is developed in this chapter to transform the nonlinear system into a fully or
partly linear so that the linear control technique can be applied. This technique can be
considered as a tool for transforming a complex model into an equivalent model of
relatively simpler form.

In input-output linearization, a linear differential relation between the output and a
new input is generated by differentiating the output until there an input-output
relationship exists. And the second step is to formulate a controller based on the resulting

system. The number of differentiation required is known as relative order. If the relative
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degree is the same as the order of the system, the system is called input-output
linearizable and then it is possible to apply the linear controller design technique.
However, if the relative degree is less than the order of the system, part of the system is
not unobservable in the input-output linearization process which results in an existence of
internal dynamics. As a result the system dynamics of the nonlinear system is
decomposed into an external or input-output part and an internal or unobservable part.

The number of the internal dynamic simply corresponds to the difference between the
order of the system and the relative degree. The tracking control designed for the
nonlinear system is applicable if and only if the inner dynamics are stable. Therefore, in
input-output feedback linearization, it is necessary to check the existence of an inner
dynamics and if they exist, the stability of them should be known. The stability of the
internal dynamics is achieved by studying the zero dynamics. This can be found by
maintaining the control output to zero.

The complete dynamics of the overall system is given in (7.28) to (7.36) and the order

of the system, n= 9.

L,plqg :ng —Rglqg —pr,Idg —qu (7.28)

L,pldg :Vdg —Rgldg +a)pL,qu —Vdp (7.29)
Substituting (7.26) in to (7.24)

Cfqup +prdep :qu —qulqs +qulds (7.30)

Cfdep—aJpCqup :Idg —quIqS+MddIdS (7.31)
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Using (7.27) into (7.16) and (7.17)

R L L

Lo'plqs = quvqp +quVdp _rlqs _weLo‘Ids + 212’” ﬂ’qr _wr fmﬂ’dr (732)
Rer Lm
LO'pIds = quvqp +Mddvdp - rIds + a)eLO'Iqs + Lz ﬂ’dr + a)r L ﬂ’qr (733)

r r

The rotor flux and speed dynamics are represented as

R R L
pﬂ’qr = L’ ﬂ’qr + 21 - Iqs _a)soﬂ’dr (734)
R RL
pﬂ’dr = _fr/ldr + }4 - Ids +a)soﬂ’qr (735)
P
pa)r = Ke(ﬂ’drlqs _ﬂ’quds)_ETL (7'36)

The objective is to control the speed and rotor flux linkage by orienting the flux in the
d-axis while maintaining a unity input power factor through the appropriate modulation
signals generated by the matrix converter. Looking at the overall system the input and

output of the nonlinear model is show in Figure 7.2.

qu s
M, @
U=l :> System j> r=|,
M dq dr
M, &

Figure 7.2 Control input and output of the system
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The states, inputs and outputs of the system are,

X = [I q8 Idg V Vdp Iqs Ids ﬂ’qr ldr

ap

U, M,
U = u, _ qu
Uy qu
u, | _Mdd
yl— —Idg
Y = Y2l @
y3 ﬂ’dr
y4 _ﬂ’qr

To determine the existence of internal dynamics, the relative degree of the overall system
should be found. Since the system is a four input-four output, the relative degree

corresponding to each output should be computed first.

And by applying the superposition principle, the relative degree of the overall system is
the sum of the relative degree related with each output. The relative order for the first

control output, /4, is calculated as follows
yl = Idg
Differentiating the above output,

1
by = pIdg :f(vdg _Rgldg +prtqu _Vdﬂ)

T

Since the input does not yet appear, differentiate the output for the second time result in
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Pt qg dp)

1
p’l, =p Vo ~R Iy +@, LI, -V,
t

1 1
z—f(RgpIdg -o,Lpl, +dep)—C—L(Idg -M 1 Myl +0,CV, )

t =
Since the input appears after the second differentiation, the relative order for the first

output, r; = 2. The relative order corresponding to the speed control is computed as

y2 :wr
P
py2:pwr:E(Ke/1 I _ﬂ' Ids_TL)

dr™ gs qr

Differentiating again until the input exist,

K.P
pzwr: 2J (ﬂ’drplqs+Iqsp2’dr_ﬂ’qrplds_ldspﬂ’qr)

KEP ;i’dr Lm
:—2J (L—(quvqp +quVdp —}’Iqs _ngo-Ids _a)r L_ler—*_Iqsp/ldr _lqrplds _Idspﬂ’qu

o r

Thus, the relative order for the second output r, = 2.
Similarly for the relative order for the third output is calculated as;

y3 = ﬂ'qr
Rr Rer
pﬂ'dr :_L_ﬂdr +L—Ids

Differentiating the above differential equation for the second time, the inputs appear.

R RL .
2
A, ==t pp 4 el
pdr Lpdr L ds

r r

R ( R, R.L, RL, RL,
=- 7 A, + 7 I, +L— MV, +MV, —rl, +oLI +—"21,

r r r

Therefore, the relative degree of for the third output is also 2.

And finally the relative order for the fourth control output is,

187



Y3:ﬂ

qr

R R L

pﬂ’qr == L’ ﬂ’qr +%Iqs _wsoﬂ’dr
R R L
pzﬂ’qr :_L” pﬂ’qr +%p1% _a)sopﬂ’dr
R R L R L
=- LV pﬂ’qr + 2 - [quvqp +MddVdp _rlds +a)eL0'Iqx + }sz ﬂdrj_a)sopﬂdr

Similarly, the relative order for the last output is 2. By the definition, the relative
degree for the above multiple input-multiple-output (MIMO) system is the sum of the
individual relative degrees. The total relative order becomes 8 and the order of the system
is 9. Since the relative degree is lower than the order of the system, there exist one
internal dynamics. And it is necessary to analyze stability of the system zero dynamics
and only if that is stable, the exact linearization results can be used. Alternatively, new
output has to be selected to eliminate the zero dynamics.

To determine the zero dynamics, all the control outputs are set zero,

1,,=0 A, =0
@ =0 A, =0

Substituting the above variables into the following flux dynamics,

R R L

pﬂ’qr =- Lr ﬂqr +M1qs _a)snﬂ’dr
R RL
pﬂ’dr == L ﬂ’dr +T1ds + a)soﬂ’qr

r r

IqSIO and Ids=0
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Since the stator currents, rotor fluxes and rotor speed are all zeros, the rest of the dynamic

equations are given as

w,LI, -V, =0 (7.37)
C.pV,+a,C/V, =1, (7.38)
MV, +M,V, =0 (7.39)
MV, +M Vg, =0 (7.40)

Solving the above equations result in two possible solutions, the first one is when both
Vg and Vy, are zero and the second solution gives V,, to be zero and V,, as a constant
term. The second solution is used to determine the zero dynamics and it computed as

follows,

\%
I, (t)=RLg+ce g (7.41)

8
The time response of the above zero dynamics is an exponentially decaying and it is
stable.

Alternatively, the equivalent Laplace transform of the zero dynamics is below.

R, 1
ST+~ |y ==V, =0

t t
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The above first order system has only one real negative Eigen value, lz—fg which lie
t

on the left hand side of S-plane, the system is stable. Therefore, the matrix converter-
induction motor with the specified controlled variables is an input-output linearizable and

it is possible to implement a well known linear system controller design methodologies.

7.2.4 Controller Design for FOC of Induction Motor

The objective of the controller design is to regulate the rotor flux linkages and rotor
speed to desired values. The controllers generally consist of two outer loop and two inner
loop controllers. The outer loop controllers consist of rotor speed and rotor flux linkage
controllers while inner loops controllers regulate g-axis and d-axis stator currents. The
inner loops are required since the required inputs, stator voltages, are not directly related
to the rotor flux linkage and rotor speed.

> Rotor Flux Controller
The d-axis rotor flux controller gives a reference to the d-axis stator current controller. A

PI controller, K, is used to keep the rotor flux to its reference value.

R *
pﬂ’dr +L_rﬂ’dr = O-dr = Kdr (ﬂ'dr - ﬂ’dr) (742)

r

Where oy, is the output of the direct axis rotor flux controller and /12, are the reference

d-axis rotor flux linkage which the same as the magnitude of the rotor flux linkage.

R R L
p/ldr+L—’ﬂd = ’L”’ 1, (7.43)

=
r r
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The transfer function is given as determined from (7.42) and (7.43)

ar _ - (7.44)

Since the general PI controller is widely used and proved to be effective, they are used in

this analysis. K, and K are proportional and integral coefficient respectively.

K
Kdr = KdrP + arl
p

The second order transfer function relating the reference and actual rotor d-axis flux
linkage are

/ldr — Kder+Kdr1 (745)

A, R
o p2+(l‘r+KdrPJp+KdrI

r

The output of this controller gives the reference for the stator d-axis current controller

Ids = Rl’; (O-dr _(a)e _a)r)ﬂ’qr) (746)

r—m

The PI parameters are chosen to maintain the system stable in wide ranges of operations.
There are deferent methods used to determine the PI parameters and one of these methods
deployed in this controller design is using Butterworth polynomial to optimize the closed-
loop eigen values. The Butterworth method locates the Eigen values uniformly in the left-
half S-plane on a circle with radius w,, with its center at the origin as shown. The
Butterworth polynomial for a transfer function with a second order denominator is given

as [62 - 63].
PP +20 p+a? =0 (7.47)
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The PI parameters are determined through comparing the coefficient of the dominator of
(7.47) with (7.45) with the denominators of the corresponding transfer functions and
choosing appropriate w,

Kdr] = a)oz
R, (7.49)
L

r

KdrP = \/Ewo -

The g-axis rotor flux linkage controllers are designed based on the following dynamics,.

RI' Ran'l
pﬂ’qr + L ﬂ’qr = T Iqs - a)soﬂ’dr

r r

*

Define o, as the output of the g-axis rotor flux controller and A o

are the reference g-

axis rotor flux linkage which is the zero since the rotor flux is aligned in synchronous

reference frame.

R *
pﬂ’qr +frﬂ’qr = qu = qu(ﬂ’qr _ﬂ’qr) (750)
ﬂ*r + O *
‘ KdrP + Kdﬂ ¥ > Lr > I ds
- P . RL
ﬂ’dr wsnﬂqr
ﬂqr + K + quI qu - 1 *
qrP > L P a)so
- P + A,
A, RL,
L

Figure 7.3 Linearization diagram for rotor flux controllers

192



A PI controller, K, is used to keep the rotor flux to its reference value.

Ko
P

K,=K

qrP

The transfer function is relating the actual and reference stator flux linkages are shown

below

ﬁ quPp+K

_ qrl

* 7.51
7 (R (7.51)
p + L + quP p + qul

r

The output of this controller gives reference slip frequency which in turn is used to

determine the required stator voltage frequency to the machine.

. R.L 1
o, = [L— I, - aq,j 7 (7.52)

dr

The PI coefficients are computed by comparing the denominator of (7.51) with (7.47)

qrl = a)o
7.53
K, =20, - %= 729
L

pwr:Ke(ﬂ’dI _ﬂ’quds)_LTL

r* gs 2] (7.54)
a) +< ) Kw + Kwrl 4“’: i +< : e
r < rP p N Ke A e Zdr
a P T
’ 2] TL ﬂ’quds

Figure 7.4 Block diagram for the rotor speed controller
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The band width of the inner controller is chosen to be 600rad/sec and by the rule of

thumb, the outer loop should have slower bandwidth. Hence a band width of 60rad/sec is

chosen for the outer loops.

K, =K, =3600
K,» =K, =793

> Rotor Speed Controller

The rotor speed controller is derived from the speed dynamics. And this controller gives a

reference for the inner g-axis stator current controller.

Defining g,,, as the output of the speed controller, and 60: is the reference speed.

pa)r :Ka}’(a)j_a)r)zo-wr

(7.55)
The transfer function between the actual and reference rotor speed
wr Ka)rP
= (7.56)
o p+K,.,p+K,,
And the reference g-axis stator current is given as:
1(0‘ +PTLJ+A 1,
. K r 2J qr A
I, =—* (7.57)
ﬂ“dr
The PI parameters are computed by comparing (7.57) with (7.56)
K, = waz
(7.58)
KarP = ﬁwo

Since the mechanical dynamics is comparatively slower that the electrical dynamics, a

band width of 12rad/sec is chosen for the speed controller and the K. and K, values are
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computed to be 17 and 144 respectively. The block diagram is of the speed controller is
shown in Figure 7.4.

» Current Controllers
These inner controllers give actual control input, stator voltages for the overall control
system. Using the stator g-axis and d-axis voltage expressions,

Rer Lm
Lo‘plqs + rIqs = Vqs - a)eLo'Ids + Tﬂqr - a)r L ﬂdr

r r

(7.59)
RL L
L,ply+rl, =V,+aLI +%ﬂdr +wf?m/1qr

(4 e o gs
r T

The linear controllers which regulate the currents are given below where g, and oy, are

the controller outputs. And I; and I; are the reference stator currents.

GS: O'pI\+rI\:KS(I*S_I\)
q q q q Z q (760)
O-dx = Lo'plds + rlds = qu (Iqs _Iqs)
Then the transfer functions between the actual and reference axis currents are,
Iqs — quP p + qul
I;x L6p+(r+quP)p+qu, 61
Ids _ quPp+quI .
I, L,p+(r+K_ ,)p+K,
The control inputs, - and d-axis stator voltages are then determined as
* Rer Lm
Vqs‘ = Gqs‘ + a)eLO'Idx - Li ﬂ'qr + a)r Lr /ldr
R . (7.62)
Vdi‘ = O-ds _weLO'Iqs - ’2”7 ldr _wr_mﬂ’qr
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Iqs o,L,1, ' 2m }“q» t o,
I, + K O, +
T
- T P +$
R}‘ Lﬂ‘l Lm
I, o,L,1, + % A, +@, L /’Lq,

Figure 7.5 Inner stator current controller block diagram

Since the PI controller is given as:

gsl

P (7.63)

qu :quP +

dsl

de :deP +
p

The transfer function is therefore given as:

Iqs — KqSPp-l_qul
11115 LO'p+(r+quP)p+qul

(7.64)
1 K pp+ K,y

I; L()'p2+(r+deP)p+del
The PI coefficient can be computed
qul = del = Laa)f
(7.65)
quP = deP = LO'\/ECU() -r
The bandwidth of the inner current controller which is ten times faster than the outer loop
is chosen to be 600rad/sec. Using the parameters given in Table 7.1 and (7.65), the

coefficients are evaluated as
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K, =K, =3000
K ,=K,, =42

qsP

7.2.5 Controllers Design for Unity Power Factor

The objective of this controller is to maintain the reactive power drawn from the
source to be zero by regulating the d-axis source current to zero. This involves two output
current and two inner voltage controllers. The detailed designs of these controllers are
presented in the following sections.

» Input Current Controllers
This controller gives a reference for the inner voltage controller.

Ltp[qg + Rglqg =0y = ng N prfIdg _qu

(7.66)
Lpl, +RI, =0, =V, +to, LI, -V,
The linear controllers which regulate the source currents are given as:
o,=Lpl +RI =K (I -1
q8 t q8 8 48 q8 q8 q8 (767)

Oy = L pl, +Rg1ds = qu(I;g _I‘I&’)

Then the transfer functions relating the reference with the actual input currents are given

as
qu — quPp+qu1
* 2
l, Lp +QR,+K, )p+K,
(7.68)
Idg Kngp+Kdg1

L,p2+(Rg +K, ) p+K,,
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s+ agl 98 - *
K%P e p qu
1, @, L1
I;g =0 + Kdgl O:ig y *
4>Q—> K, +—= Vdp
- T p +
« L. 1
Idg Pt qg

Figure 7.6 Block diagram for the input current controllers

The reference for the inner capacitor voltage controller is therefore,

V=V, -wLl,~0o
(7.69)
V, =Ll -0,

The PI coefficient are calculated by equating the denominator of (7.68) with (7.47)

K, =K, =L

qgl t"o

(7.70)
K, =K,p=L20,-R,

The parameters are computed using (7.70) for a chosen outer loop bandwidth of
60rad/sec. The block diagram for the input current controller as shown in Figure 7.6

K o =K, =3024
Kop=Kup=12

dgP
» Input Voltage Controllers

The objective of this controller is to generate appropriate reference signals used to

produce the modulations signals.

C,pV,=0,=1,-M1,~M,Il,~®CV,

apr 99 g5

C,pV, =0, = Idg M 0, ~Ml, +0,C,V

p P f " ap

(7.71)
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Using a PI controller,

Cfpvqp = qu(vq}7 _qu)

. (7.72)
Cfpvqp = de(vdp _Vdp)

The transfer functions between the actual and reference capacitor voltages are shown

below
qu? — quPp+qu1
qu Cfp2+quPp+qu, (7.73)
‘/dp — dePp + de]
‘/dlp Cf p2 + dePp + de[

Comparing the denominator of the above transfer functions with the (7.47), the PI

coefficients are determined as follows,

_ _ 2
qu, = de, —Cfa)o

(7.74)
quP = deP = Cf \/Ewo

Since the inner controller bandwidth is 600rad/sec and for the given filter capacitor, the
controllers coefficients are.

K, =K, =008
K,»=K,p =36

These controllers output along with the output reference voltage from the output of the

stator voltage controller result in the following five non linear equations to determine the

four modulation signals (M4, Myq, M4, M4q) and the reference input current, I;g
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v’ t
a + K qpl O-q[’ —
Kyp+ - M
- p + aq
. M
v, o,C.V, qd
M
| . dg
le’ + de] O-d y [ Mdd
K awrT
" £ ) bt
\% 0 w,C,V,, qus 1 gds

Figure 7.7 Block diagram for the input current controllers

c,=1,~M,I,~M,l,-oCV,

qap qq9 " gs

0y =1y —M,l, —Mul, +0,CV,
V=M,V +M,V,

qq9 = 9p

Vo=M,V +M,V,

dq " qp

quMdd :ququ

(7.75)

By solving (7.75), the output of this controller together with the stator current and

voltages determines the reference g-axis source current.

L =0, +0,CV, + (P +V, (0, -0,C/V, ~1,)) (1.76)
qp
where
PE=V. I +V, I, (7.77)

And finally the four modulation signals are determined using the required stator voltage
and the input capacitor voltage controller outputs as given in (7.78). The block diagram

shown in Figure 7.7 demonstrates the generation of the modulation signal.

200



Table 7.1 Control system parameters

Source voltage, V, = 380Vrms Speed Controller
Input frequency, f, = 60Hz Kyp=17

Line resistance, R, = 0.5€2 K, =144

Line Inductance, L, = ImH Rotor flux controller

Damping resistance, Ry = 30€2 Kyp=Kagyp =793
Filter Inductance, Ly = 7.46mH Ky = Kayr = 3600

Filter Capacitor, Cy = 10uF Inner stator current controller

Induction machine parameters | Kyp = Kgep = 4.3

Stator Resistance, Ry = 0.531€2 K51 = Kagr = 3000

Rotor Resistance, R, = 0.408Q Input current controller
Stator Inductance, Ly = 87.22mH | Kyep = Kggp = 7.2

Rotor Inductance, L, = 87.22mH | Kyg1 = Kgg1 = 3024

Mutual Inductance, L,, = 84.7mH | Inner capacitor voltage controller
Moment of Inertial, J = 0.04kg.m” | Kgpp = Kgpp = 0.08

Number of pole pairs, P = 4 K1 = Kgpr = 3.6

o ValPrev, e, —0,0 v, - 1,)
" quP ¥

M = _Vq:? (O-dp _wpcquﬁ _Idg)

qd P*
v, (P*+v, (0, -0,CV, ~1,))
E
_ th (O-dp - a)pCqup B Idg )
P ES

(7.78)

dq

M, =
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It is possible to use (7.78) directly to model the MC fed induction motor drive system in
qd-synchronous reference frame to observe the performance of the designed controllers.
It is recommended to model the overall system without actually generating the actual
switching pulses as a first step in simulation. This is because with actual pulses, the
simulation time is significantly long. Once the controller works perfectly, the actual
switching pulses are then implemented. The time varying modulation signals which is
expressed in (3.10) are rather used to produces the switching pulses based on the
reference stator voltage and the filtered input capacitor voltage. The procedure used to

produce the actual switching signal pulses is explained in section 3.2.1.

7.2.6 Stator Flux Estimation

This section presents the rotor flux estimation which is used for the implementation
of rotor flux controller. First, the stator side flux linkages should be estimated as
accurately as possible using the Low Pass Filter (LPF) which in turn is used to determine
the rotor flux linkages. The stator flux in stationary reference frame is given as [72]:

Ve

qds

=rl, +pA (1.79)

qds
And from (7.79), it is possible to estimate the stator flux by integrating the back emf;

however, the pure integrator has the drift and the saturation problem by the dc offset and

initial condition.
qdv - I qdv rYII;dS‘ (7'80)

The gain of the controllers are summarized in Table 7.1
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The pure integrator is replaced by a LPF to solve the above problems. The estimated

stator flux by the LPF can be given as:

V. s+a (7.81)

where A is the estimated stator flux, a is the pole and V, is the back emf shown below.

V.=V —rl (7.82)

e qu_ s* qds
The phase lag and the gain created by the low pass filter are expressed in terms of the

synchronous speed, estimated flux and the pole as follows,

— -1 a)e
¢=—tan " — (7.83)

A

Zsl
v

I
J&* +a, (7.84)

M =

On the contrary, the phase and gain of the pure integrator shown above is 90° and I/w,
respectively. Although the LPF eliminates the saturation problem and reduces the effect
of DC offsets, it brings magnitude and phase angle error due to the cut off frequency of
the LPF. This error is more severe when the machine frequency is lower than the cutoff
frequency. Therefore, the cutoff frequency is selected to be very low to mitigate this
error. However, there still remains the drift problem due to the very large time constant of
the LPF. For the exact estimation of the stator flux, the phase lag and the gain should be
the same as that of the pure integrator. Furthermore, to solve the drift problem, the pole

should be located far from the origin.
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Figure 7.8 Bock diagram of the stator flux estimation using LPF

The decrement in the gain and the phase lag created is due to the LPF and is

compensated by multiplying a gain compensator, G and the phase compensator, P

respectively.
. Ja' + @’
o, (7.85)
P =exp(=j@) (7.86)
The new integrator along with the gain and phase compensator is
P 2 2
ﬂ\jd B S-il-a - +a) exp(=j) (7.87)

The cutoff frequency in LPF cannot be located at fixed point far from the origin.

If the pole is varied proportionally to the machine speed, the proportion of the
machine frequency to the cutoff frequency of the LPF is constant. If the proportion is
large, the estimation error will be very small. Consequently, the pole is determined to be

varied proportionally to the motor speed.
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Therefore, the pole is located close to the origin in very low speed range and far from the
origin in high speed range. K is a constant chosen to vary the pole proportionally with the

rotor speed. Finally, the complete equation for stator flux estimator can be derived as:

a)e
K

/Al , 1 V@, 1K)+’ ,
== ( ) exp(—j@)

V. s+(@,/K)

e

a=

(7.88)

e

where,

exp(—j@,) =cos(¢@,)— jsin( @)

a,

e

J@, 1K) + @

cos(@) =

a,/ K

in@)=—Be/
sin(@ F)E/IQZ+(¢)3

Simplifying (7.88) and separating into real and imaginary parts gives:

1 V@, 1K) + @ .
(COS ¢1 (qu - rqux ) + sin ¢1 (Vds - rx Ids )) (7'89)

qs:s+(a)e/K) @

e

1 \/m (COS¢1(Vds _rslds)—sin(/ﬁl(Vqs—iglqs)) (7.90)

ﬂ«dx:
s+(@,/K) 1)

e

2

From (7.89) and (7.90), the stator g-axis and d-axis stator fluxes are determined,
however, the control scheme proposed in this chapter requires the estimation of the rotor

fluxes. The relationships between the stator and rotor fluxes are determined as follows.

ﬂ(qx = LSIW + Lmlqr
)bdx = LsIdx +Lm1dr (7.91)
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Form (7.91), the rotor flux can be expressed in terms of the stator flux and currents as

given below

's” gs

1
I, =L—(/qu—LI )

m

1 (7.92)
Idr = _(ﬂ’ds - Lvlds)
Ll‘ll
Using the rotor flux equations,
qu =L, +LI,
/?’dr = Lmlds + LrIdr (793)

Substituting (7.92) into (7.93), the rotor flux linkages can be written in terms of stator

current and flux linkages.

Lr
Ry =7 = Ly1,)

L (7.94)
ﬂdr = Lr (lds _LO'Ids)

m

Using the estimated stator flux linkages and the measured stator currents, it is possible to

estimated the rotor flux as

R L s
Ay = i A, = L,1,,)
L. (7.95)
ﬂdr = - (ﬂ’ds LO'Ids)

The complete block diagram of the proposed control scheme is shown in Figure 7.9. The
input unity power factor control, rotor flux estimation and the rotor filed orientation are

the basic elements of this block.
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Figure 7.9 Block diagram of the proposed control scheme
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7.3 Simulation Results and Discussions

The proposed control scheme is simulated in Matlab/Simulink platform using the
system parameters and calculated controllers gain provided in Table 1.1. The model also
includes the rotor flux estimation to provide the d-axis and g-axis rotor flux linkage to the
controllers. The matrix converter as well the induction machine models are taken from
section 5.3.1. Figure 7.10 shows the block diagram of the Simulink model. The d-axis of
the rotor flux is controlled to be constant at 0.54Wb. The command for g-axis rotor flux is
controlled to be zero which in turn assures the rotor flux orientation. The simulation has
done for three different cases as. The first simulation is done to observe the response of
the designed controllers for the load variation while keeping the speed command
constant. In the second and third simulations, the speed is ramped in both forward and
reverse direction at while the machine is under no load operation. The results of these
simulations are discussed below.

In the first simulation, a load torque of 3 Nm is applied after / sec while the speed
command is set to 280 rad/sec. As shown in Figure 7.11, the speed follows the reference
perfectly after the motor reaches steady state and it has very small disturbance at the time
when the load is applied. The starting transient of the electromagnetic torque is also
shown in this Figure; at steady state it follows the load torque although there is a small
overshoot at 1 sec. It can also be observed that the electromagnetic torque has very small
oscillating component. This is because the induction motor is directly fed the chopped

output voltage of the converter which is not purely sinusoidal.
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Figure 7.10 Simulink model of the proposed control scheme

Not only the electromagnetic torque but also the stator g-axis and d-axis currents,
both components of the source current and both axes of the input capacitor voltage also
contain ripples. As seen in Figure 7.12 both g-axis and d-axis rotor flux linkages track
their respective references. From this figure, it has been observed that the d-axis rotor
flux linkage is not affected by the change in the load torque assuring the decoupled
control of flux and speed in the proposed control scheme. However, the g-axis rotor flux
linkage has small disturbance when the load applied.

The inner current controller output are shown in Figure 7.13 in which the actual and
reference are almost equal because they are in the inner control loop. Comparing Figure
7.13 and Figure 7.11, the g-axis stator current linearly changes with torque since it is a
torque producing current. And the d-axis stator current responds only for the d-axis flux

as it is a flux producing current component.
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Figure 7.11 Speed command, actual speed and electromagnetic torque

The input d-axis current always follows the reference with small overshoot during the
transient. It also has small oscillation during the load change as seen in Figure 7.14. As a
result, the input power factor regulated at unity before and after the load applied. In this
figure, the g-axis axis input current track the current command very well after the motor
reaches steady state which proportionally increase with load. The inner voltage
controllers exactly follow the voltage command as shown in Figure 7.15. The actual
matrix converter voltage output and input are given in Figure 7.16.

The sinusoidal phase ‘a’ source current is shown in Figure 7.17 which increases with
the load. And the reactive power drawn from the source is always zero although small

amount of reactive power is absorbed during the transient and load change.
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Figure 7.13 Actual and reference stator currents
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Figure 7.15 Inner capacitor voltage controller’s reference and actual values
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Figure 7.17 Phase ‘a’ source current and reactive power drawn from the source
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Figure 7.18 Speed command, actual speed and electromagnetic torque

In the second simulation, the speed command is ramped from zero to the rated
speed in 1 sec and kept at rated speed for the rest of the time. The motor speed tracks the
reference as given in Figure 7.18. And a positive electromagnetic torque is developed
during the speed ramp and it goes back to zero after the speed becomes constant since
there is no load applied. As seen in Figure 7.19, the rotor flux linkages follows the

reference even during the ramp after the motor reaches steady state.

It can be observed from Figure 7.20, the d-axis source current is maintained zero
in both region of speed command. Since the speed is increasing linearly, the output power
also changes linearly. On the other hand, the input power only depends on the g-axis
source current as the input voltage kept constant. Therefore, 1 , should linearly vary with

the rotor speed to maintain input output power balance.
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Figure 7.19 Estimated and reference rotor flux linkages

The inner stator current and input capacitor voltage controllers which exactly
track their corresponding references are shown in Figure 7.21 and Figure 7.22
respectively. Since the voltage drop in the source current is considerably small, the g-axis
capacitor can only represent with d-axis source current and whereas the d-axis capacitor
voltage depend only on the g-axis source current. This is verified in the Figure 7.22. It
can also be seen that the input capacitor voltages have small ripple and the digital low
pass filter is implemented to remove this oscillation before they are used to generate the
modulation signals. The sinusoidal input current with amplitude vary with the rotor speed
is given in Figure 7.23. And the reactive power absorbed from the source is regulated to

zero verifying the robustness of the input power factor controller.
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Figure 7.20 Source currents commands and actual values
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Figure 7.21 Actual and reference stator currents
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Figure 7.22 Inner capacitor voltage controller’s reference and actual values
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Figure 7.23 Phase ‘a’ source current and reactive power drawn from the source
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Figure 7.24 Speed command, actual speed and electromagnetic torque

Finally, simulation has been done to check the robustness of the control scheme
proposed in this work by using a negative ramp speed command. As seen in Figure 7.24
the speed perfectly tracks the command. Since the rotor speed command is ramped in the
reverse direction, a negative torque is developed during this time and goes back to zero
after the speed is to be set constant. As given in Figure 7.25 the rotor flux linkages
properly track their reference even if the d-axis rotor flux linkage has small negative
value during starting following the torque transient. The source currents shown in Figure
7.26 are the same as shown in Figure 7.20 regardless of the direction of rotation of the
motor. The inner stator currents and input capacitor voltage controllers perfectly follows
their reference in this scenario as well as depicted in Figure 7.27 and 7.28 respectively.
Finally, the input power factor controller works perfectly keeping the reactive power

drawn from the source to zero as shown in Figure 7.30.
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Figure 7.25 Estimated and actual rotor flux linkages
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Figure 7.26 Source currents commands and measured values
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Figure 7.28 Inner capacitor voltage controller’s reference and actual values
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7.4 Conclusion

A control scheme consisting of an indirect rotor field oriented control of an induction
motor fed by a direct a/ac matrix converter with unity input factor control is illustrated.
Since the studied system has non-linear dynamics, the input-output feedback linearization
technique is used to design controllers. By analyzing the stability of the zero dynamics,
the overall system is found to be input output linearizable and the designed linear
controller is implemented. Simulation results verify the robustness of the proposed

controllers for load as well as rotor speed variations.
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CHAPTER 8

SWITCHING SIGNALS GENERATION IN NI-cRIO CHASIS

8.1 Introduction

This chapter presents the generation of switching signals using NI instruments
compact RIO on LabVIEW FPGA environment. A method used to generate these signals
is described in detail. A Matlab/SIMULINK has been done based on the actual switching
signals obtained from the FPGA to show the validity of the experimental results.

The controller used in this experiment is given in Figure 8.1. It mainly consists of
the following four main parts: NI cRIO-9022 RT controller, NI cRIO-9114 Chassis, NI
9403 digital I/O module and NI 9215 analog output modules.

NI cRIO-9114 Chassis

This reconfigurable chassis main part of the compact RION and it is capable of
accepting up to 8 compact RIO input/output modules. It has an embedded Xilinx virtex-5
reconfigurable I/O FPGA in it which provides ultimate processing power. The switching
signals generation which is described in this chapter are done directly on the embedded
FPGA using LabVIEW. Besides, this chassis contains one digital input/output and three
analog input modules.

NI 9403
NI 940 is bidirectional digital input/output module for the compact RIO chassis

which is shown in slot one of Figure 8.1.
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Figure 8.1 Controller used to generate the switching signals

It contains 32 channels and each of them is compatible with 5V TTL output voltages. In
this work it is used to collect the switching signals generated by the embedded FPGA.
NI 9215

The NI 9215 module contains 4 analog inputs channels sampled in parallel with
16 bit analog-to-digital converters. The controller contains three analog input modules as

shown in the last three slots in Figure 8.1.

8.2  Switching signal generation using direct digital synthesis

The modulation schemes developed in the controller is a carrier pulse modulation
which requires a generation of four periodic waveforms. A 30Hz three phase sinusoidal

representing the desired output waveforms. Common mode voltage consists of third
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harmonic of both input and output voltages. And a 5 kHz triangular carrier signals. To
generate these signals inside the FPGA a Direct digital synthesis (DDS) method is
implemented which provides high degrees of frequency and phase control. The core

components of a DDS waveform generator are the accumulator and lookup table.

8.2.1 Accumulator

The accumulator is a 32 bit counter which stores the current phase value of the
generated waveform. The frequency of the generated waveforms is determined by the
accumulator increment and the rate at which the accumulator is updated. Therefore, the
accumulator increment is calculated based on the desired frequency and the updated rate

as given 8.1.

accumulatar bit

Accumulato Increment=—— * desiredfrequency 8.1
Updaterate

Where update rate is the speed at which the while loop being updated and it is can be
computed using the update ticks and the FPGA clock speed as shown in (8.2). The update
ticks are defined as the number of FPGA clocks required to computer all the program
inside the loop.

Clock speed (40Mz) (8.2)
Update ticks

Update rate =

Since the program which generates the switching signals takes 900 update ticks the

frequencies are calculated as follows.
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Zaccumulator bit

For 2kHz, Accumulator Increment = %900 * 2x103 =

40x106
193272528
zaccumulator bit
For 60Hz, Accumulator Increment = * 900 *x 60 = 5798206
40x10°
Zaccumulator bit
For 30Hz, Accumulator Increment = * 900 * 30 = 2899103

40x106

The current accumulator phase shift is used to perform a lookup operation in a
lookup table of the reference waveform to determine the next output value. When the
accumulator phase value reaches the maximum (360 degrees) it rolls over and starts again
at 0 degrees. The expression for the accumulator phase shift is given in (8.3), and it is

used to generate balanced three phase sinusoidal voltages.

accumulatobit

Accumulatophaseshift= 360 *desiredphaseshift (8.3)

32

For 120 degree, Accumulato r phase shift = iTO *120 =1431655765

32

For 240 degree, Accumulato r phase shift = 360 *240 = 2863311531

8.2.2 Lookup Table

The second main component of a DDS is the lookup table which contains data of
one cycle of the waveform and typically contains 10 to 13 bits sample points which
represent the waveform to be generated. The accumulator value typically 32 bit which is

a lot more resolution than the reference waveform.
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Figure 8.2 FPGA direct digital syntheses

The extra bits can be used for interpolation between two samples in the reference
waveform. This interpolation result in a better frequency control and less harmonic
distortion in the generated waveform. Figure 8.2 shows the FPGA DDS generator which

increments the accumulator and returns the next value for the waveform signal.
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5.00 V

Figure 8.3 Ch1-SaA, Ch2-SbA and Ch3-ScA

There are two ways to determine the third switching signals from the other known
switches. One of these methods is by comparing the sum of the all the three modulation
signals with the triangular carrier. And the other way of determining it is by turning ON
when both the first two switches are OFF or OFF otherwise. Channel 3 and 4 show that it
is possible to use either of the above two methods generate the third switching signals.
The other switching signals corresponding to phase ‘b’ and phase ‘c’ output voltages are

shown in Figure 8.5 and 8.6 respectively.
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Figure 8.4 Switching signals for phase ‘a’ output voltage
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Figure 8.5 Switching signals for phase ‘b’ output voltage
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Figure 8.6 Switching signals for phase ‘c’ output voltage

A Matlab/SIMULINK model has also been done based on the actual switching
signals obtained from the FPGA outputs. An input balanced three phase voltages of 60Hz
and 100V peak-to-peak phase voltages as seen in Figure 8.7 and desired three output
voltages of 84V peak-to-peak with 30Hz are considered. After collecting the nine
switching signals given in Figure 8.4 to Figure 8.6 and applying it on equation (8.4) and
(8.5) result in the output desired voltage. The output three phase voltages which are
shown in Figure 8.8 are 30Hz with magnitude almost equal to 84V. These prove that the
experimental results are

Vas tVp = SuaVap + 5,4V, +5:4Vs,

Vbs + Vnp = SaBVap + SbBpr + S(,'B‘/L']? (84)
Vcs + Vnp = SaCVap + SbCpr + SCC‘/C[)
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8.3 Conclusion

The nine switching signals which are used to generate the three phase output
voltage of a matrix converter are generated using NI instruments compact RIO. These
signals are generated using a carrier based modulation technique developed in chapter
three. Collecting the actual data from the FPGA terminals, a simulink model has been
developed to validate the generated switching pulses. Results show that the pulses
constrict a balanced desired balanced three phase voltage with specified output

frequency.
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CHAPTER 9

CONCLUSSION AND FUTURE SUGGESTION

9.1 Summary of the Thesis

The thesis presents different modulation techniques for three phase-to-three phase
matrix converter. New approaches for determining the modulation signal are derived and
it gives the same result as the complex and the more mathematically intensive approaches
given in literature. Moreover, the actual switching pulse generations are illustrated.
Computer simulations on a Matlab/Simulink platform are done based on the analytical
modulation signals’ expressions. The results demonstrate the generation of the switching
signals which synthesize the output three phase voltages.

This work also investigates the input filter the input filter design for a three phase to
three phase matrix converter system. A new method to specify the parameters of the input
filters is set forth. The method used a harmonic balance technique to analyze the ripple
component of the input current and voltage waveforms. The filter inductor and capacitor
are determined based on the specified maximum allowable source current and input
capacitor voltage ripples under a specified damping resistance and output rated current.
Simulation results verify that the chosen resistance valued keeps the system stable.
Moreover, the rated current based designed filter parameters perfectly work for lower
output currents. Although the analysis considers only one dominant harmonic component

of the input current, the resulting filter are also capable of mitigating lower harmonics.
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The proposed approach also maintained a high power factor at the input terminal of the
matrix converter which allows wider control range of a matrix converter. In addition, the
resonance frequency of the determined filter parameter are sufficiently lower that the
switching frequency and far from the fundamental.

A complete dynamic modeling and steady state analysis of the matrix converter
feeding an RL load is given in this thesis. This work in particular derives a new
generalized steady state analysis which enables to study the operation of the overall
system operating in various power factor operations. In addition, dynamic and steady
state analysis are developed for matrix converter fed induction motor system. In the
above both cases a computer simulation has been done to verify the theoretical analysis.
From the simulation results, it was possible to see the starting transient and the dynamic
response to a sudden change of the load during the steady state operation. Besides the
performance characteristics of the drive system has been discussed.

The thesis also present stability study of a matrix converter fed induction motor
drive system. This study is based on small signal model in synchronous reference frame.
The stability margin by examining the real values of the dominant eigen values of the
system characteristic matrix. The elements of this matrix, which are the operating points,
are evaluated through the derived approaches of steady state analysis. The work also
shows that the stability of the overall drive system is affected by different system
parameters. A lower damper resistance improves the stability of the system by drawing
high frequency components of the input current; however, this power loss in the damping
resistance becomes more significant if the resistance is too small. It is also noticed that

drive system has wider stability region while operating at a leading input power factor
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power factor than with a lagging power factor under the specified system parameters. The
impact of the stator and rotor resistance variation on drive stability analysis is also
considered in thesis. Although the rotor and stator resistance increase due to heating
creates a challenge on the high performance induction machine control, it narrows the
instability margins. A computer simulation has been done to clearly shown stable and
unstable regions by observing the input and output voltage and current waveforms.

A high performance vector control of motor fed by a direct a/ac matrix converter with
unity input factor control is developed in this thesis. This control uses a rotor field
orientation indirect vector control by aligning the rotor flux in the synchronous reference
frame. Unlike most work presented in literature, the g-axis rotor current is controlled to
be zero. This guarantee that flux is actually oriented rather that assuming a zero. The
input-output feedback linearization technique is used as approaches to design the non
linear system. Detailed controller design is presented based on the conventional linear
controller design since the non linear system is input-output linearizable. Simulation
results verify the robustness of the proposed controllers for different load and rotor speed
variation.

Finally, the progress in the experimental results is conducted through the generation
of the actual nine firing pulses of the bidirectional switches using a carrier based
modulation technique which is relatively easier to implement as compared to the space
vector modulation. This is done on the NI instruments compact RIO on LabVIEW FPGA
environment. The validity of the generated pulses is verified by computer simulation

which is based on the actual pulses collected from the FPGA terminals. The results shows
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that the generated firing pulses give a balanced set of output voltages with the desired

magnitude and frequency.

9.2 List of Contributions

The main contributions of the thesis are listed below

A complete derivation of the expression of the modulation signals based on
carrier based pulse width modulation is given. This expression can be used for
both balanced and unbalanced source voltages. Since it is relatively simple, it can

suitably used for practical implementation.

The thesis clearly present a detailed dynamic analysis for a matrix converter fed
induction motor drive system and MC feeding a linear load in synchronous
reference frame. This method uniquely represents the modulation signals in four
scalar components hence it requires less computation as compared to working on

vectors.

Fourier representations of the switching signals of the matrix converter are
derived. And a new approach of determining the input filter parameters is
presented. The filter designed in this work not only satisfies the minimum input
power factor requirements but also it is designed to attenuate the maximum

allowable input capacitor voltage ripples.
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e A new generalized steady state performance analysis is set forth in cases where
the matrix converter feeds induction motor as well as linear load. This modeling
can be used for both unity and non-zero reactive power at the source side. Unlike
most of the works which consider a unity input power factor to examine the
steady state operations, the analysis presented in this thesis help to study the
matrix converter based system operating in a leading and lagging input power

factors.

e A new small signal model based stability analysis is proposed for a matrix
converter fed induction motor drive system. Based on this analysis, different
factors which affect the stability of a matrix converter based drive are discussed.
This includes the effect of damping resistance in the input filter, the stator and
rotor resistances variations in the induction motor due to heating and the input

power factor.

9.3 Future Work

Most of the analytical results presented in the thesis are verified with a computer
simulation. Although the actual switching signals are generated and tested as
demonstrated in the previous chapter, it is necessary to implement on the actual converter
system. Part of the hard ware needed to conduct an experiment are already done and

described below.
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Figure 9.1 Block diagram for the experimental set up

The block diagram of the experimental system consisting of the power circuit and
the control unit is given in Figure 9.1. The SPARTAN-2E FPGA is used for commutation
circuit. This commutation processes needs information about the output current direction;
therefore, it is necessary to build a sensor current with the associated FPGA-current
sensor interface board as seen in Figure 9.3. The power stage of the matrix converter is
realized with a nine bidirectional switches, Semicron SK60GM124 modules. The module
consists of two IGBS with common emitter connection and built in fast recovery diodes.
The power circuit as well as the gate driver board are done on PCB. External connectors
are used to interface the gate driver with the IGBTs as sown in Figure 9.2. The external
interfacing board used to connect the Compact RIO with the SPARTAN-2E is shown in

Figure 9.4.
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APPENDIX A

COMPLETE DERIVATION OF OUTPUT VOLTAGE SPACE

VECTORS

This section gives the detailed derivation of the output voltage space vector used
in the direct space vector modulation. The calculated magnitude and angle of the output
voltage space vectors are used to construct Table 3.1

e Mode AAA
When S, = Spp = Sep = 0 implies Vg = Vg = Vg =V

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
V. =—V -—V, -—=V |==V —-—=V ——V 1=0 A.l
qs 3( as 2 bs 2 csj 3( ap 2 ap 2 apj ( )

—V,,S)zi(v -V, )=0 (A.2)

V3T

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.1) and (A.2) as follows.
[ 2 2
Vp = Vqs +V, =0 (A.3)

o, = tan_l(_vds ] =0 (A.4)
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e Mode AAB

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
Vqs zg(vas _EVbs _Evc‘sj :E(Vap _EVap _Epr) zgvabp (AS)

1 1 1
V,=—=W, -V, )=—(V, -V, )=—=V. (A.6)

V3 V3 3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.5) and (A.6) as follows.

2
[ 2 2 1 ? 1 2
Vp = qu +de = \/(EVMJ +(_ﬁvabj =§Vabp (A7)

1

7Vabp
o {1 | | ()- 7 e
qs -
3 abp

e Mode AAC
When S, = Sy, =0 and S, = I implies V= V)= Vypand Vi, =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
v.=—V, -V, -——V_ |=—V —-—=V —-—=V_ |=—=V, A9
qs 3( as 2 bs 2 c‘\j 3( ap 2 ap 2 L[Jj 3 cap ( )

1 1 1
V,=—=W, -v,)=—(V, -V, )=—V, (A.10)

- ﬁ cs 3 ¢ \/5 cap

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.9) and (A.10) as follows.
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2 2
> 2 1 1 2
V, = v Vqs +Vyo = \/(_ gvcap j + (E Vcap J - EVCHP (A.1D)

1
-V
_ [ cap
a’S:tan{ d‘J:tan ! 13— =—2?” (A.12)
gs 4
3 cap
e Mode ABA

When S, =S¢, = 0 and Sy, = 1 implies V= Vi = Vp and Vi =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
Vt]s = E(Vas _Evbs _Evcsj ZE(VaP _Epr _EVan = gvﬂbp (A13)

1 1 1
Vds :_(‘/cs _Vbs):_(vap _pr):_v (A14)

V3 V3 V3

The magnitude and direction of the outputs voltage space vector respectively are

calculated using (A.13) and (A.14) as follows.

2 2
[ — 1 1 2
Vs = Vqs + Vds = \/(gvab j + [ﬁvab J = gvabp (AIS)

1
4 =V _ _ﬁ abp /4
a. =tan|| —4 |=tan| X2 |=-Z
s ( Vqs J 1 3 (A.16)
3 abp

e Mode ABB
When S, =0 and Sy, = S, = 1 implies V=V, and Vi = Vg =V

The g-axis and d-axis output voltage space vector are determined as below.
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2 1 1 2 1 1 2
Vqs ZE(VM _EVbs _EVCS] = E(Vap _Epr _Eprj = EV“bP (A17)

1 1
v, =E(Vcs —Vbs)=ﬁ(pr -V, )=0 (A.18)

The magnitude and direction of the outputs voltage space vector respectively are

calculated using (A.17) and (A.18) as follows.

2
[, 2 2 f 2 2
Vs = Vqs +Vds = (gvﬂbj = gvabp (A.19)

o, =tan™ [_—Vd‘] = tan”' IL =0 (A.20)
“ gVabp
e Mode ABC

When S, =0, Sy, = 1 and S¢, = 2 implies Vi =V, Vi = Vipand Vs =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
v.=—V -V —-—V_ |=—V =V —-=V_|=V A21
qs 3 ( as ) bs 7 csj 3 ( ap 7 bp 2 cpj ap ( )
1 1 1
Vi ==V V) ==V, =V, )= ==V, A22)
d NE b N ( » bp) NE bep (
The line-to-line voltage can be expressed as:
) 2
V., =3V, sin(@,f ) (A.23)
Ve =3V, sin(@,1) (A.24)
: 27
V,, =3V, sin(@,t - (A.25)
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The magnitude and direction of the outputs voltage space vector respectively are

calculated using (A.21) to (A.25) as follows.
V + Vds + Vbcp Vp (A26)

y jgﬁvp sin(@,1)

—tan | _ds | = tan] —

o, =tan (V—J = tan =w,! (A.27)
q

v, cos(a)pt)

N

e Mode ACA
When S, =S¢, = 0 and Sy, = 2 implies Vs = V=V and Vi =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
v =2lv. ——v, v |=2|lv. ——v -~y |=—_v A28
qs 3 ( as 2 bs 7 csj 3 ( ap 2 cp 2 ap j 3 cap ( )
1 1 1
Vy=—=W, -V, )=—rxV, -V )=——V. (A.29)

NG} 3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.28) and (A.29) as follows.

2 2
[ 2 1 1 2
V= Vqs +Vy© = \/(_ gvcap j + (_ ﬁvcap j = gvcap A.30)

1y
_ cap
o, =tan”' (%J =tan”' \/f— = —2?7[ (A.31)
gs V.
3 ca
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e Mode ACB
When S, =0, S, = 2 and S, = 1 implies Vo = Vi, Vs = Vi and Vg =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
Vqs = E(Vas _EVbs _EVcsj = E(Vap _E bp _Evcpj = Vap (A.32)
1 1 1
Vds zﬁ(vcs _Vb‘v):ﬁ( cp _pr):ﬁvbcp (A.33)

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.32) and (A.33) as follows.

o2 R T
V.= Vqs +V, = Vap+§Vbcp —Vp (A.32)

v —jgﬁvp sin(a)pt)
o, =tan”'| —% |=tan™ =—w),t (A.33)
: Vqs Vp cos(a)pt)

e Mode ACC
When S, =0, Sp, = 2 and S, = 2 implies V3 =V, Vg = Vpand Vi =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 2
v.=—V,—=V,—V_ |=—|V, =V, ——=V_|=—V A34
qs 3( as 2 bs 2 csj 3( ap 9 cp 9 cpj 3 cap ( )
1 1
Vds :_(Vcs _Vbs):_(vcp _ch): O (A35)

V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.34) and (A.35) as follows.
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2
[ , 2 2
Vs = Vqs2 +Vds2 = (_Evcapj ngcap (A.36)

o, = tan‘l{_—‘/dsJ —an| —Y =7 (A.37)
V‘]

e Mode BAA
When S, = 1, S, = 0 and S, = 0 implies Vo = Vi, Vg = Vypand Vs =V,

The g-axis and d-axis output voltage space vector are determined as below.

2 | 1 2 | | 2
Vqs = E(Vas - EVbs - Evesj = E(Vb - Evap - Evap j = _EVabp (A38)
1 1
Vds == (Vcs - Vbs ) == (Vap - Vap ) = 0 (A39)

V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.38) and (A.29) as follows.

2
2 2
Vo=V, +V," = (—gvabj =3 Vet (A.40)

o, =tan™ V| s 0| o2 (A41)
v, 2

g Vabp

s

e Mode BAB
When S, = 1, S, = 0 and S, = I implies Vs = Vjy, Vg = Vypand Vg =V,

The g-axis and d-axis output voltage space vector are determined as below.
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2 1 1 2 1 1 1
Vqs = E(Vas _EVbs _Evcsj = E(pr _EVaP _Eprj = _gvabp (A42)

1 1 1
Vds = _(Vcs _Vbs ) = _(pr _V“P ) = __V (A43)

V3 V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.42) and (A.43) as follows.

2 2
[, 2 2 1 1 2
Vs = Vqs +Vds = \/(—gvabj +(—$Vabj = gvabp (A44)

! Vv
_ [7 abp
a, = tan”" ﬁ = tan”’ \/3— =% (A.45)
V., 1 3
3 abp

e Mode BAC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
VQS = E(Vas _EVbs _Evcsj = g(vbp _EVG _EVCPJ = VbP (A.46)
1 1 1
Vy=—W,-v,)=—=, -V, )=—V (A47)

V3 V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.46) and (A.47) as follows.

2 2 1
V, = ,/Vqs +V,° = ‘/be, + gvcip =V, (A.46)
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— LAy, sine, - 23”)

o = tan_l _—Vds = tan_l \/g =—wt+ %
s 7 (G (A.47)
q v, cos(a)pt — ?)

N

e Mode BBA

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
Vqs = E(Vas - EVbs _EVcsj = g(vbp - Evbp - Evapj = _EVabp (A.48)
1 1 1
Vds = = (Vcs - Vbs ) = = (Vap - pr ) = _V (A49)

V3 V3

The magnitude and direction of the output voltage space vector respectively are

\/5 abp

calculated using (A.48) and (A.49) as follows.

2 2
[ 1 1 2
V= Vt]s2 +Vds2 = J(_Evabj +($Vabj = gvabp (A.50)

! V
75 Vabp
o =tan"' Vay =tan"' ‘/1_3— :_2_7r (A.51)
@ _EVabp 3

e Mode BBB

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
Vqs = E(Vas _EVbs _EVCX) = E(Vb _Epr _Evbpj = 0 (A52)
1 1
V==V, =V,) ==V, -V, )=0 (A53)

3 s bs \/5
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The magnitude and direction of the output voltage space vector respectively are

calculated using (A.52) and (A.53) as follows.
/ 2 2
V.= Vqs +V, =0 (A.54)

a, =tan™ {VLJ =0 (A.55)

qs

e Mode BBC

The g-axis and d-axis output voltage space vector are determined as below.

Vqs = %(Vas _%Vbs _%Vcs] = %(Vb]) _%pr _%ch] :é bep
(A.56)

1

=

1 1
(Vcs _Vbs ) == (ch _pr ) =——=V, (A57)

V3 V3

Vds =

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.56) and (A.57) as follows.

2
[, 2 2 1 ’ 1 2
Vp = Vqs +Vds = \/(EVM) +(—Evbcpj =§Vbcp (ASS)

! \%
_ 3 Vbep
o, = tan{ﬁ] =tan"! \/15— _x (A.59)
\% 3
@ gvbcp

e Mode BCA

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
Vqs = E(Vas _Evbs _EVcsj = E(pr _EVa _Evcp] = pr (A.60)
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1 1 1

de = ﬁ(vcs _Vbs):ﬁ(vap _ch): _ﬁvcap (A.61)

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.60) and (A.61) as follows.

o2 R T S
V, = Vqs +V,~ = pr+§Vmp —Vp (A.62)

RS

a, = tanl(—_ Vdsj = tan™’ 3
q

2
v, cos(a)pt - ?)

) 2
\/§Vp s1n(a)pt - ?)

_ 2
=)t Y (A.63)

N

e Mode BCB

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
V. ==V, ——V, ——V._ |=2|v, -V, —=V, |== A.64
qs 3( as 7 bs 7 csj 3( bp 7 G 7 bpj 3 bep ( )
1 1 1
Vds :_(Vcs _Vbs):_(vbp _V'p):_v (A65)

V3 V3

The magnitude and direction of the output voltage space vector respectively are

\/5 bcp

calculated using (A.64) and (A.65) as follows.

2 2
[, 2 2 1 1 2
V, = Vqs +Vyo = \/(gvbcp j + (ﬁvbcp j = gvbcp (A.66)

1
-V,
Vv J3 77
o, = tanl[ﬂJ = tan ™" 13— -z (A.67)
3
© Vbcp
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e Mode BCC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 2
Vqs = E(Vm - EVbs - EVcsj = E(pr - EVC - Echj = EVbcp (A.68)
1 1
Vds = _(Vcs _Vbs ) == (ch - ch ) = 0 (A69)

V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.68) and (A.69) as follows.

, 2 2 2
‘/s = Vqs +Vds zgvbcp (A7O)

-V
a, :tanl[—"sJ _an| =2 =0 (A.71)
V‘I

e Mode BCC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 2
Vqs = E(Vas _Evbs _EVcsj = E(VCP _EVaP _Evapj = EVCQP (A.72)

1 1
Vds = _(Vcs - Vbs ) = = (Vap - Vap ) = O (A73)

V3 V3

The magnitude of the output voltage space vector is calculated using (A.72) and (A.73) as

follows.

2
Vs = Vqs2 +Vds2 = (_Vcapj =_Vcap (A.74)



The direction of the output voltage space vector is calculated as
-V
o, =tan"'| —% |=tan™ o =0 (A.75)
Vq

e Mode CAB

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
Vqs = E(Vas - Evbs - EVM) = E(ch _Evap - Evpr = ch (A.76)
1 1 1
Vd \/5 (ch Vbx ) = E(pr _Vap ) = _ﬁvabp (A77)

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.76) and (A.77) as follows.
A N Vasz =V, (A.78)

L3, sin(a, i+ 2T
a7V | 4] A3 3 |_ 2z
o, =tan | —— |=tan =, +—— (A.79)
Vi, v 2 3
» Cos(@, 1+ 7)

e Mode CAC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
V==V —=Vos —=Vos |==| V., —=V,, —=V,, | ==V, A.
qs 3( as 9 bs 7 csj 3( cp 7 ap > cp} 3 cap ( 80)
1 1 1
V,=—(V. -V, V-V )J=—V. A.81
d: \/_( ) \/5( P p) \/5 p ( )
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The magnitude and direction of the output voltage space vector respectively are

calculated using (A.80) and (A.81) as follows.

2 2
i, 2 2 1 1 2
Vs = Vqs + Vds = \/(EVW j + (ﬁvmp J = gvmp

1
-—V
cap
tan 1{ d Jztan1 ;/g =—§
@ gvcap

e Mode CBA

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1
Vqs = E(Vas _EVbs _Evcsj ZE(VCp _Evap _Evpr

_Vbs):L(V -V ):LV

ﬁ ap cp \/5 abp

v, =i(v

A\ \/5 Ccs

(A.82)

(A.83)

(A.84)

(A.85)

The magnitude and direction of the output voltage space vector is calculated using (A.84)

and (A.85) as follows.

2 2
1/ +VdY Ver + s =V

The direction of the output voltage space vector is

—L\/ng sin(@,,f + 2—7[)
J tan \/5 3

as = '[an_l {_V—% = T
qs V,cos(w,t+ ?)
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e Mode CBB

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 2

Vqs = E(Vas - Evbs - EVL‘SJ = E(ch - 5 bp ~ Evbpj = _E bep (A.88)
1 1

Vds = _(Vcs - Vbs ) == (pr - pr ) = 0 (A89)

V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.88) and (A.89) as follows.

2
[ , 2 2
Vs = Vl]s ? + Vds ? = (_ 5 Vbcp ) = 5 Vbc‘l’ (A90)

-V
o, = tan_l[ s J =tan"' 20 =7 (A91)

e Mode CBC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
Vqs = E(Vas - Evbs - EVLSJ = E(ch - E bp EVCpJ = _gvbcp (A.92)
1 1 1
Vds = = (Vcs - Vbs ) = _(ch _pr ) = __V (A93)

V3 V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated using (A.92) and (A.93) as follows.
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1Y 1 )
V, =V, +V,’ =\/(—§Vbcp) +(_ﬁvf“”j =§VM (A.94)

1y
i v bep
o, =tan"' {V—“J =tan "' \/51_ = 2?7[ (A.95)
qs - 7Vb p
3 C

e Mode CCA

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1 1
V. =2V, =V, ——V._|=2|V -V ——V_ |==V A.96
qs 3 ( as 2 bs 2 cs j 3 ( cp 2 ap 2 cp J 3 cap ( )
1 1 1
Vd :_(Vcs_vbs):_(‘/ap _Vc ):__V (A97)

G V3

The magnitude and direction of the output voltage space vector respectively are

\/5 cap

calculated (A.96) and (A.97) as follows.

2 2
[ 2 2 1 1 2
VS = Vqs + Vds = \/(EVCW, j + (— EVC@ j = gvmp (A98)

_ 1y
_ cap
a, =tan”' “Vas =tan"' \/_3— = tan”' (\/§)= = (A.99)
Vqs 1 V 3
g cap

e Mode CCB

The g-axis and d-axis output voltage space vector are determined as below.

Vqs = g(Vas _lvbs _lvcsj = g(ch _lvcp _lvbpj = _lvbcp
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1 1 1
Vds :_(Vcs _Vbs):_<pr _Vp):_V (Al()l)

V3 V3 V3

The magnitude and direction of the output voltage space vector respectively are

calculated (A.100) and (A.101) as follows.

2 2
[ 2 2 1 1 2
V, = Vqs +Vy© = \/ (_ ngCp j + (_3‘/1761) j = EV/’CP (A.102)

Vb
-V, B P
a, =tanl[v—d“J=tan ! ‘/15— =§ (A.103)
qs Vi
3 C,

e Mode CCC

The g-axis and d-axis output voltage space vector are determined as below.

2 1 1 2 1 1

Vt]s = E(Vas _Evbs _Evcsj = E(VCP _5 cp _EVCPJ = O (A104)
1 1

Vv, :_3 (‘/cs_vbs):_3(‘/cp _ch):() (A.105)

The magnitude and direction of the output voltage space vector respectively are

calculated (A.104) and (A.105) as follows.

V, =V, +V, =0 (A.106)
a, = tanl(VdSJ =0 (A.107)
Vqs
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APPENDIX B

COMPLETE INPUT CURRENT SPACE VECTOR FOR THE

INVERTER STAGE

This section presents the complete derivation for the input current space vector
used in the direct space vector modulation. The calculated magnitude and phase of the

input current space vectors are used to construct Table 3.2.

e Mode1(AAA), (S, =05, =0,S, =0)

cp
In this mode, the instantaneous three phase input currents are given as

Iap:IaS+IbS+ICS:O I, =0 I =0 (B.1)

P cp

Transforming the time varying phase currents given in (B.1) into a stationary gd

reference frame result in the following expressions

2 1 1 2

Iqﬂ ZE(IHP _Elbﬁ _EICP] zg(las +Ibs +Iu):0 (Bz)
1

1, :ﬁ(lcp _Ibp):() ®3)

Based on (B.2) and (B.3), the magnitude and phase angle of the input current space

vector is calculated as
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f 2 2 2
Ip: qu +Idp zg(las-i_lbs-l_lcs):o (B-4)

-1
B, =tan _l[l—d”J =0 (B.5)

qp

,=0,5, =0,5,, =1)

a

e Mode 2 (AAB), (S

In this mode, the instantaneous three phase input currents are given as

I,=1,+1,=-I 1, =1 I, =0 (B.6)

cs P cs cp

The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1 2 1

IQP ZE(ILIP _Elbp _Elcpj ZE(_ICS _EICSJ :_Ics (B7)
1 1

I, =E(Ic,, -Ibp)=—ﬁ I, (B.8)

The magnitude and the phase angle of the input current space vector are computed based

on (B.7) and (B.8)

1 2
1=y, 41" =17+ 1 =l (B.9)

_— § cs
B, :tanl[—dpJ | 3|77 (B.10)
I‘IP
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e Mode 3 (AAC), (S,,=0.5,,=0,5,=2)

In this mode, the instantaneous three phase input currents are given as

1,=1,+1,=-I, I, =0 I, =1 (B.11)

14 cp cs

Transforming the time varying phase currents given in (B.11) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

ICIP zg(lap _Elbn _Elcnj zg(las +Ibs _Elcs] = _Ics (B12)
1 |

Idp :ﬁ(lcp _Ibp)zﬁlcs (B53)

The magnitude and the phase angle of the input current space vector are computed based

on (B.12) and (B.13)

I,= qu2 +1dp2 = |1’ +%1m2 =1 (B.14)

= 6 (B.15)

e Mode 4 (ABA), (S,,=0.S, =15, =0)

In this mode, the instantaneous three phase input currents are given as

Iap:Ias+Ics:_Ibs Ibp

=1, 1,=0 (B.16)
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The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1 2 1

I‘IP zg(lap _Elbp _Elcpj zg(las +Ics _Elst = _Ibs (B17)
1 1

I, =E(Ic,, ~1,)= 5l (B.18)

The magnitude and direction of the input current space vector are calculated as follows.

1. 5 2
I,=A1,%+1,%= 1,2 +=1,% =—1I B.19
P qp dp bs 3 bs \/g bs ( )

1
-1
I \/— bs 7
—1| tdp -1 3 T
=tan — |=tan —_— | = B.2
ﬂp {qu ] _ Ibs 6 ( 0)

e Mode5 (ABB), (S, =0,S, =15, =1)
In this mode, the instantaneous three phase input currents are

I, =1, I, =1, +1, =-I I, =0 (B.21)

ap as cp

Transforming the time varying phase currents given in (B.21) into a stationary gd

reference frame result in the following expressions
2 1 1
qu ZE(Iap_Elbp_ElepJ:Ias (B22)
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1
Idp:ﬁ(lcp_lbp):ﬁlas (B23)

The magnitude and direction of the input current space vector are calculated as follows.

1,=41,"+1,°>=.|I 2+%1 =1 (B.24)

—1
1, A3 af 1 /4
=tan | L |=tan | X2 |=tan}| —= | ==
B, [1 J (\/EJ . (B.25)

e Mode 6 (ABC), (S, =0,S, =15, =2)

In this mode, the instantaneous three phase input currents are given as

I, =1 1

ap as bp = Ibs I = I (B26)

cp cs

Transforming the time varying phase currents given in (B.26) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

I‘]P zg(lap _Elbp _EICPJ zg(las _E(Ibs + ICS)J = Ias (B27)
1 1

Idp :ﬁ(lcp_lbp)zﬁ(lcs_lbs) (B28)

The magnitude and the phase angle of the input current space vector are computed based

on (B.27) and (B.28)
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[ 1
IP = IQPZ +Id[72 = \/Ias2 +§(Ics _Ibs )2 (B29)

1
=1, -1,)
I cs bs
B, tanl( p} tan ! V3 = w,t— @, (B.30)
1
qp as
* Mode7 (ACA), (S, =0.S, =2,5,, =0)
l,=1,+1,=-1I, I, =0 I, =1, (B.31)

Transforming the time varying phase currents given in (B.31) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

qu zg(lap _Elbp _EICPJ ZE(_ I, _Elst =—1, (B.32)
1 1

Idpzﬁ(lcp_lbp):ﬁlbs (B.33)

The magnitude and direction of the input current space vector are calculated as follows.

/ 2

—1 1
_[ - bs 7
-1 dp 4l A3 T
=tan | —— |(=tan |—— |=— B.
B, ( I J e . (B.35)
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e Mode8 (ACB), (S,,=0,5, =2,5,, =1)

In this mode, the instantaneous three phase input currents are given as

I =1 Ib =1 I, =1, (B36)

Transforming the time varying phase currents given in (B.36) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

IQI’ = g(lap _Elbp _EICP] = E(Ias _E(Ihs + Ics )] = Ias (B37)
1 1

Idp :ﬁ(lcp_lbp):ﬁ(lbs_lcs) (B.38)

The magnitude and direction of the input current space vector are calculated as follows.

IP = VIQPZ +Id172 = \/Ias2 +%(1bs _Ics )2 (B39)

—=(1,,-1,)

-7 bs cs

B, =tan™ (I—W’J = tan~' V3 =, — @, (B.40)
qp

,=0,8, =2,5, =2)

a

e Mode 9 (ACC), (S

In this mode, the instantaneous three phase input currents are given as

I :I Ih :0 Icp :Ibs +Ics :_Ias (B41)

ap as )4
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Transforming the time varying phase currents given in (B.41) into a stationary gd

reference frame result in the following expressions

2 1 1

IQPZE(IGP_EIW_EICPJ:IM (B42)
1 1

I, =E(Ic,, -Ibp)=—ﬁlw (B43)

The magnitude and the phase angle of the input current space vector are computed based

on (B.42) and (B.43)
2 2 2 1. 2
IP = qp +Idp as +§Ias :flas (B44)
1,
-1l = Id _ 3 “ T
B, =tan ! ” |=tan™! V3 == (B.45)
qu I, 6

e Mode 10 (BAA), (S,, =15, =0.S,,=0)

In this mode, the instantaneous three phase input currents are given as

I, =1, +1_ =-I

ap

I, =1 1,=0 (B.46)

as 14 as cp

Transforming the time varying phase currents given in (B.46) into a stationary gd
reference frame result in the following expressions

2 1 1
qu:_(lap_albp _EICPJ:_IM (B.47)
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The d-axis input current is given as,

1 1 /

1, =ﬁ(lcp —Ib,,)=—ﬁ (B.48)

The magnitude and the phase angle of the input current space vector are computed based

on (B.47) and (B.48)

2 2 2 1. 2
I, =1 15" =14 +§Iax :ﬁlm (B.49)

_I as
,Bp = tan_{ 7 2 ] =tan”" \/51 =5—7[ (B.50)

e Mode 11 (BAB),
The switching function has the following values, (Sap =15,,=0,§,= 1)
In this mode, the instantaneous three phase input currents are given as

Ip :Ihs Ihp = Ias +Ics :_Ihs I :0 (BSI)

q, cp

Transforming the time varying phase currents given in (B.51) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

an :g(lan _Elbn _EICPJ zg(lbx +§Ist =1, (B.52)
1 1

1, = 3 (Icp _Ibp) 3 L, (B.53)
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The magnitude and direction of the input current space vector are calculated as follows.

2 2 > 1, 2
-7 - \/1— Ibs
B, :tan_l{—dsztan_1 L N (B.55)
ap Ly 6
e Mode 12 (BAC), (S, =15, =0,5, =2)
In this mode, the instantaneous three phase input currents are given as
Iap :Ibs Ibp :Ias Icp = Ics (B56)

Transforming the time varying phase currents given in (B.56) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1
IQI’ = _(Iap _Elbp _EICPJ :g(lhs _E(Ias + Ics)j = Ibs (B57)

dp:ﬁ(lcp_lbp):ﬁ(lcs_las) (BSS)

The magnitude of the input current space vector is computed based on (B.57) and (B.58)

1
I,=41,>+1,° =\/1bsz+§(1€s—1as)2 (B.59)
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The phase angle of the input current space vector is calculated as

1
——(1.,-1,)
.y cs as 2
ﬂp = tan_l {I_dp] = tan_l \/5 = _a)st + (78 + ?ﬂ. (B60)
qp

I,

N

e Mode 13 (BBA), (S, =15, =15, =0)

In this mode, the instantaneous three phase input currents are given as

I, =1 1, =1, +1, =—1 1,=0 (B.61)

Transforming the time varying phase currents given in (B.61) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

I‘]P zg(lap_Elbp_EICPJZE(ICS-l_EIcsj:Ics (B62)
1 1

Idp=ﬁ(lcp—lbp)=ﬁlcs (B.63)

The magnitude and direction of the input current space vector are calculated based on the

above two expression

I,=41, +1,,° =12 +=1, ZEI“ (B.64)
-1 7
ﬁp = tan_l( 7 dp J :? (B.65)
qp

280



e Mode 14 (BBB), (S,, =15, =15, =1)

In this mode, the instantaneous three phase input currents are given as

I,=0 l,=1,+1,+1,=0 I =0 (B.66)

ap

Transforming the time varying phase currents given in (B.66) into a stationary gd

reference frame result in the following expressions

2 1 1

Iqﬁzg(laﬁ_glbﬂ_alcﬁ]:() (B67)
1

1, =ﬁ(1c1,—lbp)=0 (B.68)

The magnitude and the phase angle of the input current space vector are computed based

on (B.67) and (B.68)

[T 2 2 2
Ip: qu +Idp zg(las-i_lbs-'-lcs)zo (B.69)

-1
B, =tan _I{I—@J =0 (B.70)

qp
Mode 15 (BBC), (S,, =1,5,, =15, =2)
In this mode, the instantaneous three phase input currents are given as

1. =0 I, =1,+1, =-1I I, =1 (B.71)

ap cs cp cs
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Transforming the time varying phase currents given in (B.71) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1 1
qu:E(Iap—zlbp—Elcpjzg(—alcs'i‘almj:o (B72)
1 2
1, =ﬁ(lc,, -Ibp)=ﬁlm (B.73)

The magnitude and direction of the input current space vector are calculated as follows.

I, (B.74)

_ 2y
I cs
B, = tan” ? |=tan™ V3 =z (B.75)
ap 0 2
Mode 16 (BCA), S,y =15, =2.5,,=0)
In this mode, the instantaneous three phase input currents are given as
Iap :Ics Ibp = Ias Icp = Ibs (B76)

Transforming the time varying phase currents given in (B.76) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1
I‘IP :_(lap _Elbp _EICPJ zg(lcs _E(Ias +Ibs)j = Ics (B77)
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1 1

Idp:ﬁ(lcp_lbp):ﬁ(lbs_las) (B78)

The magnitude and direction of the input current space vector are calculated as follows.

1
h,=‘U@2+J¢f==Jlm2+§(%s—lm)2 (B.79)

1

cs

1
-1, -1,)
-7 [~ \"bs as
B, =tan™ — % 1= tan™ 3 =0t — @, + 2 (B.80)
1, 3

e Mode 17 (BCB),

The switching functions have the following values,

(s, =18, =25, =1)

In this mode, the instantaneous three phase input currents are given as

I :0 Ibp = Ias +Ics :_Ibs I = Ibs (BSI)

ap

Transforming the time varying phase currents given in (B.81) into a stationary gd

reference frame result in the following expressions

2 11 201, 1
qu :g(lap _Elbp _Elcpj ZE(EI}” _Elbs} =0 (B82)
1 2
Idp:_/:%(lcp_lbp)zﬁlbs (B83)
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The magnitude and direction of the input current space vector are calculated as follows.

I, (B.84)

72 1
-1 - bs
B =tan”" — & 1= tan™! L __r (B.85)
’ I, 0 2

e Mode 18 (BCC), (S, =15, =2,5, =2)

In this mode, the instantaneous three phase input currents are given as

I :0 Ib :I Icp:Ib.Y-i_Ics:_Ias (B86)

)4 as

Transforming the time varying phase currents given in (B.86) into a stationary gd

reference frame result in the following expressions

2 1 1

quzg(lap—glbp—alcszo (B87)
1 2

I, =ﬁ(lc,, -Ibp)=—ﬁlas (B.88)

The magnitude and direction of the input current space vector are calculated as follows.

» . dp =ﬁlas (B.89)
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_— as
B, = tan ™" (—@J =tan"' V3 =z (B.90)
» 0 2

e Mode 19 (CAA), (S, =2,5,,=0,S, =0)

In this mode, the instantaneous three phase input currents are given as

I :Ibs+lcs:_1

ap

as Ibp = 0 Icp = Ias (B91)

Transforming the time varying phase currents given in (B.91) into a stationary gd

reference frame result in the following expressions

2 1 1

I, - 5( I ICPJ -1, (B.92)
1 1

1, =E(Icp—lbp)=ﬁlm (B.93)

The magnitude and direction of the input current space vector are calculated as follows.

2 2 2 1. 2
L, =1 1" =14 +§Iax :ﬁlm (B.94)

1
_[ as
B,= tanl[l—dpJ =tan" L _Iz (B.95)
qp
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e Mode 20 (CAB), (S, =2,5,,=0,5,, =1)

In this mode, the instantaneous three phase input currents are given as

I, =1

ap bs

1, =1 I, =1 (B.96)

/4 cs cp as

Transforming the time varying phase currents given in (B.96) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1

IQI’ = E(Iap _Elbp _EICP] = E(Ibs _E(Ias + Ics)] = Ibs (B97)
1 1

IdP :ﬁ(lcp_lbp):ﬁ(las_lcx) (B98)

The magnitude and direction of the input current space vector are calculated as follows.

IP = V[qu +1d[72 :\/Ibsz +%(1as _Ics )2 (B99)

1
-1, -1,)
_I as cs
ﬁp=tan_l[1dPJ:tan_l J3 =a)st—¢s—2?ﬂ (B.100)

qp I bs

e Mode 21 (CAC), (S, =2,5, =0,S, =2)

ap
In this mode, the instantaneous three phase input currents are given as

I :Ibs Ih :0 I = Ias +Ics = _Ihs (BIOI)

P cp

286



Transforming the time varying phase currents given in (B.101) into a stationary gd

reference frame result in the following expressions

2 1 1

qu :E(laP—EIbP—EICPJ:IbS (B102)
1 1

1, =ﬁ(lc,, -1,)= 5 (B.103)

The magnitude and direction of the input current space vector are calculated as follows.

2 2 / > 1.2 2
Ip: qu +Idp = Ibs +§Ibs —Elbs (B104)

- S
B, =tan _l[l—dpJ = tan ' \/g— = tan_l{%j :% (B.105)
[ bs

/4

e Mode 22 (CBA), (S,, =2.5,,=1,5,,=0)

I, =1 I

ap cs bp

=1 1. =1 (B.106)

bs cp as

Transforming the time varying phase currents given in (B.106) into a stationary gd

reference frame result in the following expressions

2 1 1 2 1
qu = _(Iap __Ibp - _Icpj = _(Ics _E(las + Ibs )j = Ics (B107)

3 2 2 3
1 1
Idp:ﬁ(lcp_lbp):?(lm_lbs) (BlOS)
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The magnitude and the phase angle of the input current space vector are computed based

on (B.107) and (B.108)

2 2 2 2
I, =1y +14 =\/1bs + (g = 1y) (B.109)
1
-1, -1,)
— as bs
B, =tan"'| — |=tan"! V3 ——wi+9 +2T (B.110)
qu Ics A A 3
e Mode 23 (CBB), (S, =25, =15, =1)
In this mode, the instantaneous three phase input currents are given as
Iap :O Ibp:Ibs+Ics:_Ias Icp :Ias (Blll)

The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1

quzg(lap —Elbp —EICPJZO (B112)
1 2

I, =ﬁ(lcp —Ibp)=ﬁlas (B.113)

The magnitude of the input current space vector is calculated using (B.112) and (B.113)

as follows.

S { (B.114)

p qu



The direction of the input current space vector is calculated as
-7 as T
,Bp —tan"'| —% |=tan~! L =—— (B.115)
1, 0

=28, =15 =2)

a

e Mode 24 (CBC), (S

In this mode, the instantaneous three phase input currents are given as

I, =0 1, =1, l,=1,+1, =-1I, (B.116)

The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 11
qu:g([ap —Elbp —EICPJ:O (B117)
1 2
I, :ﬁ(lq’ -1,)= 75l (B.118)

The magnitude and direction of the input current space vector are calculated as follows.

+y," =—=1) (B.119)

i (B.120)
2
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e Mode 25 (CCA), (S, =2.5,, =2,5,, =0)

In this mode, the instantaneous three phase input currents are given as
I =1 I, =0 [, =1 +1, =-1 (B.121)
The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1
ly=3 (Iap ol —51@)7(% +§1q-]:1€s (B.122)

1

i =ﬁ(lcp —Ibp)=—ﬁlw

I (B.123)

The magnitude and direction of the input current space vector are calculated as follows.

2 2 2 1. 2 2
L, =1y +1g" =41 +§Ics zﬁlcs (B.124)

—1
— 1 cs
B,= tan ' {I—@J =tan~' V3 =tan~' {L} =% (B.125)
/4

q,

e Mode 26 (CCB), (S,,=2,5,,=2.5,, =)

In this mode, the instantaneous three phase input currents are given as

1. =0 1, =1 I,=1_+1, =—-I

ap P cs cp as

(B.126)

cs
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The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1

I, = —( w3l =3 CPJ =0 (B.127)
1 2

1, =ﬁ(lc,, -Ibp)=—ﬁlm (B.128)

The magnitude and direction of the input current space vector are calculated as follows.

_ 2 (B.129)

p qu

B . B 3 cs P
B, = tan 2% 1= tan~! —\/_ =— (B.130)
I, 0

e Mode 27 (CCC), (S,,=2,5,,=2.5,,=2)

In this mode, the instantaneous three phase input currents are given as

I, =0 I, =0 I,=1,+I,+1,=0 (B.131)

P

The above time varying phase currents is transformed into a stationary gd reference

frame as follows

2 1 1
quzg(lap —Elbp —Elqjj:o B132)
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The d-axis input current space vector is given as

1
to= b, -1,)0

B.133)

The magnitude and direction of the input current space vector are calculated as follows.

2
I,= \/qu2 +Idp2 =§(Ias +1,, +Ics)=0

(B.134)

—1
B, =tan"| —L =0 (B.135)
I‘IP
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APPENDIX C

COMPLETE INPUT CURRENT SPACE VECTOR FOR THE

INVERTER STAGE

This section presents the complete derivations used to construct the current space
vector used in the indirect space vectors. The results are used to construct Table 3.5.
« Model

The devices to be turned ON are S, and Sy,; hence, 1, = Ipc, Iy, = -Ipc and I, = 0

qu:%(2Iap_lbp_lcp):%(2IDC+IDC):IDC (C.1H
1 1
Idp zﬁ(lcp_lbp):ﬁlDC (C2)

The magnitude and angle of the rectifier stage current space vector is determined as

follows
2
2 2 2 1 2
I, =\1,+1, = Ipc+ EIDC ZEIDC (C.3)
1
-1 _ﬁIDC T
B, = tan‘(—d”J =tan”'| 4= |=-— (C.4)
I, Iy 6
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« Mode?2

Devices turned ON are S,, and S.,,; hence, 1, = Ipc, I, =0 and 1., = -Ipc

1 1
qu:g(ZIap_Ibp_Icp)zg(ZIDC+IDC):IDC (C.5)
1 1
Idp :E(Icp_lbp):_ﬁlDC (C.6)

The magnitude and angle of the rectifier stage current space vector is determined as

follows

2
_ 2 2 _ |2 1 _ 2
Iy =1y +1g _\/IDC+(_EIDCJ _EIDC (€7
(~lo)_ . |5 | =
p, =tan” — L |=tan | X— | == (C.8)
qu 6

e Mode 3

Devices turned ON are S, and S,,,; hence, 1., = -Ipc, I, = Ipc and I, = 0

1 1

qu =§(2Iap_lbp_Icp)zg(_ZIDC_IDC)z_IDC (C.9)
1 1

Id[?:ﬁ(lcp_lbp):_ﬁIDC (C.10)
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The magnitude and angle of the rectifier stage current space vector is determined as

follows

2
1 2
1, =1 +1;, :\/I/%c"‘(_ﬁchj = f31vc (C.11)
-1, ﬁIDC 571
,sztan_l I—p =tan | X2 === (C.12)
qp

« Mode4

Devices turned ON are S, and S.,,; hence, 1, =0, I, = Ipc, and 1., = -Ipc

1 1

qu=§(21ap—Ibp—Icp)zg(—IDC+IDC)=O (C.13)
1 2

Idpzﬁ(lcp_lbp):_EIDC (C.14)

The magnitude and angle of the rectifier stage current space vector is determined as

follows

2
I, =y12,+1, ZEIDC (C.15)

! 1
-1 5 iDC
B =tan| L0 || B |7 (C.16)
I, 0
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e Mode5

Devices turned ON are S., and S,,; hence, 1, =-Ipc, Iy, = 0 and I, = -Ipc

1 1

T =5 (1, -1,,-1.,)= 3 (210 —1 e )=—I pe (C.17)
1 1

I, =E(IC,, —Ib,,)=ﬁluc (C.18)

The magnitude and angle of the rectifier stage current space vector is determined as

follows

2
I, =\12,+I, ZEIDC (C.19)

I
-1y
7 DpC
0 J | B _1a (C.20)

« Mode 6

Devices turned ON are S, and S,; hence, I, = 0, I}, = -Ipc and I, = -Ipc

1 1

I, =§(21ap -1, —Icp)=§(—1Dc +1p0)=0 (C.21)
1 2

I, =E(IC,, —Ib,,)=ﬁluc (C.22)
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The magnitude of the rectifier stage current space vector is determined as follows

2
1,=41.,+I, =ﬁ1DC (C.23)

The angle of the input current space vector is given as

1
_ ——=1Ipc
B, =tan™ Ly =tan"’ \/_3— -z (C.24)
p I 0
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APPENDIX D

SELECTION OF SWITCHING CONFIGURATION FOR THE

POSSIBLE OUTPUT VOLTAGE AND INPUT CURRENT SECTORS

This section presents the detailed procedure to selected the actual switching sequence
used in both direct and indirect space vector shown in Table 3.10°

CaseI: (1, 1)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-7 AAB +7 BBA
-9 CCA +9 AAC
-3 ACC +3 CAA
-1 BAA +1 ABB

The following two switching patterns give minimum switching transition

+1 ABB -9 CCA
-7 AAB 3 CAA
+9 AAC -1 BAA
-3 ACC 7 BBA

Selected switching patterns: CCC—-CCA—CAA—BAA—BBA—BBB

Case II: (1,2)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are:
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-7 AAB 7 BBA
-9 CCA 9 AAC
-4 ABA 4 BAB
-6 CAC 6 ACA

The following two switching patterns give minimum switching transition

+4 BAB +7 BBA
-7 AAB -4 ABA
+9 AAC +6 ACA
-6 CAC -9 CCA

Selected switching patterns: CCC—-CCA—ACA—ABA—BBA—BBB

Case I1I: (1, 3)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-3 ACC +3 CAA

-1 BAA +1 ABB

-4 ABA +4 BAB

-6 CAC +6 ACA

The following two switching patters give minimum switching transition

-6 CAC -3 ACC
+3 CAA +6 ACA
-1 BAA -4 ABA
+4 BAB +1 ABB

Selected switching patterns: CCC—ACC—ACA—ABA—ABB—BBB
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Case IV: (2,1)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-8 BBC +8 CCB
-9 CCA +9 AAC
-2 CBB +2 BCC
-3 ACC 3 CAA

The following two switching patters give minimum switching transition

-8 BBC 3 CAA
2 BCC -9 CCA
-3 ACC 8 CCB
9 AAC -2 CBB

Selected switching patterns BBB—CBB—CCB—-CCA—-CAA—AAA

Case V: (2,2)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-8 BBC 8 CCB
-9 CCA 9 AAC
-5 BCB 5 CBC
-6 CAC 6 ACA

The following two switching patters give minimum switching transition

9 AAC 6 ACA
-6 CAC -9 CCA
5 CBC 8 CCB
-8 BBC -5 BCB

Selected switching patterns BBB—-BBA—-ABA—-ACA—CCA—CCC
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Case VI: (2, 3)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-5 BCB +5 CBC
-6 CAC +6 ACA
-2 CBB +2 BCC
-3 ACC +3 CAA

The following two switching patters give minimum switching transition

-2 CBB -5 BCB
+5 CBC +2 BCC
-6 CAC -3 ACC
+3 CAA 6 ACA

Selected switching patterns BBB—-BCB—BCC—ACC—-ACA—AAA

Case VII: (3, 1)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-8 BBC 8 CCB

-7 AAB 7 BBA

-1 BAA 1 ABB

-2 CBB 2 BCC

The following two switching patters give minimum switching transition

2 BCC 8 CCB
-8 BBC -2 CBB
7 BBA 1 ABB
-1 BAA -7 AAB

Selected switching patterns: CCC—-CCB—CBB—ABB—AAB—AAA
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Case VIII: 3, 2)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are:

-5 BCB 5 CBC
-4 ABA 4 BAB
-8 BBC 8 CCB
-7 AAB 7 BBA

The following two switching patterns give minimum switching transition

+5 CBC +8 CCB
-8 BBC -5 BCB
+7 BBA 4 BAB
-4 ABA -7 AAB

Selected switching patterns: CCC—-CCB—BCB—BAB—AAB—AAA

Case 1X: (3, 3)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are:

-5 BCB +5 CBC
-4 ABA +4 BAB
-1 BAA +1 ABB
-2 CBB +2 BCC

The following two switching patterns give minimum switching transition

+2 BCC +5 CBC
-5 BCB -2 CBB
+4 BAB 1 ABB
-1 BAA -4 ABA

Selected switching patterns: CCC—CBC—CBB—ABB—ABA—AAA
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Case X: (1, 4)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-7 AAB 7 BBA
-9 CCA 9 AAC
-3 ACC 3 CAA
-1 BAA 1 ABB

The following two switching patterns give minimum switching transition

-9 CCA +1 ABB
3 CAA -7 AAB
-1 BAA +9 AAC
7 BBA -3 ACC

Case XI: (6, 5)

Vectors that can synthesis the desired output voltage and hence maintain the direction of

the input current vectors are

-5 BCB 5 CBC
-4 ABA 4 BAB
-8 BBC 8 CCB
-7 AAB 7 BBA

The following two switching patterns give minimum switching transition

5 CBC 8 CCB
-8 BBC -5 BCB
7 BBA 4 BAB
-4 ABA -7 AAB

The switching pattern has summarized for an input current lie on sector one and for all

possible output voltage sectors are shown below.
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(1,1) (1,2) (1,3) 1,4) (1,5) (1,6)

CCA—-CAA— BAB—AAB— CAC—CAA— CCA—CAA— BAB—AAB— CAC—CAA—
BAA—-BBA AAC—-CAC BAA—-BAB BAA—-BBA AAC—-CAC BAA—BAB

ABB—AAB— BBA—AB— ACC—ACA— ABB—AAB— BBA—ABA— ACC—ACA—
AAC—-ACC ACA—-CCA ABA—-ABB AAC—ACC ACA—-CCA ABA—ABB

The final switching patterns are

Sector of output voltage vector

1 2 3 4 5 6

+9 -7 -3 +1|-6 +4 +9 -7|+3 -1 -6 +4]-9 +7 +3 -1|+6 -4 -9 +7|-3 +1 +6 -4

-8 +9 +2 -3|+5 -6 -8 +9|-2 +3 +5 -6|+8 -9 -2 +3|-5 +6 +8 -9|+2 -3 -5 +6

+7 -8 -1 +2|-4 +5 +7 -8|+1 -2 -4 +5|-7 +8 +1 -2|+4 -5 -7 +8|-1 +2 +4 -5

+3 -1|+6 -4 -9 +7|-3 +1 +6 -4[+9 -7 -3 "+1]-6 +4 +9 -7[+3 -1 -6 +4

+8 -9 -2 +3]|-5 +6 +8 -9|+2 -3 -5 +6|-8 +9 +2 -3[+5 -6 -8 +9]|-2 +3 +5 -6

In put Current
Vector Sector

NN
NS
+
34

7 +8 +1 -2|+4 -5 -7 +8[-1 +2 +4 -5[+7 -8 -1 +2|-4 +5 +7 -8[+1 -2 -4 745

=
:
7]

L 6 Ll bt 4l b 3 Bl b B Lt b B Ylhg b 34y
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APPENDIX E

REFERENCE FRAME TRANSFORMATION OF MODULATION

SIGNALS

The objective of this derivation is to obtain an expression of the modulation
signals in gd transformation. Then it possible to write an explicit expression for the
mapping between the input and output currents of a matrix converter in a qd reference
frame. Similarly, the output voltage can also be written in terms of the input capacitor
voltages using the qd reference frame. The relationship between the input and output
currents of a matrix converter in terms of the switching signals are given as

I, = Saidas T Saplps +Sucl

Ibp =Sl oy +Spplys + Syl (E.1)
Icp = ScAIas + SCBIbs + ScCIcs

The output voltage can be calculated from the input filter capacitor voltage and the
switching function as:

Vas = SaAVap + SbApr + SCAVL'p
Vo =SV + SV + S5V, (E.2)
ch = SaCVap + SbCpr + SCCVc‘p

There are two transformations carried out in this analysis: the input side and output side

transformations K(6,) and K(6,) where 0,, and 0, are their corresponding initial angle of

the reference frames respectively.
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[ 2 2
cos(a)pt + 6?”/,) cos(a)pt + 6?”/, — ?7[) cos(a)pt + 6?”/, + ?7[)
K, :i sin(w,t+6,) sin(@,t+6, - 23”) sin(w,t +6,) + 23”) (E.3)
1 1 1
i 2 2 2 |

The transformation matrix used for the output side transformation is given (E.4)

cos(wt+86,) cos(wit+6, — 2?72') cos(wt+6, + 2;[)T
K, = % sin(@t+6,) sin(or+6, — 2?7[) sin(w,t +6, + 2?7[) (E.4)
1 1 1
i 2 2 2 |
The inverse transformation matrix for the input side is
cos(w,t+6,) sin(@,t+6,,) 1
2 . 2
(K,)" =|cos(w,t+86,, - E”) sin(w,t+6,, - 5”) 1 (E.5)
2 . 2
cos(w,t+6, +§7£) sin(w,t+6,, +§7z') 1
Similarly, the inverse transformation for the output side can be given as
cos(w,t+86,) sin(wt+6,) 1
(K)" =|cos(@,r+8, —%”) sin(@,1+6, —%”) | (E.6)
cos(wt+6 + 2?”) sin(w,t+6 _ + 2?”) 1
Equation (E.1) and (E.2) can be represented as follow
T
Iabcp =S Iabcs (ES)
Vabcs = SV;;;cp (E6)

where the voltage and current vectors are well as the switching signals matrix is given as
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Vas I ap I as Vap
Vabcs = Vbs Iabcp = Ibp Iabcs = Ibs Vabcp = pr
V. I, I v,

The nine switching functions can be represented in matrix form as

SuA ShA SCA
S=|Ss Sw S (E.7)
SaC SbC SCC

Define the following gd input and output voltage and current vectors as

quop = K pVabcp ‘/qdos = Ks‘/abcs
I qdop = K pI abcp I gdos = Kv abcs

The synchronous reference frame equations corresponding to (E.5) through (E.6) is given

below:
Loy =K ,S" (KD iy =M gl (E.8)
Vaios = KSK D™V iy =M iV i (E.9)
From (ES),
M =K,S"(K)"! (E.10)

Since the averaged switching signals can be expressed as

1 2 V.V+Vn Vl
Sy =§+§(—"‘V ”JV—” (E.11)
P 14

Separating (E.11) into two components as follow

v V.+V
S» — zz = Js . np
ip V,; and 9 js Vp (E.12)
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where

SAS
s =S, s, =ls., s, S,]
SCS

Using (E.12) the expression for the averaged switching signals can be modified as

1 2
S =—+—-S.§
i=373 (E.13)

Jjs~ip

Using the following switching arrays

9%}

ap

(Sip)T= pr (Sjs)z[SAs S gs Scs]

cp

%!

The expression given in (E.13) can also be given as

Sap
1 2
S=31+3| S S, S5 Sel (E.14)
S

p

where / is the identity matrix, substituting (E.13) into (E.10)

1 2 _
quo] :Kp(gl—l_g(S S, )T)(KY) :

Js~ip

Lk ok ik s s Tk P
_5 p( . +§ pPip js( .

Using the property of transpose of a matrix (AB)" = B'A”

Substituting the transformation matrices given in (E.3) to (E.6)
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cos(w,t+86,) cos(w,i+6, — %7[)

cos(w,t+6,, + %7[)

%KPI(KY)_1 :%x% sin(a)pt+490p) sin(a)pt+90p —%7[) sin(a)pt+00p +%7L’)
1 1 1
L 2 2 2
cos(wt+86, ) sin(@,t+86,,) 1

1 11 5
I 1 1fcos(wt+6, — 575)
1 11

cos(wt+6, + %7[)

Simplifying the above expression

1 _
EKPI(KS) !

o o O

Using the input and output side transformation

K,s,7s. (k) =(k,8,")s,. (k)"

sin(w,t+6,, —%ﬂ') 1

sin(w,t+6, + %7[) 1

(E.16)

(E.17)

The transformed array of switching signals corresponding to the input side and output

side respectively are given as

S =K,8,"
S = K,
From (E.8)
M =KS, =8, =(K)'M,,

SjST = ((KS)_Iquos )T = (quos )T((Ks)_l)T
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Sy =M )" (KH™H'

Similarly,

K,S,S, (K)" =M ,, (M) (K)H' (K)™

ip™ js

Substituting the transformation matrices given in (E.3) to (E.6)

(K, )‘1)T(KS)‘1 =|cos@t+6, —%75) sin(@t+86, —%7;)

os

os

os

Multiplying the above matrices

S O =
S = O

—INT -1 _é
((K,)") (K)) =3

Substituting (E.24) to (E.23)

KpS S (Ks)_l = quop (quos )T kZI

ip™~ js
Using (E.25) and (E.16)

2
quol = kl[ + qudop (quos )T k21
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cos@+6 +§ ) sin(@t+

cos@t+6,) sin(at +

cos@y+6, +§71’) sin(@t +

cos@t+8,) sint+6,.)

6 +27[)
3

6,)

os

cos@it+6, —% ) sin(@t+6 —% )

6 +27z)
3

p—

(E.22)

(E.23)

(E.24)

(E.25)

(E.26)



Using similar approach,

1 2 _
My =K,I+=S,S )K"
3 3
1 L2 B

Substituting the transformation matrices given in (E.3) to (E.6) in the above expression

cos(wt+6,) cos(wtr+6, —%ﬂ') cos(w,t+6,, + %ﬂ')
1 S o2) . . 2 _ 2
—KI(K,)) =—x—|sin(wt+6,) sin(wt+6 ——x) sin(wpt+6, +—r)
3 g 3 3 P P 3 P 3

! ! '

L 2 2 2 |

11 1

1 11

111

cos(w,t+6,) sin(w,t+6,) 1
cos(w,t+0, —%7[) sin(@, 1+ 6, —%7[) 1
cos(w,t+6, + %75) sin(@, 1 +6, + %7;) 1

Simplifying the above matrix multiplication,

. 0 00
EKPI(KS)‘1= 0 0 0|=k, (E.28)
0 0 1

Simplifying the second term given in (E.27)

M, =KS, (E.29)

q s s
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. T T -1
=K,s, =5, =K,)'M,,

qdop p~ip

M

T=(K,)'M o= (K )" M) =M, (K)™)

qd0ﬂ

Therefore the following equation holds true

(K,S,)(8,(K,)™")=(M )M, (K,)")(K,)™ (E.30)

s s

Substituting the transformation matrices given in (E.3) to (E.6)

cos(w,t+6,,) sin(@,t+6,,) 1
(K,)™H"(K,)" =|cos(@,t+86, —%75) sin(@,t + 6, —%71’) 1
2 ) 2
cos(w,t+6, + Eﬂ) sin(@,t + 6, + 57[) 1
cos(w,t+86,,) sin(@,t+6,,) 1
cos(w,t + 6, —zﬂ) sin(@,t + 6, —gﬂ') 1
3 3
2 ) 2
cos(w,t+6, + 5”) sin(@,t + 6, + 57[) 1
The above matrix multiplication gives,
; 1 00
(K™K )™ =50 1 0|=k, (E31)
0 0 2
Therefore, the g-d-o equations of the modulation signals are:
T
quoV = le + quos (quop) k2V (E32)
T
qu()] = klI + quop (qu()s) kZI (E33)
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Calculation of M4,, is shown below

o Vi,tV,
Js V*

p

(E.34)

Let the balanced output voltage is given as follows where V, is the magnitude of the

output voltage.

V.=V cos(wt+86, ) (E.35)
V,=V,cos@r+6, —27%) (E.36)
(E.37)

2
V., =V cos(@t+6, +?)
@, is the initial angle of the output phase voltage and the three phase balanced input

capacitor voltage are

V, =V, cos(w,t+86,,) (E.38)
2
‘/hp = Vp COS(wpt + 6’0m —?) (E.39)
2
V,=V, cos(@t+6,, +?) (E.40)
6, is the initial angle of the input capacitor voltage
_ 5 5y
cos(wt+6,) cos(wt+6, —57[) cos(w,t+6, +§7r) g
As
M, =KS, =—|sin(or+6,) sin(or+6,, —%7:) sin(@,t+ 6, +§7r) S5
l l l SCs
L 2 2 2
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Substituting (E.34) into the expression given above

cos(@,1+6,) cos(@+8, —%m
_ 2] o . g 2
qum—g sin(@wt+6,) sin(or+6,, —575)
1 1
2 2

Multiplying the two terms

1
—(V, +
2(61}1

cos(wt+6 +%7:)

sin(wt+6, + % )

1 1%

2

2
V., cos(ot+6 )+V, cos(wt+6, —gﬂ') +V_ cos(ot+6, + Eﬂ')

. . 2 )
V., sin(ot+6 )+V, sin(ot+6, — gﬂ') +V_ sin(wt+6 + g )

3

Vbn +‘/cn)+§Vnp

Simplifying the first and the second elements of the array

V. sin(@t+6,)+V, sin(@t+8, 2?”) +V. sin(@r+6, + ?’Z)

(E41)

=V cos(w,t+6, )sin(wt+6 )+V cos(wt+6, — 2?7[) sin(w,t + 6, —?ﬂ) +

V.,cos(@+8,, + 2?”) sin(@,+6,, + 7”)

3‘2/” sin(@, -6, )

Therefore
- B Vn
—cos(8,,—6,,)) v c08(6,, =0,,))
M P
” 2 1%
quos = Mds = | s Sin( 00}1 - eos) = ’; Sin( eon - 605)
3V V
M ] P 3 p
os 2 1%
> Vnp np
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Therefore the gdo axis component of the modulation signal corresponding with the output

side can be given as

M Vs cos(@ —6 )

qs * on os

p
v .
M, =——sin(8, -6, ) (E.43)
VI’
M = Yo
oS V*

The expression for M4, can be analyzed as follows

2 2
cos(w,t+6,,) cos(w,t+86, —57[) cos(w,t+6,, +§ﬂ')

SAx
M, =K,S, =3 sin(w,t+6,,) sin(w,t+6, —%75) sin(@,1+6,, +gﬂ') S g
1 SCx

1 1
2 2 2

Simplifying the above analysis

2 2
V,cos(w,t+6,)+V, cos(w,t+6, — §7r) +V_ cos(@w,t+6,, + E;z)
M ., =——| V,sin(@,t+6,)+V, sin(®,t+6, — %ﬂ') +V, sin(@,t+6, + %7‘[)

l * * *
SV +Vip + V)
\—V__J

0

Using similar simplification used for (E.42),

M, cos(8,,-6,,))
qu()p = Mdp il Sin(e{)m - et)p ) (E44)
M 0

op

315



Therefore gdo components of the modulation signals related to the input side are given as

M, =cos(6, —6,)

M, =-sin(8, —6,) (E.45)
M o = 0
And
M, cos(@, — Gl)p )
M dp =~ Sin( Hom - Hop ) (E46)
M, 0

The expression for M,y becomes

2
quoV = le + Equox (quop )T kZV

Substituting (E.42) and (E.44) into (E.47)

\%
cos(@ -6
v @, -6,

0 00 1{/ cos(d,, —6,,) “T1 00
M, =0 0 0 +§ - V’; sin(8,, - 6,,) | —sin(6,,, —6,,) % 010

np

The synchronous reference frame modulation signals which map the input and output

three phase voltages are

\% \%
V" cos(@,, —6,  )cos@,, — Qop) — V” cos(@, -6, )sin@,, — Gop) 0

p p

V., . V., . .
M . =]~ V” sin(@,, —6,,)cos(6,, —6,,) V” sin(@,, —6,,)sin@,, -6,) 0 (E.47)
p p
Vo cos(@,, — 90,,) -V, sin(@,, — 4901,) 1
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The expression for Mo
T
quol = kll + quop(quos) k21

Substituting (E.42) and (E.44) into (E.47)

%
r:‘ Cos(e(m - 6{)5')
0.0 0] [cos@8, -6, V‘p/ o
M, =0 0 0 +§ -sin(6,, —6,) _V”* sin(@,, —6,,) E 0 1
00 1 0 ’ 00
v,

N OO

(EA47)

Similarly the synchronous reference frame modulation signals which maps the input and

output three phase currents are

gdol =

Define

p

n

p

“; cos@, -6, )sin@, — 490p)

0

p

n

p

“// sin@,, —6,,)sin(@,, —46,,)

0

%4 vV, .
V" cos@,,—6,)cos@,,—-6,) —V—" sin@,, —6,,)cos@,,-6,) 2V,

2V

1

np

(E.48)

6, is initial angle of input capacitor voltage
an is initial angle of input side transformations
@, is initial angle of output voltage
0, is initial angle of output side transformations
Vv
M=-"
Vv
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The four components of the modulation signals which are used extensively in this work are

given as follow.

M, =Mcos@,, —6,)cos@,,—6,,) (E.38)
M, =Msin@,, -6, )cos@,,—0,,) (E.38)
M, =M cos@,, —0,)sin@,,—6,,) (E.38)
M, =Msin@,, -6, )sin@,,—6,,) (E.38)
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APPENDIX F

FOURIER SERIES REPREESNTATION OF A PWM WAVEFORM
FOR A NON-INTEGER MULTIPLE FREQUENCY WITH A NON-

ZERO PHASE ANGLE

A theoretical analysis of the harmonic content of a PWM waveform when the
modulation signal consists of 5" and 7" harmonics is presented in [56]. Moreover, a
general solution for harmonic coefficients of a PWM output for a single-phase converter
leg is also given in [58, 81]. In [57], a non-zero phase angle of harmonic content in the
modulation signal is considered the Fourier series analysis; however, it did not show the
effect of phase angle clearly. The objective of this work is to determine the harmonic
coefficients of a PWM output when the modulation signals consist of two harmonics
which are not necessarily to be integer with a non-zero phase angles. The work is applied
to analyze the Fourier series of switching signals for a matrix converter. The modulation
signals consisting of a fundamental and two harmonics which both are non-integer
multiple of the fundamental is given as:

M(t)=M cos(w,t+6,)+ M, cos(aw,t+86, )+ M, cos(ba,t+86,) (F.1)
where

M is the modulation index for the fundamental component

M, is the modulation index for the a™ harmonics

M, 1s the modulation index for the b™ harmonics
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@, is the angular frequency of the fundamental component of modulation signal
0, is the initial angle of the fundamental component of modulation signal
Define y=a,t (F.1) can be written as

M(y)=M cos(y+8,)+M,cos(ay+8,)+M,cos(by+86,,) (F.2)

The coefficient of the furrier series is given by:

1 7 (Zm(y) j
C,=A, +B, = MWy i g £
mn mn T JD 2”2 J.—IIJ.Z(HM(}’)) @ ' ( )

Substituting (F.2) into (F.3),

Jomxkn(y, + 22 (e )

V. 7 0 2 :
mn:—dfzj I”( , , . e ‘ dxdy, +
2w - 1+M cos(y, +6,)+M , cos(ay, +6,,)+M , cos(by, +0,m))
(F.4)
. , , X o, V4
Y4 %(HM cos(y s +6,)+M , cos(ay; +6,,)+M cos(by; +9,m)) J(mx+n(y ¢ +;C(x7)))
A e dxdy,
-
Rearranging the expression given in (F.4)
V T 60 jn%% j(m+%n)x iy .
mn:_dfzj. I” ‘ ‘ , e < e™rdxdy, +
27‘[ - 75(1+M cos(y,+6,)+M , cos(ay, +6,,)+M, cos(by, +0,m)) (F 5)
a, a,
z E(HM cos(y ;s +8, )+ M, cos(ay; +8,,)+M, cos(by ; +9,m)) jn w”% j(m—;””)x ny }
I IOZ e “’e ¢ e dxdy,
-
Define the following terms,
_ 0
g=m+—n (F.6)
A
Substituting (F.6) into (F.5)
T w2 jny. j '
= j e “e j . ‘ ‘ o e™dxdy, +
N i 4 _E(HM cos(y,+6,)+M , cos(ay,+8,,)+M, cos(by,+6,, )) (F 7)

e e

_in B Y 4 . . :
J-ir jn 0,2 j’Wf P(HM cos( Vs +6,)+M, cos(ayf +6,,)+M,, cos(by‘/ +6,, ))
- 0

e ""’xdxdy}
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Evaluating the inner integral,

dy. +

dy, +

WOX
eJ @, 2 J‘” oM o8 0
V. -z —%(HM cos(y,+8,)+M,, cos(ay,+6,, y+M,, cos(by.+6,,))
mn 2 .
2z o x , , , ,
J4 anC 2 (7 jny'/- g E(HM cos(y +6,)+M, cos(ay +6,,)+M, cos(by/-+9,,0))dyf
e e e
- 0
Solving the inner integral,
5 a)() 7 ' ! '
Vooaralry SR —qu(HM cos(y,+6,)+M , cos(ay,+6,,)+M, cos(byr+t9b0))
@.2 jny, 2
e I e 1-e
-7
— Vdc
mn 2 . a7 , . ,
272. Jq ALy SR, qu(M cos(y,+6,)+M , cos(ay ;+6,,)+M , cos(by ;+6), ))
a,. 2 Jnyy 2 o a ao h ; 0
e I e —1+e
-7

Vs

Y,

% ¥4 ¥4 . ¥4 . N3 .
s jny, Ti54 —isaM cody; +6,) —J5aM, coda +6,,) —J5aMy cospy; +6,,)
\% —-e - I e e e e e
C — dc -
m 27'[2 / O T T - ¥4 : 1 -
J4 _/"ZE T ny, I JEqM cos(yf +6, ) ]EqMa cos(ayf +6m,) ]Equ cos(byf +t9b0)
e J._”e e’le e e dy,

. . . tjécos(9)
Using Jacobi-Anger expansion

et e @ = J (£)+ 22 J T (E)cos(kB)

k=1

Using the following properties of Bessel function,

J,(©)=1,(=5)
J_,(=D"T,(©)

J,(6)=J,(=¢)
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can be given in Bessel series expressions as:

(F.8)

(F.9)

(F.10)



Substituting (F.9) and (F.10) into (F.8)

k=1

Amﬁ z iny’ - . T '
e 2I e’ 22]’1Jh(qEMa)cosh(ayf +6,)
h=1

V4 < V4 , ,
(JO(qEM,,) + 2;] JZ(qEM,,)cos z2(by, +6,,)dy,

B 271'2jq

_J f o 2> Jh(qg M ,)cosh(ay, +86,,)

h=1

V4 < V4 , ,
(JO(qEM,,) +2) ] JZ(qEM,,)cos z(by. +6,,)dy.
z=1

The expression in (F.11) can be simplified

Vv jms V4 V4 p 1 Ty
C = d__o" 2] (g=M)J] (g—M )J (¢—M e’ d
T e U AT R ACE L It

.4V p/1 7 1 Vs
C, —-C, =—%J (qg=M)] (¢—M )J (¢—M )R, sin(m—
la la 2@ o(q 2 ) o(q 2 a) o(q 2 b) la ( 2)

where the constant is given below

sin(nz
g = Sin(7)
nw
|4 N 4 z AN z ~ -
C,=—2%"2¢ 2] (g=M)J,(g=M °J.(g =M, )e"™" cos(zby, +26,,)d
10 27[2Jq o(qz ) 1)(q2 a)j_”;.] &(qz h)e ( yf b()) yf

Since the following holds true

Jzby'y + 20, — jabyy = jz64,
(e f b f b )

cos(zby,) = % +e

322

(Ju(ng)+22 j"Jk(q%M)cosk(y'f +6’0)(Jo(q§Ma)+

/4 S T , /4
(JU(qEM)+2ZJ ka(qEM)cosk(y, +60)(J0(qEMa)+
k=1

(F.11)

(F.12)

(F.13)

(F.14)

(F.15)

(F.16)




Evaluating the following integral over a period gives

Jjny Jzby ; + jz6y, —Jjzby s — jz26h,
I e —(e7 T e T T )dy,
- 2

T

1 o, (7 i)y 5o 1 g, (b} o
=§e’9”J‘_ﬂe1 " >fdyf+Ee]9“j e’ dy,

/2

Evaluating the integrals result

oy sin((n + zb)7) + 75~ sin((n — zb)7)
(n+ zb)w (n—zb)7

Substituting (F.17) into (F.15)

.4V T T - T . T
c,-C,= 27[‘2 J”(qEM)J”(qEMu);JZ(qEMb)th 51n(5(m+ 2))
where
R, = ¢ sin((n + zb)7) 4 o sin((n— zb)7)
1

(n+zb)x (n—zb)7w

Evaluating the second of the two integrals given in (F.11)

— 4Vdc

2a ~ “2a 2

T T - T . T
Jo(qEM)JU(qEMb)Z Jh(qEMa )R, sm(a(m +h))

h=1
where

ol sin((n+ ha)x) o sin((n — ha)x)
(n+ ha)w (n—ha)x

R2a
With the same approaches,

A, MY 1,2 M, )cos(hay, + 1)
A L

> JI a7 M, )cos(zby, +28,,)dy,

z=1
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(F.17)

(F.18)

(F.19)

(F.20)

(F.21)

(F.22)



Using (F.17) it is possible to evaluate (F.12)

4dr -~
271’4J( 2M>;;J(q2M>Jh<q M)Rz,,sm( (m+h+7))

Cy— Céh
where the constant is given by (F.24)

— pJ
R, =e

'(Z'9b0+h'9 Sln((l’l + Zb + ha)ﬂ.) e Zeb hgau) Sin((l’l + Zb — ha)ﬂ:) +

(n+zb+ha)x (n+zb—ha)x

-j(z86,,~h8,,) Sln((”l b+ ha)ﬂ') te (z8,,+h8,, Sin((n —zb— ha)ﬂ')

(n—zb+ha)xw (n—zb—ha)w

The third terms can be evaluated as follows

C, —-C, = Ve (q —M)J qEm )Z] (q 2M)R3a sm( (m+k))

2mq 2 k=1
where

R = o sin((n + k)7) i sin((n — k)7)
¥ (n+k)m (n—k)m

With a similar approach,

. 2V /4 /4 = T /4
C. —C, == J (g=M)J] (¢g=M J.(g=M)R, sin(=(m+k
0w Chu = a5 M (a5 )Z (g5 MR, sin(Z (m+))

where

ey ysin((n+zb+ k)ﬂ) + /(e H8) ysin((n+zb—k)7x) 4

R3b
(n+zb+k)xw (n+zb-k)x

~i(<6,,-k8,) SIN(( — Zb"'k)”) 4 o (B, k,) ysin((n — zb—k)7)
(n—zb+k)x (n—zb—k)x

And the rest two terms in (F.11) can be evaluated as follows

Vo j qZm )ZZ] (sz)J (q MR, sm( (m+k+h))

Ca Cva
! ! 2@ 2 h=1 k=1
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(F.23)

(F.24)

(F.25)

(F.26)

(F.27

(F.28)

(F.27)



where

(hH +k9 Sln((n + ha + k)][) h9 —kB Sln((n + ha k)ﬂ:)
=e’ +e’ +

R
" (n+ha+ k)T (n+ha—k)x .
o1 (h0u,k 6,) SIn((n—ha + k)”) (16, +ke,) SIN((n — ha — k) Tr)
(n—ha+k)x (n—ha-k)x

The last expression in (F.11) can be simplified following the same analogy.

o o0 oo

" sm( (m+k+h+z7) (F.29)

k=1 h=1 z=1

where

e i(26,,+h8,,+k6,) Sln((n+bz+ha+k)7l') +e (26, +16,,~k6,) Sln((n+bz+ha k)ﬂ.)

R = (n+bz+ha+k)x (n+bz+ha—k)x
(00 8,740,) ) sin((n+bz —ha + k)7) + (e 8,40,) ysin((n+bz —ha—k)x)
(n+bz—ha+k)x (n+bz—ha-k)x (F.30)
o1 h16,46)) ) sin((n—bz +ha + k)7r) 4 o e, 10, 8,) sin((n—bz+ ha — k)7£)
(n—=bz+ha+k)x (n—bz+ha—k)x
o1 (286,46, sin((n—bz — ha + k)ﬂ') 4 o 1O+, k8,) sin((n—bz —ha—k)7)
(n=bz—ha+k)x (n—bz—ha-k)x

Therefore the generalized Fourier coefficient of a single phase leg with a modulation
signals consisting of two non-integer harmonics having a non-zero phase angles are
expressed in (F.31)

The typical single phase inverter leg is shown in Figure F.1 which is used to the
analysis throughout the section. Simulation has been done to verify the analytical result.

The voltage across the load can be given as:

V,, =V, (S,~8,)=V,(2S,~1) (F.32)

a
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+J,0q— M)J(q M)J(q “M,)R

la

. T
sin(m=
(m 2)

VA V4 V3 . T
+;JD(qEM)JO(qEMa)JZ(qEMb)Rlb Sin( (m-+2))

- T T T . T
+ZJD(CIEM)JO(CIEMb)Jh(CIEMa)Rza s1n(5(m+h))

3, (q;[M)J (GZM ), (qurM)Rw sm( (m+k))

2
Cpnin =52 3 2
mn(a™ b™
mln—fooq T T T . T
e +ZZA(qEM)JZ(qEMb>J,,<c15Ma>R2b Sin(-(m-+h+2))
h=1 z=1

o /4 /4 /4 /4
+ZZJD(qEM)JZ(q5Mb)Jh(qEMa)R% sm(E(m+k+ 2))

k=1 z=1

3, (q;rM 1i(a% T M), (qEM )R, s1n(72[(m+k+h))

k=1 h=1 2

8

ZZZJ (a5 M), (a5 M), (g% M)R4bs1n( (m+k+h+2)

k=1 h=1

(F.31)

Normalizing (F.32) with respect to V.
V,.(pu)=2§, -1 (F.33)

First a computer simulation has done to verify the analytical expressions considering

=21 (F.34)

Figure F.2 presents the voltage spectrum for saw tooth naturally sampled PWM for the
condition of a carrier ration of 21 and a modulation index of 0.9. The plots shows the
single fundamental and low frequency component produced by the modulation process,
and the group of sideband harmonics around the first carrier group (around 21) and
second carrier group (around 42) carrier group and one sideband harmonics of the triple

carrier (around 63).
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(b)

(a)

Figure F.1 (a) Single phase inverter leg, (b) carrier signal

60

Figure F.2 Theoretical results based on derived expressions
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Figure F.3 FFT results-a simulation time of 1/400 times the switching frequency.

Figure F.4 Symmetrical regular sampling.
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Figure F.5 Asymmetrical regular sampling.

Effect of Sampling on the output voltage spectrum

The modulation signals consist of fundamental, 5™ and 7™ harmonics with their

magnitude of M = 0.3, Ms = 0.24 and, M7 = 0.4, and the phase angles of each signals are

assumed to be zero. Je — 50 . There are basically three types of sampling techniques, the

o

natural sampling (without sampling the modulation signals), the symmetrically regular
sampling and asymmetrically regular sampling. Figure F.6 shows the output voltage
spectrum under natural sampling. The voltage spectrum based on the regular sampling is
shown in Figure F.6 and F.7. As shown in Figure F.7, symmetrical regular sampling

creates additional side band harmonics around the carrier.
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Figure F.7 FFT results for symmetrical regular sampling
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Figure F.8 FFT results for asymmetrical regular sampling

The voltage spectrum based on the asymmetrically sampled PWM is also given in

Figure F.8 which is more or less similar to the naturally sampled PMW with attenuated

low order harmonics.

Observation:

Regular sampling creates low-order baseband harmonics just above the
fundamental component.

Comparing the natural and regular sampled PWM, it is seen that regular sampled
modulation process attenuates the lower sideband harmonics and increases the

high-side sideband harmonics around the carrier frequency.
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e Comparing symmetrically and asymmetrically regular sampling, symmetrical
regular sampled PWM causes additional sideband harmonic components to be
present in the output voltage spectra while asymmetrical sampled PWM and
naturally sampled PWM do not create these components.

Figure 9 shows the output voltage spectrum for a modulation signal containing two non-
integer harmonics, 4.5 and 7.5. The ratio of the fundamental and carrier frequencies are
considered to be non-integer, 62.5. The phase angle of the fundamental as well as the
harmonics considered zero. The dominant frequency components around the first carrier

group for the FFT result shown in Figure F.9 are

n=60.5 (whenf=f +2f)

n=>53.8; (whenf=f *(f +7.7f,))
n=593; (whenf=f =(7.7f, —45f,)
n=53.5, (whenf =f +2(4.5f,)
n=>59; (whenf=f £(45f —f,))
n=50.3; (whenf=f *(45f +7.7f,))
n=>57, (whenf=f t@45f +f))
n=47.1, (whenf=f +2(1.7f))
n=55.8, (whenf=f +(7.7f —f)

The effect of non-zero phase angle of the modulation signals are demonstrated
considering three cases. Figure F.10 shows when the phase angles of the modulation

signals are zeros. If the addition of the phase angles shifts the operation region into over
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modulation, the resulting output voltage spectrum will introduce an odd harmonics in the
baseband frequency and even harmonics around the first carrier group. When these phase
angles are different from zero and they do not affect the linear operation region, the
output voltage spectrum is generally affected by the phase angle. However, this voltage
contains low magnitude sideband and baseband harmonics as shown in Figure F.12. IT is
necessary to note that the above figurers are obtained using a non-integer carrier-to-
fundamental frequency ratio. The effect of these phase angles are more exemplified

considering a integer carrier-to-fundamental frequency ratio.
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Figure F.9 Output voltage spectrum with modulation signal containing two non-integer harmonics a and b with f,



0 10 20 30 40 50 60 70 80

Figure F.10 FFT of output voltage for the phase angles of the harmonic in the modulation are zero

M =0.6sin(@,t)+0.4sin(Sw,t) +0.3sin(7w,t)

£,
f,=50, Le =625
fo
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Figure F.11 The harmonic spectrum of the voltage under modulation signal given below

M =0.6sin(w,1)+0.4sin(5w,t + 5%) +0.3sin(7a@,t + 7%) where f, =50, ? =62.5
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Harmonic Magnitude
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Figure F.12 Effect of the phase angle of the harmonics on the modulation signals in the linear modulation region.

M =0.6sin(@,7) +o.4sin(5wor+§) +O.3sin(7a)ot+%)
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Figure F.13 Effect of phase angle of harmonics in the modulation signal when the carrier frequency ratio is Integer

(a) The modulation signal: M =0.6sin(@,t)+0.4sin(5@,¢)+0.3sin(7a,t) (b) The modulation signal:

M= O.6sin(a)0t)+0.4sin(50)0t+5%)+0.3sin(7a)0t+7%) (©) M= O.6sin(a)ot)+O.4sin(50)0t+%)+O.3sin(7a)ot+§)

where f, =50, L=50

>
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Observation:

e The effect of phase angle on the voltage spectrum was seen from two perspectives; the first case is when the addition of
these phase angle will not affect the linear operation region: and the second case is when these phase angle shift the
modulation region from linear to over modulation.

e  When the phase angles do not affect the linear operation region, their effect on the output voltage spectrum is not
significant, it only add low order inter-harmonics both in sideband as well as the low frequency baseband.

e [f the addition of these phase lead to over modulation region, the harmonics in the modulation signals has two major
effects on the output voltage spectrum:

o Introduce odd frequency around the base band region, such as: 34 ot 1™

o Add the even harmonics around the first carrier group.
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