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If we knew what we were doing it would not be called research,

would it?

- Albert Einstein



Abstract

Model Predictive Control (MPC) has gained popularity in the recent years for con-

trol of power converters. One of the drawbacks of this control method is the variable

switching frequency operation. By obtaining a fixed switching frequency operation

while maintaining the advantages of MPC, the performance of these controllers can

be enhanced. This thesis investigates the implementation of two novel control meth-

ods to control a direct matrix converter. The proposed control methods combine the

features of classical MPC and the Space Vector Modulation technique to develop a

hybrid predictive controller with an inbuilt modulation scheme. The resulting meth-

ods are known as Modulated Model Predictive Control (M2PC) and Direct Predictive

Current-error Vector Control (DPCVC). The M2PC maintains all the characteristics

of MPC (such as fast transient response, multi-objective control using only a single

feedback loop, easy inclusion of non-linearities and constraints of the system, the

flexibility to include other system requirements within the controller) adding the ad-

vantages of operating at a fixed switching frequency and improving the quality of

the controlled waveforms. Simulation and experimental results employing the con-

trol method to a direct matrix converter feeding an RL load and an induction motor

drive are presented. The DPCVC results in fixed switching frequency operation and

improved current quality compared to M2PC, owing to the advanced modulation

technique it utilises to generate the desired voltage vectors. It also inherits features

such as fast transient response and multi-objective control without cascaded loops

from the MPC. This method is implemented to control the load currents of a direct

matrix converter feeding an RL load and an induction machine and the simulation

and experimental results depicting the same are presented in this work. Finally a

comparison of the different control methods for instance PI control, MPC, M2PC

and DPCVC when used to control the load currents of a direct matrix converter are

analysed and included in this thesis.
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Vo - Output converter voltage

Ts - Sampling time
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Chapter 1

Introduction

1.1 Motivation

Energy efficiency is crucial now more than ever before due to the alarming rate of

depletion of conventional energy resources. The energy from fossil fuels is not sus-

tainable and hence there is an immediate need to shift to renewable energy systems

and electrification of aircrafts and vehicles. A number of potential alternative, more

sustainable sources are now being used for instance, wind, solar, tidal and hydro

power. However most of these options produce less energy per unit area compared

to their non renewable counter parts due to their low energy density and high power

loss during power conversion and transmission. An inevitable part of any electrical

system is the power conversion stage and it is crucial that this stage is highly efficient.

Nowadays, power converters using advanced power semiconductor switches are used

for various applications for instance, power supplies, motor drives and renewable

energy systems. Electrical drives with advanced power converter topologies are an

integral part of modern day transportation systems where tremendous effort is be-

ing made to develop electric vehicles. For example Tesla Motors, Nissan, BMW and

Volkswagen have made outstanding progress in electric vehicle technology by in-

2
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corporating existing converter topologies with high end design and manufacturing.

This proves that with advances in power electronics including packaging, reliability

of devices and reduction in the volume of converters, the possibilities are limitless as

new technologies are introduced. This highlights the need for advanced control and

modulation techniques for power converters for drive applications and also to study

new/non-conventional converter topologies. New converter technologies like modular

multi-level converters and matrix converters are becoming popular nowadays due to

the particular advantages that they offer and research is being carried out in academia

and industry to improve these topologies. The objective of this work is to develop an

advanced control strategy for direct matrix converters.

1.2 Literature Review - Matrix Converter

The concept of matrix converters were first introduced in literature by Gyugyi and

Pelly in 1976 [1]. Matrix converters are capable of generating sinusoidal input cur-

rents and output voltages. A conventional matrix converter is capable of AC to AC

conversion without the a DC link capacitor and are called direct matrix converters.

The frequency of the output of a matrix converter can be higher or lower than the

supply side which makes it suitable for a wide range of drive applications including

aerospace [2].

Direct matrix converters are AC-AC power converters with nine bidirectional voltage-

blocking current-conducting switches capable of single stage four-quadrant power con-

version. The attractive feature of a matrix converter is the absence of any large energy

storage devices which makes the converter smaller and as reliable compared to any

other multilevel converter [3]. Figure 1.1 shows a three phase direct matrix con-

verter(MC). In a direct MC, the switches are arranged in the form of a matrix such

that at any time; any input phase can be connected to any output phase. The matrix

converter is often known as an all silicon converter as there are no bulky and heavy

energy storage devices [4]. The only passive components required are a small LC filter
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on the input to the converter to attenuate the switching frequency components.

Va

VB

VC

Vb Vc

VA

Figure 1.1: Three phase direct matrix converter

A variation on the conventional matrix converter was proposed in 2001 by Wei and

Lipo [5] which is more similar to the traditional AC/DC/AC converter systems. These

converters also known as indirect matrix converters consists of three phase current

source converter which is used as a controlled bridge rectifier and a three phase voltage

source converter connected to a common virtual DC bus without any energy storage

element on the DC side [6, 7]. Six bidirectional switches form the rectifier stage

and the inverter stage consists of six unidirectional switches. In this converter, the

rectification and inversion stages have independent modulation strategies [8]. The

rectifier stage generates sinusoidal input currents and a virtual DC-link voltage and

the desired output voltage is generated by the inverter by using traditional modulation

methods. Figure 1.2 shows a three phase indirect matrix converter.

Direct matrix converters are more efficient for high power high speed applications

like drives and pumps compared to an indirect MC whereas an indirect MC is more

efficient where the load has a high output current with a low power factor such as low

speed and high loading applications. Hence the focus of this thesis will be on the direct

matrix converter topology. They have reached a good level of technological maturity

that allows their practical and industrial implementation in a variety of applications

such as industrial drives, power supplies and aerospace applications [9]. The need

for industrial drives with improved performance in terms of robustness, reliability
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Figure 1.2: Three phase indirect matrix converter

and dynamic response further compounds the need to improve the controllability of

matrix converters given the specific advantages in terms of reliability and robustness

that they offer. This demands better control strategies and modulation techniques

compared to the conventional ones. Several modulation [10] and control methods have

been developed for a direct MC which will be discussed briefly in the next section.

1.2.1 Background study of existing modulation strategies for

matrix converters

The procedure to produce the appropriate firing pulses to the nine bidirectional

switches in the matrix converter is called modulation [11]. In the case of MC, this

involves firing the devices at high speed in order to generate variable frequency and

variable magnitude sinusoidal output voltages from fixed frequency, fixed magnitude

input voltages. Modulation methods for matrix converters can be classified into two

broad categories : scalar methods and vector modulation methods.

The foremost modulation method proposed for the generation of input and output

waveforms of a matrix converter was proposed by Alesina and Venturini [12]. Al-

though the method was first of its kind in terms of being able to control both output

voltage and input current, it wasnt free from drawbacks. The major disadvantage of

this method was the low voltage transfer ratio. The maximum voltage ratio that can
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be achieved by this method was 0.5.

In 1985, Ziogas et al expanded the modulation method in [13] where the input voltages

are rectified to form an imaginary DC link [14]. The DC link voltages are later

inverted to produce the desired voltage waveforms. The main advantage of this

method over the first method was its ability to achieve higher voltage ratio of 0.86.

However it was limited by the poor control of input power factor. In 1988, Alesina and

Venturini introduced another modulation strategy which rectifies the problems in the

first method [15]. This method is called Optimal Venturini method [16]. The voltage

ratio achieved by this method is 0.86 which is the theoretical maximum possible

voltage ratio for a matrix converter to achieve control of both input current and

output voltage. Roy and April proposed another scalar PWM modulation technique

in 1989; that generated the switching signals directly from the input voltages and

the reference output voltages of a matrix converter [17]. Other scalar modulation

methods were proposed in [18, 19].

Another category of modulation method is the Vector Modulation which can be di-

vided into carried based PWM and space vector pulse width modulation (SVPWM).

Carrier based PWM method applied to matrix converter proposed in many works in

the literature [20, 21, 22, 23, 24, 25].

The SVPWM technique was first introduced by Huber and Borojevic in 1989 [26].

They proposed a two stage or indirect method in which the first is the rectification

stage which results in a fictitious DC link and the second stage is the inversion stage to

produce the desired voltage waveforms. Although it is able to achieve a voltage ratio

of 0.86, control of input power factor is not possible using this approach. Later in 1991,

the same authors proposed an advanced SVPWM method which can control the input

power factor [27, 28]. In 1993 Casadei et al proposed a direct SVM method which

does not involve any fictitious DC link [3]. Even though other modulation techniques

which produce the same voltage transfer ratio as Optimum Venturini modulation have

been proposed, SVM technique was generalized for matrix converters [3, 29, 30, 31,

32, 33, 34]. Since then, SVM has been a very popular approach for matrix converters
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to obtain sinusoidal input currents and output voltages and has been applied in

many applications in conjunction with feedback control strategies in order to regulate

specific control variables [35, 36].

1.2.2 Background study of existing control strategies for MC

The control of matrix converter is very different from the conventional AC-AC con-

verters with a DC-link capacitor. The absence of such an energy storage component

in the circuit makes it difficult to control the bidirectional power flow in case of a ma-

trix converter. This together with high number of switching states and the presence

of rotating vectors makes the analysis and control of an induction motor using a MC

even more complex [37]. Ideally MC should feed the load with sinusoidal currents

while generating sinusoidal input currents with controlled power factor at the main

supply [38]. This is typically achieved by using PI controllers for the output current

and speed together with the SVM strategy for modulation. Behaviour of a matrix

converter drive when subjected to polluted supply voltages has led to the research in

modifying the existing modulation techniques [39, 40, 41, 42, 43].

Another control method that has been applied to matrix converter drives to control

the flux and torque of induction machines is Direct Torque Control (DTC) [44, 45].

Even though DTC offers good control performance, the resonance at the input filter

is a significant problem with this method. Efforts to improve the waveform quality of

DTC for matrix converter permanent magnet drives have been carried out by Ortega

et al [46].

Predictive control on the other hand was developed in the late seventies [47]. Different

variations of predictive control associated with modulation techniques have been used

for current control [48], PF correction [49] and drives [50, 51]. Model Predictive Con-

trol (MPC), considers a model of the system in order to predict its future behaviour

over a time horizon. A cost function represents the desired behaviour of the system.

MPC is an optimization problem where a sequence of future actuations is obtained
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by minimizing the cost function in order to find the most suitable converter state to

use. This approach has been successfully applied in recent years for the control of

power converters and drives, such as for current control and power control of three

phase Voltage Source Inverter (VSI) [52, 53] and for current and torque control for

induction motor and permanent magnet motor drives [54, 55, 56, 57, 58]. It has also

been exploited for other purposes, for instance common mode voltage reduction [59]

and reduction of switching losses [60]. A predictive based controller with the aspects

of a modulation strategy is the Dead-beat control[61]. This method has been used

widely for control of power converters. However it does not offer the advantages of

multi-objective control without cascaded loops.

Modulated Model Predictive Control (M2PC) is a control strategy that has an inbuilt

modulation method proposed in [62] for a cascaded H-bridge converter. Due to a

modulation scheme within the control method, it results in fixed switching frequency

operation unlike other predictive control methods. This strategy has been applied

successfully to an active-front end rectifier [63], 7-level cascaded H-bridge converter

[64, 65, 66, 67], VSI [68] and an indirect matrix converter [69, 70].

A summary of the existing control and modulation strategies for a matrix converter

is shown in Figure 1.3 [11].

Figure 1.3: A summary of control and modulation strategies for matrix converter
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1.2.3 Stability of Matrix Converter

Matrix converter has many advantages compared to other converter topologies in

terms of unity input displacement factor, absence of large energy storage devices and

sinusoidal input current and output voltage waveforms [71]. However, like any other

converter, it distorts the input current and hence the supply voltage. The harmonics

caused are in the range of the switching frequencies. The lower order harmonics are

less compared to other converters that use rectifier front end solutions. In order to

make the input current smoother, an input filter is necessary. However addition of

the input filter is likely to cause instability issues in the system. Therefore design

of an input filter is a crucial part as far as the stability of the system is concerned.

Instability issues generally arise when the output power exceeds a certain limit [72].

The problems start with small oscillations in the input voltage waveforms of the

converter and when these erroneous voltages are used to calculate the duty cycles of

the converter which in turn creates larger disturbances which then again feed into

the modulator even increasing the oscillations. Various methods such as small signal

and large signal analysis have been used to study the stability issues associated with

a matrix converter. Casadei et al in 2002 studied the effect of different types of

input filter on the stability of a matrix converter drive [71]. A small signal analysis

of the system is also performed and an equation for the maximum output power

limit for stable operation of the system is obtained. It also showed that the power

limit depends on the system parameters such as line impedance and the LC filter

parameters. The paper shows that the LC filter with a damping resistor would be a

more stable option than the conventional LC filter.

Casadei et al later developed this analysis and proposed that if the voltages used

for the calculation of duty cycles in the MC are filtered using a digital filter; the

stability of the system will be improved [73]. It also proved that this increases the

maximum power transfer of the converter and the power limit of the system. This

idea is supported and similar results are shown in [74]. Unstable operation of MC

when feeding a constant load and a drive is discussed in [75] in detail. This paper

uses the same small signal analysis method used in [73] and [74] to determine the
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stability of the system in both the cases. This shows that input filter parameters

have a significant influence where stability of the system is concerned. Effects of

filtering the magnitude and angle of the MC input voltage vector is also studied and

it is concluded that filtering the angle of the vector has no effect on the stability of

the system whereas the amplitude filtering will make the system more stable. The

stability of matrix converter drives is discussed in [75].

Even though some research has been done in the area of matrix converter stability

as mentioned earlier, a robust input filter design without any stability issues is yet to

be identified. The most widely used input filter design for MC is the LC filter with

a damping resistor. The different factors that may affect MC stability also needs to

be studied extensively. Hence the topic of stability of a matrix converter system is

beyond the scope of this thesis.

1.3 Application of Matrix Converters

Matrix converters are predominantly considered for variable frequency AC drives

with four quadrant operation. Due to the prospects for a light weight and concise

implementation of MC, they are a strong candidate for aircraft applications. Wheeler

et al proposed an aircraft actuator system based on a matrix converter permanent

magnet motor drive [76]. Due to the absence of bulky DC link capacitors, integration

of MC to the motors has been investigated by Klumpner et al in 2000 where a Matrix

Converter Motor (MCM) is demonstrated [77]. Further more, a 30kW integrated

drive with a matrix converter mounted on the motor end plate for industrial drive

applications has been designed and tested by Apap et al [36].

In addition to industrial drives and aerospace, matrix converters have also been used

for wind generation systems [78, 79, 80, 81], ac power utility units [82] and wireless

energy transmission [83].

The world’s foremost commercial matrix converter drive was developed and marketed
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by the Japanese manufacturer Yasakawa in 2005. The drive has a direct matrix

converter made of 1200V RB-IGBTs manufactured by Fuji Electric [2]. The main

features of this drive are low harmonic distortion and power regeneration capability.

Later Yasakawa extended the MC drive for medium voltage applications with input

voltages of 3.3kV and 6.6kV. Eventhough matrix converters have been extensively

researched in academia, it has achieved little market penetration mainly due to the

reduced voltage ratio of 0.8666 [2].

1.4 Thesis Objectives

Model Predictive Control, (MPC) has been used to control power converters in the

recent years with some examples mentioned in section 1.2.2. Even though control of

currents, torque and flux are achieved by MPC, the switching frequency is variable

and not fixed which causes problems for the design of a typical system such as in-

put filter performance, component sizing and thermal management since the precise

switching frequency and hence losses is unknown. Various methods are proposed in

the literature to improve the applied vector sequence [84] or to introduce a modulation

scheme inside the MPC algorithm [85]. However these methods involve complicated

expressions for the switching time patterns and are not flexible enough to include

other system requirements in the cost function. This is overcome by the M2PC which

is proposed in [62]. This thesis investigates the performance of M2PC with a direct

matrix converter. Another control method with a modulation scheme and results in

fixed switching frequency operation has been discussed for a two-level inverter in [86].

Inspired from [86], this thesis will also look at the development of a novel control

strategy for load current control of a direct matrix converter called Direct Predictive

Current-error Vector Control (DPCVC). Another feature that is desirable for a con-

trol method is the fast transient response. The ability of MPC to deliver very fast

transients has been exploited by using a predictive control algorithm together with

a modulation method as in the case of M2PC and DPCVC. Thus the new control

methods ensure fixed switching frequency together with very fast transients which is
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difficult to be attained if a conventional PI controller is used. The objectives of this

thesis can be summarised as follows:

• Design and implementation of M2PC for load current control of a direct matrix

converter.

• Design and implementation of DPCVC for load current control of a direct matrix

converter.

• Implementation of closed loop current control of a direct matrix converter using

PI controllers.

• Implementation of MPC for load current control of a direct matrix converter.

• Comparison between PI controller, MPC, M2PC and DPCVC for a direct ma-

trix converter.

1.5 Thesis Structure

The thesis is divided into two sections. The first section includes literature review

and the theory of matrix converters which is discussed in chapters 1 and 2. The

second section comprising chapters 3-6 focuses on the application of different control

strategies for a direct matrix converter.

Chapter 2 focuses on the topology and operation of a direct matrix converter. This

includes the different components of a matrix converter circuit such as input filter,

clamp circuit and bidirectional switches. The commutation strategy commonly used

in a matrix converter is the four-step commutation strategy which is also explained

in detail. The output voltages in a matrix converter can be generated using Space

Vector Modulation or Venturini Modulation which are also discussed in this chapter.

Chapter 3 gives a detailed account of the control of a direct matrix converter using

the conventional Proportional-Integral (PI) controllers. The SVM strategy is used
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in conjunction with PI to attain load current control of the converter feeding a RL

load and an induction machine. The control of induction machine involves cascaded

loops to control both speed and stator currents. This chapter explains the concept

and theory behind indirect rotor flux orientation model of the machine which is used

to control the speed and stator currents. Simulations are carried out for load current

control using PI in Matlab Simulink and the results verifying the controller design

are discussed in this chapter.

Chapter 4 explains the concept of Predictive control and the different types of

predictive control. A detailed account of Model Predictive Control (MPC) and the

various steps involved are discussed. The application of MPC for a direct matrix

converter is also included in this chapter. To elaborate on the control procedure,

application of MPC for a Voltage Source Inverter is explained. Load current control

algorithm for a direct matrix converter is developed and simulation tests are carried

out to verify the model. Simulation results for load current control of matrix converter

feeding a RL load and an induction machine by MPC are also included.

Chapter 5 proposes a new predictive control strategy with an intrinsic modulation

scheme called Modulated Model Predictive Control (M2PC). The objective of this

method is to develop a control strategy that inherits the positive features of MPC

and SVM resulting in fixed switching frequency operation. The concept and control

procedure for a direct matrix converter is proposed and simulation results to verify

the concept are also presented in this chapter. Another control strategy based on the

features of predictive control called Direct Predictive Current-error Vector Control

(DPCVC) is also proposed for matrix converter. The simulation results of this method

applied to a matrix converter feeding an RL load and induction machine are presented

in this chapter.

Chapter 6 presents the description of the matrix converter prototype in the labo-

ratory. The experimental results for the four controllers such as PI Controller, MPC,

M2PC and DPCVC for a direct matrix converter feeding an RL load are discussed.

Implementation of closed loop control of an induction motor under no load condition



1.5. THESIS STRUCTURE 14

using the four control strategies discussed in this thesis are also included in this chap-

ter. A comparison of the steady state and transient response when the load currents

of a direct matrix converter are controlled by four different control methods are also

analysed.

Chapter 7 describes the conclusions inferred from the simulation and experimental

results of the different control strategies discussed in this thesis such as PI Controller,

MPC, M2PC and DPCVC. The scope of M2PC and DPCVC and the future modifi-

cations and extensions to these control strategies are also addressed in this chapter.



Chapter 2

Matrix Converter Topology

2.1 Introduction

This chapter introduces the direct matrix converter (MC) topology and describes

the operating principle. The generation of voltages in a MC using the mathemat-

ical model of the converter is presented. The advantages and disadvantages of a

matrix converter compared to other converters like voltage source inverters are also

addressed in this chapter. This chapter presents a review of the modulation meth-

ods and the commutation techniques that are used with a MC. The most common

modulation strategy employed for a matrix converter known as the Space Vector

Modulation(SVM) method is also explained in this chapter.

2.2 Matrix Converter

A typical three-phase to three-phase matrix converter consists of nine bidirectional

switches connected in the form of a matrix as shown in Figure 2.1. In this converter,

any input phase can be connected to any output phase to produce the desired output

15
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voltage. The attractive feature of this converter is the absence of a DC-link capacitor

for energy storage, enabling direct AC to AC conversion [4].

Figure 2.1: Direct matrix converter

Matrix converters have many advantages compared to conventional variable voltage,

variable frequency topologies such as:

• The bidirectional switches enable power flow in both directions.

• Sinusoidal input and output currents can be obtained depending on the modu-

lation strategy selected.

• The absence of a bulky DC-link capacitor makes the converter compact and

offers potential for higher power density and higher operating temperatures.

• Unity input displacement factor can be achieved according to the modulation

technique employed.

Like any other converter topology a matrix converter has its shortcomings. They are

mainly :

• The theoretical maximum voltage transfer ratio between the input and output

that can be achieved using a matrix converter is 0.866. This is explained in
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detail in section 3.2. However this would not be a problem for applications like

integrated drive [36] where the motor winding voltage can be selected.

• Due to the direct coupling between the input and output, a matrix converter

is prone to instability i.e any change in the output current of the converter can

affect the input side and vice versa.

These drawbacks together with high number of devices have influenced the adoption

of this converter for industrial applications such as drives. However the advanced

semiconductor modules designed specifically for matrix converters have generated

considerable commercial interest for this converter [9]. Even though there are no

commercial matrix converter modules available on the market to date, considerable

interest has been shown over the recent years by companies like Siemens and Yaskawa.

2.3 Circuit topology

VA

Cf

Lf

Rd

Cf

Lf

Rd

Cf

VB

VC

R L

R
L

R
L

Matrix 

Converter 

IA

IB

IC

Lf

Rd

Ia

Ib

Ic

Va

Vb

Vc

Ls

Figure 2.2: Schematic of matrix converter feeding a resistive inductive load

A schematic of a direct matrix converter system feeding a resistive inductive (RL)

load is shown in Figure 2.2. The impedance of the input filter is Lf and Ls is the

grid impedance if known. With an inductive load, this converter can be compared to

a Voltage source inverter(VSI) at the output side and a current source inverter at the

input side. An input filter is essential to remove the switching frequency harmonics
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at the supply side and a clamp circuit to de-energize the load in case of overvoltage.

The clamp circuit is also necessary due to the absence of a DC link capacitor. The

clamp circuit provides a path for the currents if mis-commutation or open circuit

occurs at the load side.

2.3.1 Input Filter

One of the main features of a matrix converter is its ability to produce sinusoidal

input current and output voltage waveforms. The input current has less low order

harmonics and sub-harmonics but may contain harmonics in the range of switching

frequency and its multiples. The non sinusoidal currents flowing through the input

impedances will distort the voltages and cause power quality issues at the supply side.

The magnitude of these harmonic current components may be comparable with the

fundamental and an input filter is necessary in this case to reduce these harmonics.

An input filter is an important part of the MC circuit and the size of the filter is

inversely proportional to the switching frequency. Therefore while designing input

filters certain conditions should be taken into account. Some of these conditions are

as follows:

• The filter should have a cut-off frequency much lower than the switching fre-

quency of the converter.

• The voltage drop at the filter capacitor has to be as minimum as possible as

this will affect the voltage ratio.

• It is desirable to minimize the size and volume of the input filter components.

• The phase shift between the input phase voltages and currents should be neg-

ligible.

• The input filter should not affect the stability of the system.



2.3. CIRCUIT TOPOLOGY 19

Cf

Lf

RdVsA, IsA
ViA

IlA
AC

IiA

Figure 2.3: Input filter schematic

Considering all these conditions a simple LC filter can be used for the matrix converter

system. Research has been done in order to design the optimum input filter for MC

and some of these configurations are mentioned in the literature [75], [87]. If the

load of MC is inductive, the input currents to or from the grid will be commutated

and this leads to a discontinuous current with high harmonic content which needs

to be filtered before injecting into the grid. The most common solution is to use a

LC low-pass filter as shown in Figure 2.3. It can also include a damping resistor Rd,

connected in parallel with the inductor [88].

A damping resistor is essential to reduce the oscillations at resonant frequency. The

resonant frequency of the filter, fres is the frequency at which the input signal’s har-

monic is amplified to the maximum [89]. It can be determined if the filter parameters

are known from 2.1.

fres =
1

2π
√
LfCf

(2.1)

The effect of damping resistor on the input filter response can be seen by observing

the frequency response of the input filer model in 2.2.

˙x(t) =

− 1
RdCf

1
Cf

− 1
Lf

0

x(t) +

 1
RdCf

− 1
Cf

− 1
Lf

0

u(t) (2.2)

where x(t) =

[
Vi(t)

Il(t)

]
and u(t) =

[
Vs(t)

Ii(t)

]

Figure 2.4 shows the frequency response of the input filter. From Figure 2.4 it is

evident that the magnitude of the filter response at resonant frequency reduces with

the inclusion of the damping resistor.
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Figure 2.4: Bode plot of input filter response(a) without damping resistor (b)with
damping resistor
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2.3.2 Clamp Protection Circuit

To avoid overvoltages from the load or grid side, the converter needs to be equipped

with a clamp protection circuit. It consists of two three-phase diode bridge rectifiers

as shown in Figure 2.5 with a DC link capacitor and a balancing resistor [90]. As

there are no free-wheeling diodes in a MC, when an overvoltage occurs at the grid

or load side there is no alternative path for the load current if all the switches are

turned off. This could lead to possible destruction of the switches. The clamp circuit

protects the converter by transferring the energy to the capacitor from the point of

overvoltage.

Figure 2.5: Clamp circuit

The clamp capacitor, Cc is selected such that it is able to receive the energy stored in

the load (inductive) without exceeding the maximum voltage rating of the switches.

The clamp resistor which is merely a balancing resistor is included to distribute the

voltage across the clamp capacitor, Cc realised by connecting two capacitors in series

evenly. The value of the balancing resistor can be calculated using 2.3.

Rc =
Vc
il

(2.3)

where il is the leakage current of the capacitor and Vc is the voltage at Cc. The

basic idea to design a clamp circuit is to calculate the energy stored in the load. For

example, the energy stored in a three phase inductive load(balanced) is given by

Eload =
1

2
L(i2a + i2b + i2c)

=
3

4
LI2

(2.4)
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where L is the load inductance and I is the sum of squares of the three phase load

currents ia, ibandic. The energy stored in the capacitor, Ec is given by

Ec =
1

2
CcV

2
c (2.5)

where Vc is the voltage at Cc. During over voltage, the energy of the load will be

transferred to the clamp capacitor given by Efinal.

Efinal = Eload + Ec

1

2
CcV

2
c1 =

1

2
CcV

2
c +

1

2
LI2

(2.6)

where Vc1 is the maximum allowed clamp voltage. Based on Vc1 and the rms load

current, Cc can be calculated using (2.5).

2.3.3 Bidirectional Switch

The matrix converter allows bidirectional power flow which is attributed to the pres-

ence of bidirectional switches. These switches are capable of conducting current and

blocking voltage in both directions. They are made up of discrete devices to fulfil this

requirement [4]. There are different topologies for bidirectional switches out of which

the most common ones are common emitter anti-parallel Insulated-gate Bipolar Tran-

sistor (IGBT) configuration and common collector anti-parallel IGBT configuration.

(a) (b)

Figure 2.6: Bidirectional switches: (a)Common emitter configuration, (b) Common
collector configuration
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The common emitter configuration shown in Figure 2.6(a) is made of two diodes and

two IGBTs connected in anti-parallel manner. The diodes enable reverse blocking

capability in this topology. The main advantages of this configuration includes re-

duced conduction losses as only two devices conduct current at any time allowing

independent control of each current path and the ability to drive two IGBTs with

respect to the common emitter. However this configuration requires isolated power

supplies for each switch, hence a total of nine power supplies are needed. Therefore

it is not possible to drive all the switches with respect to the same point.

The common collector configuration shown in Figure 2.6(b) is very similar to the

previous arrangement except for the common point. In this case, only six isolated

power supplies are required to supply the gate drivers. It can be used only when the

inductance between the devices sharing the power supply is low which is the case in

matrix converter modules. The conduction losses are the same as that of the common

emitter configuration. For this reason for high power applications common-emitter

configuration is suitable.

Compared to the conventional 2-level VSIs, matrix converter has higher number of

switches. This means that the stress per device for matrix converter is much less

compared to a VSI.

2.3.4 Commutation of MC

Unlike conventional voltage source inverters, matrix converters do not have any free

wheeling diodes. Hence it is difficult to commutate between two switches and the

commutation has to be controlled at all times. This also has to be done without

causing short circuits in the input lines and open circuits in the output lines. This

problem was first solved by Burany [91] and Oyama [92] in 1989 by developing a

multi-stage commutation technique that allows safe change of switching states. A

standard multi-stage commutation requires four steps. Multi-step commutation can

be based on the sign of the input voltage [92, 93, 94] or the direction of the output
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current [94, 95]. This section gives a brief account of the simple and advanced current

commutation techniques.

2.3.4.1 Simple current commutation

Simple commutation methods for MC can be divided into two categories: Overlap

commutation and Dead-time commutation.

Overlap Commutation as the name suggests has an overlap region because the

incoming switch is turned ON before the outgoing switch is turned OFF. Even though

this method prevents open-circuiting the load current, it requires extra line inductance

between the input capacitors and the switch to limit the current during the overlap

period. During this period, these inductors conduct the input current and needs to

be large. This is not desirable as it is not cost effective. Also, the output voltage

waveform will be distorted during the overlap period [96].

Dead-time Commutation where the load current freewheels the anti-parallel diodes

is normally employed in inverter circuits. This technique when applied to matrix

converter causes open circuit of the inductive load resulting in the need for clamp

protection circuits to provide a path for the load current and limit the resulting over

voltage [97].

The methods mentioned above requires additional circuitry for protection even though

the bidirectional switches can be used. A number of advanced commutation tech-

niques have been studied [98, 99, 100, 101] for matrix converters that solves the

matrix converter commutation problem.

2.3.4.2 Advanced commutation techniques

Four-step commutation [102] based on the output current direction is one of the

advanced commutation techniques used with matrix converters. Commutation is
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achieved with different unidirectional current paths to avoid the short circuits and

open circuits mentioned before. This technique can be explained with the help of

Figure 2.7 depicting two bidirectional switches undergoing commutation.

Figure 2.7: Bidirectional switches during commutation in a 2-phase to single phase
MC

In this method, conducting and non-conducting halves of the outgoing switch are

governed by the current direction. At steady state both the devices in active bidirec-

tional switch are gated allowing current flow in both directions. It is assumed that

the load current direction is as shown in Figure 2.7 and SA is closed. The method is

explained further based on this assumption. When SB needs to be turned ON, the

current direction is used to determine the non-conducting device in the active switch.

This device; in this case Q2 is turned off. Then the device that will conduct the

current in the incoming switch, in this case Q3 is gated. Depending on the polarity

of the input voltage the load current transfers to the incoming device either at this

point or when the outgoing device Q1 is turned off. Q4 is then turned ON to allow

the current reversal. This process is shown in the timing diagram in Figure 2.8. The

characteristics of the device determines the delay between each switching event. In-

accurate information about the output current direction can lead to open circuit of

the load that could be fatal for the converter.

When only the conducting device is gated, it results in a two-step commutation

method [99]. This leads to reduced commutation times and smaller minimum pulse

width. This is usually advantageous as minimum pulse width leads to higher maxi-

mum voltage transfer ratio of the converter.
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Figure 2.8: Timing diagram for four step current commutation

All the methods mentioned above requires the output line current direction which

can be difficult to determine accurately in a switching power converter with conven-

tional current sensors. A technique proposed by L.Empringham et.al [103] avoids this

problem by using the voltage across the bidirectional switch to determine the cur-

rent direction. This method makes use of intelligent gate drive circuit that controls

the firing of the IGBTs and detects the direction of current flow in the bidirectional

switch. This current direction information is then passed to all the gate drivers on

the same output phase to ensure that they contribute to safe commutation.

Voltage Magnitude Based commutation is another technique based on the in-

put voltage polarity between the commutating switches [16]. It uses the input voltage

polarity to define a four step sequence combining the overlap and dead-time commuta-

tion. For example consider a commutation from SA to SB in Figure 2.7. If VA > VB,

Q3 can be turned ON since D3 is reversed biased. When Q1 is turned off, it will

commutate to Q3 provided the current direction is same as shown in the Figure 2.8.

Else the commutation will occur when Q4 is turned ON. The commutation is then

completed by turning off Q2. In case of a mistake in the input voltage direction, the

resulting commutation sequence will cause a line to line short circuit of the supply
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which is difficult to protect.

2.4 Generation of Output voltages in a MC

The principle of output voltage generation with the mathematical model of the matrix

converter will be discussed in this chapter based on a three phase to three phase

matrix converter. As mentioned earlier, a matrix converter can be regarded as a

voltage source inverter at the input and a current source inverter at the output. This

is because the input of the matrix converter should never be short circuited and

the output of the matrix converter should never be open circuited. To ensure this,

matrix converter is commonly used in conjunction with an inductive load such as

an induction machine and an input filter. The input filter is also required for the

circulation of the high frequency switching harmonics. This ensures that the input

side of the converter is voltage stiff and output side of the converter is current stiff.

A schematic of the matrix converter showing the nine switches arranged in the form

of a matrix is shown in the Figure 2.9.

Figure 2.9: Matrix converter

Throughout this thesis, the input phases will be represented by the upper case suffices

and the output phases will be represented by the lower case suffices. The switches
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are represented by the input and output phase suffices connected to each of them.

Assuming ideal switching, the mathematical model of the matrix converter shown in

Figure 2.9 can be derived in terms of the switches. The switching function Sij is

defined as:

Sij =

1 switch Sij is closed

0 switch Sij is open
(2.7)

where i = A,B,C and j = a, b, c. This nomenclature for the input and output

sides of the converter will be used throughout this thesis. The instantaneous values

of the output voltage and the input currents of the MC can be obtained from the

supply voltages and output currents respectively. The output voltage of the MC is

obtained from the supply voltages and the switching functions as shown in 2.8.
Va(t)

Vb(t)

Vc(t)

 =


SAa(t) SBa(t) SCa(t)

SAb(t) SBb(t) SCb(t)

SAc(t) SBc(t) SCc(t)

 .

VA(t)

VB(t)

VC(t)

 (2.8)

Similarly the input currents of the converter can be calculated from the output cur-

rents using the equation


IA(t)

IB(t)

IC(t)

 =


SAa(t) SBa(t) SCa(t)

SAb(t) SBb(t) SCb(t)

SAc(t) SBc(t) SCc(t)


T

.


Ia(t)

Ib(t)

Ic(t)

 (2.9)

As mentioned earlier, there are restrictions to the possible combinations of input and

output phases in a matrix converter. This is due to the absence of free-wheeling diodes

in a matrix converter. To ensure that the input side is never short circuited and the

output side is never open circuited, the following conditions should be satisfied.

SAa(t) + SBa(t) + SCa(t) = 1

SAb(t) + SBb(t) + SCb(t) = 1

SAc(t) + SBc(t) + SCc(t) = 1

(2.10)
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So the modulation problem can be identified as determining the switching states that

satisfies the input-output relationship and meet the constraints in 2.10 for each cycle

period. The output voltage is produced by a combination of the input voltages and

the switching states applied for their respective duty cycles. A typical output voltage

waveform of a matrix converter at 50Hz is shown in Figure 2.10.
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Figure 2.10: Output line voltage of a matrix converter

The input current of the matrix converter shown in Figure 2.11 is composed of the

three phase output currents together with the blank periods during which the output

current freewheels through the switch matrix. Figure 2.12 shows the input current

after the filtering action.
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Figure 2.11: Input current of a matrix converter without input filter
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Figure 2.12: Input current of a matrix converter with input filter

The switching period is fixed and is similar to the period of the carrier wave in

conventional pulse width modulation technique. The behavior of the converter at

lower frequencies can be determined by the modulation duty cycle. The modulation

indices for each switch can be defined such that mAa(t) = tAa/Ts where tAa is the

time for which the switch SAa is ON and Ts is the sampling time.
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2.5 Modulation strategies for MC

The main objective of a modulation method is to synthesize the required output

voltage according to the reference voltage demand and to obtain a sinusoidal input

current with near to unity power factor. It is desirable to obtain least distortion in

the input currents and the output voltage with lower power losses in the system.

A number of control and modulation techniques have been proposed and studied for

a matrix converter. The classification of these methods can be divided into different

categories based on the approach to solve the modulation problem [90]. One such

classification is direct and indirect methods [4] based on how the switching state is

selected. In direct methods the selection is made based on the fact that at a given

period of time, each input phase will be connected to an output phase. The indirect

methods select the switching states based on the assumption of a fictitious DC link

which results in a rectification and an inversion stage. This enables to consider the

effects of the input and output separately and then combine these results to generate

the switching pattern.

Another way is to categorize the modulation techniques into scalar and space vector

strategies. Scalar methods solve the modulation problem based on scalar variables

and the space vector methods select the switching states based on the space vector

representation. In this thesis, two modulation techniques which are the most popular

and well researched will be discussed in detail: the Venturini modulation and space

vector modulation (SVM). These methods also represent the categories mentioned

above. Venturini modulation is a scalar and direct modulation technique and SVM

is a space vector strategy.

2.5.1 Venturini Modulation

Venturini modulation, introduced in 1980s [104] addressed the modulation problem of

the MC. In this method, the target output voltage and input current waveforms are
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generated by the sequential combination of each input phase with output phase during

a particular time period. Although this method solved the modulation problem of

the MC, the maximum voltage transfer ratio it could achieve was only 50%. The

method was later optimized to increase the voltage transfer ratio to 86% [16] and was

called the optimum Venturini method. The instantaneous model of the converter can

be represented in the form of the following equations.
v̄a

v̄b

v̄c

 =


mAa mBa mCa

mAb mBb mCb

mAc mBc mCc


︸ ︷︷ ︸

M

.


vA

vB

vC

 (2.11)


īA

īB

īC

 =


mAa mAb mAc

mBa mBb mBc

mCa mCb mCc


︸ ︷︷ ︸

MT

.


ia

ib

ic

 (2.12)

where v̄ and ī are the low frequency output voltage and input current vectors re-

spectively. M is the transfer matrix consisting of the duty cycles for all the nine

bidirectional switches. Assuming sinusoidal supply, the input voltages to the MC can

be given by 
vA

vB

vC

 =


Vi cos(wit)

Vi cos(wit+ 2π/3)

Vi cos(wit+ 4π/3)

 (2.13)

Due to the inductive nature of the load, the output currents can be correctly assumed

to be sinusoidal in nature. This results in the output current equations given below.
ia

ib

ic

 =


Io cos(wot+ φo)

Io cos(wot+ φo + 2π/3)

Io cos(wot+ φo + 4π/3)

 (2.14)

where Io is the amplitude, wo is the desired output frequency and φo is the load angle.

The reference voltage can be represented in the form of the input voltages as shown
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in 2.15. 
v̄a

v̄b

v̄c

 =


Vref cos(wot)

Vref cos(wot+ 2π/3)

Vref cos(wot+ 4π/3)

 (2.15)

where Vref = qVi and q is the voltage ratio. Once the reference voltage and the load

current is known, the desired input current can be expressed as shown in 2.16.
īA

īB

īC

 =


Ii cos(wit+ φi)

Ii cos(wit+ φi + 2π/3)

Ii cos(wit+ φi + 4π/3)

 (2.16)

where Ii is the amplitude of the input current and φi the input displacement angle

caused by the input filter. The modulation problem can be solved by considering the

power balance criterion of the system. The active input power and output power must

be equal due to the absence of DC link capacitor or other energy storage devices. As

a result the power balance condition shown in 2.17 must hold true.

Pi =
3ViIi cos(φi)

2
=

3qViIo cos(φo)

2
= Po (2.17)

From the above condition, the maximum input current amplitude is limited to Ii =

q cos(φo)
cos(φ)

. To solve the modulation problem, the transfer matrix M should be deter-

mined. This is possible by solving equations 2.13 to 2.16 to satisfy the conditions

imposed by 2.11 and 2.12. The third set of conditions to be able to solve for the

transfer matrix is the relation between the duty cycles of each of the output phases

of MC. ∑
x=A,B,C

mxa =
∑

x=A,B,C

mxb =
∑

x=A,B,C

mxc (2.18)
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The solution for the modulation problem can thus be solved resulting in two valid

solutions as shown in 2.19 and 2.20.

M1 =


1 + 2q cos(wmt) 1 + 2q cos(wmt− 2π/3) 1 + 2q cos(wmt− 4π/3

1 + 2q cos(wmt− 4π/3 1 + 2q cos(wmt) 1 + 2q cos(wmt− 2π/3)

1 + 2q cos(wmt− 2π/3) 1 + 2q cos(wmt− 4π/3 1 + 2q cos(wmt)


(2.19)

with wm = wo − wi and

M2 =


1 + 2q cos(wmt) 1 + 2q cos(wmt− 2π/3) 1 + 2q cos(wmt− 4π/3

1 + 2q cos(wmt− 2π/3 1 + 2q cos(wmt− 4π/3 1 + 2q cos(wmt)

1 + 2q cos(wmt− 4π/3) 1 + 2q cos(wmt) 1 + 2q cos(wmt− 2π/3)


(2.20)

with wm = −(wo + wi) The solutions vary in the range of control of the input dis-

placement angle. The first solution M1 results in an input displacement angle equal

to the load angle: φi = φo. On the other hand, M2 results in an input displacement

angle equal to the reverse of load angle: φi = −φo. Combining these both solutions

will enable the control of input displacement angle within the range shown in 2.21.

φo ≤ φi ≤ φo (2.21)

The control is attained by adding weighting factors to the combination of solutions

such that the final transfer matrix can be given by

M = α1M1 + α2M2 (2.22)

where α1 + α2 = 1. The system will work at unity pf when α1 = α2 which means

φi = 0. In the case of a unity pf system the determination of M is simplified and is

given by 2.23.

mxy =
1

3

[
1 +

2vxv̄y
Vi

]
for x ∈ [A,B,C] and y ∈ [a, b, c] (2.23)

The drawback of this solution is the low voltage transfer ratio of 0.5 which is attributed

to the fact that the target output voltage must fit within the input voltage envelope
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at all times as shown in Figure 2.13.
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Figure 2.13: Target output voltages at 50% voltage ratio limit

Optimum Venturini method has successfully improved the voltage ratio by third

harmonic injection of the input and output fundamental frequencies [16]. In the case

of optimum Venturini method, the target output voltage is given by
v̄a

v̄b

v̄c

 = Vref


cos(wot)− 1

6
cos(3wot) + 1

2
√
3

cos(3wit)

cos(wot+ 2π/3)− 1
6

cos(3wot) + 1
2
√
3

cos(3wit)

cos(wot+ 4π/3)− 1
6

cos(3wot) + 1
2
√
3

cos(3wit)

 (2.24)

The triple harmonics injected into the reference voltage will be canceled in the output

line voltage. The transfer matrix for this case can then be calculated. For unity pf,

the solution for M is given by 2.25.

mxy =
1

3

[
1 +

2vxv̄y
Vi

+
4q

3
√

3
sin(wit+ βx) sin(3wit)

]
(2.25)

for x ∈ [A,B,C] and y ∈ [a, b, c].

where βA = 0, βB = 2π/3 and βC = 4π/3. The maximum voltage transfer ratio

that can be achieved in this case is
√

3/2. A graphical representation of this is shown

in Figure 2.14. The output voltage target waveforms now utilize the input voltage

envelope more effectively and hence this method has more practical significance.



2.5. MODULATION STRATEGIES FOR MC 36

0 0.05 0.1 0.15 0.2 0.25
−100

−50

0

50

100

Time(s)

P
er

ce
nt

ag
e 

of
 s

up
pl

y 
vo

lta
ge

Target output
voltage

Supply 
voltage

Figure 2.14: Target output voltages at 86% voltage ratio limit

The time for which each bidirectional switch is ON during a cycle Tseq is then obtained

from the duty cycles.

txy = mxyTseq for x ∈ [A,B,C] and y ∈ [a, b, c] (2.26)

The sum of the on-times for each of the three bidirectional switches of a given output

phase should be equal to Tseq. The average switching frequency of IGBT can then be

calculated as shown in 2.27.

fs =
1

Tseq
(2.27)

2.5.2 Space Vector Modulation

At the end of 1980s L.Huber and D.Borojevic [26] proposed the Space Vector Modula-

tion (SVM)for MC extending the modulation method used on inverters and rectifiers.

SVM attains the theoretical maximum output voltage ratio of 0.8666 without the

addition of third harmonic components of the input and output. From Figure 2.2 the

output voltage and input current space vectors can be defined as

vo =
2

3
(va + avb + a2vc) (2.28)
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ii =
2

3
(iA + aiB + a2iC) (2.29)

where a=ej
2π
3 .

For a conventional 2-level three phase inverter, there will be eight switching states

resulting in eight voltage space vectors. Six of these vectors will form the vertices

of the a regular hexagon and are of equal magnitudes. These vectors are called the

active vectors. Two of the remaining vectors will have zero magnitude and are called

zero vectors. In an inverter, the desired voltage vector is created by the combination

of two adjacent active vectors and one of the zero vectors. This technique is well

established in the case of a 2-level inverter, however applying this method to MC can

become cumbersome as there are 27 possible switching states with time varying input

voltages. Firstly SVM was applied to MC to control the output voltage by using

two active vectors for a sampling period [26]. It was later used to control the output

voltage and input current angle by using four active vectors[105, 33]. This method is

explained in detail in this section.

To elaborate on the SVM for MC, it is essential to consider the space vectors for

output voltage and input current for every switching state. The 27 switching states

of a MC can be divided into three categories or groups depending on the type of output

voltage or input current vectors that results from the various switching combinations.

They are

I Active Vectors: These vectors are produced when two output phases are

connected to the same input phase and the third connected to a different input

phase. There are 18 of these states and the voltage or current vectors resulting

from these states will have fixed direction spaced 600 apart with varying mag-

nitudes. The amplitude of these vectors depends on the instantaneous values

of the input line voltages and output currents.

II Rotating Vectors: When each output phase is connected to a different

input phase, the resulting vectors will have a constant amplitude. However the

direction of the output voltage and input current vectors resulting from these 6
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states varies with the angular frequencies of the output and input respectively.

III Zero Vectors: Three remaining states are when all the three output phases

are connected to the same input phase. The resulting vectors will have zero

amplitude.

Table 2.1 shows the magnitude and angle of the output voltage and input current

vectors produced by all the 27 switching states. It also shows the vectors belonging

to each of the groups mentioned earlier.
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Table 2.1: Space vectors for all the switching combinations for a MC

Group # V ector SwitchesON Output V oltage Input Current V oltage V ector Current V ector

Name Magnitude Angle Magnitude Angle

I

1 +1 SAa SBb SBc vA vB vB ia − ia 0 2
3
vAB 0 2√

3
ia −π

6

2 −1 SBa SAb SAc vB vA vA −ia ia 0 −2
3
vAB 0 − 2√

3
ia −π

6

3 +2 SBa SCb SCc vB vC vC 0 ia − ia 2
3
vBC 0 2√

3
ia

π
2

4 −2 SCa SBb SBc vC vB vB 0 − ia ia −2
3
vBC 0 − 2√

3
ia

π
2

5 +3 SCa SAb SAc vC vA vA −ia 0 ia
2
3
vCA 0 2√

3
ia

7π
6

6 −3 SAa SCb SCc vA vC vC ia 0 − ia −2
3
vCA 0 − 2√

3
ia

7π
6

7 +4 SBa SAb SBc vB vA vB ib − ib 0 2
3
vAB

2π
3

2√
3
ib −π

6

8 −4 SAa SBb SAc vA vB vA −ib ib 0 −2
3
vAB

2π
3

− 2√
3
ib −π

6

9 +5 SCa SBb SCc vC vB vC 0 ib − ib 2
3
vBC

2π
3

2√
3
ib

π
2

10 −5 SBa SCb SBc vB vC vB 0 − ib ib −2
3
vBC

2π
3

− 2√
3
ib

π
2

11 +6 SAa SCb SAc vA vC vA −ib 0 ib
2
3
vCA

2π
3

2√
3
ib

7π
6

12 −6 SCa SAb SCc vC vA vC ib 0 − ib −2
3
vCA

2π
3

− 2√
3
ib

7π
6

13 +7 SBa SBb SAc vB vB vA ic − ic 0 2
3
vAB

4π
3

2√
3
ic −π

6

14 −7 SAa SAb SBc vA vA vB −ic ic 0 −2
3
vAB

4π
3

− 2√
3
ic −π

6

15 +8 SCa SCb SBc vC vC vB 0 ic − ic 2
3
vBC

4π
3

2√
3
ic

π
2

16 −8 SBa SBb SCc vB vB vC 0 − ic ic −2
3
vBC

4π
3

− 2√
3
ic

π
2

17 +9 SAa SAb SCc vA vA vC −ic 0 ic
2
3
vCA

4π
3

2√
3
ic

7π
6

18 −9 SCa SCb SAc vC vC vA ic 0 − ic −2
3
vCA

4π
3

− 2√
3
ic

7π
6

II

19 R1 SAa SBb SCc vA vB vC ia ib ic Vim ωit Iom ωot+ φo

20 R2 SBa SCb SAc vB vC vA ic ia ib Vim ωit− 2π
3

Iom ωot+ φo − 4π
3

21 R3 SCa SAb SBc vC vA vB ib ic ia Vim ωit− 4π
3

Iom ωot+ φo − 2π
3

22 R4 SAa SCb SBc vA vC vB ia ic ib Vim −ωit Iom −ωot− φo
23 R5 SBa SAb SCc vB vA vC ib ia ic Vim −ωit− 4π

3
Iom −ωot− φo − 4π

3

24 R6 SCa SBb SAc vC vB vA ic ib ia Vim −ωit− 2π
3

Iom −ωot− φo − 2π
3

III
25 01 SAa SAb SAc vA vA vA 0 0 0 0− 0−

26 02 SBa SBb SBc vB vB vB 0 0 0 0− 0−

27 03 SCa SCb SCc vC vC vC 0 0 0 0− 0−
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The output reference voltage vector is applied externally such that the instantaneous

values of the reference voltage is known and time invariant during the modulation

interval. The input current reference angle can be obtained from the supply voltages

usually assuming unity pf. The modulation problem is to generate the desired refer-

ence vector from the output voltage and input current vectors at every cycle period.

For this, the magnitude and angle of the vectors produced by all 27 switching states

that will generate the reference vector should be known. Therefore the rotating vec-

tors in group II cannot be used in this modulation approach. The group I (active)

and group III (zero) vectors are used to carry out the modulation and synthesize the

reference voltage and current vector.

It is of utmost importance to note that it is not possible to control both the magnitude

and angle of the output voltage and input current to meet the power balance between

the input and output powers as stated in 2.17. Therefore the magnitude of the input

current is determined by the power balance. As a result the method aims to control

the amplitude and angle of the output voltage and the angle of the input current to

generate the desired power factor.
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Figure 2.15: Output voltage(left) and input current(right)space vectors used in SVM

The output voltage and input current vectors for group I and III are shown in Figure

2.15. The figure shows the output voltage sector Kv = 1to6 and input current sector

Ki = 1to6 and the vectors that can produce the voltage vectors within each sector.

An arbitrary reference voltage Vref and the resulting input current reference Iref is
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also shown in Figure 2.15.

As seen from Figure 2.15, every available voltage vector can be generated by three

switching states. In order to generate V1 or V4 , ±1,±2 or ±3 can be used. The

states 1,2 and 3 will generate V1 and -1, -2 and -3 will generate V4. Since two active

vectors and zero vectors are required to modulate, there will be six switching states

available (three for each active vector) to select from. In Figure 2.15 the reference

voltage vector is situated in Kv = 1 which means V1 and V2 can be used to generate

Vref . In that case, the possible switching combinations are ±1,±2,±3,±7,±8 and

±9.

However, to generate the input current reference Iref in sector Ki = 1 , states

±1, ±3, ±4, ±6, ±7 and±9 can be considered. So the active vectors that can be used

to obtain the reference current are I1 and I6. These four active vectors V1, V2, I1 and I6

are then used to modulate and generate the desired output voltage. This is done by

choosing the switching states that both sets of vectors V1, V2 and I1, I6 have in com-

mon which in this case are ±1, ±3, ±7 and ± 9. The sign of the selected set of states

(+ or -) depends on the sign that generates the active vectors, depending on the in-

stantaneous values of the supply voltages (see Table 2.2). Based on these 4 switching

states and the zero vector, the output reference voltage vector and angle of the input

current reference can be synthesized.

Table 2.2: Selection of switching states in SVM

Kv

1 or 4 2 or 5 3 or 6

Ki

1 or 4 1, 3, 7, 9 4, 6, 7, 9 1, 3, 4, 6
2 or 5 2, 3, 8, 9 5, 6, 8, 9 2, 3, 5, 6
3 or 6 1, 2, 7, 8 4, 5, 7, 8 1, 2, 4, 5

Similarly a set of four vectors can be selected if the reference output voltage and the

input reference current sectors are known. The set of switching states for different

combinations of Kv and Ki are shown in Table 2.2.

For any sampling period the four switching states selected in this manner will produce
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Figure 2.16: Active vector states to produce the target output voltage vector and
input current direction for Kv = 1 and Ki = 1

voltage vectors v̄i, v̄ii, v̄iii and v̄iv and current vectors īi, īii, ¯iiii and īiv as shown in

Figure 2.16. Φo and αi are the angles of output and input voltages respectively and

φi is the input phase displacement angle. The duty cycles for these four active vectors

can then be calculated [33] using equations 2.30 to 2.33.

δi = (−1)Kv+Ki+12
√

3

3
q

cos(φo − π
2
) cos(φi − π

2
)

cos(φi)
(2.30)

δii = (−1)Kv+Ki
2
√

3

3
q

cos(φo − π
2
) cos(φi + π

6
)

cos(φi)
(2.31)

δiii = (−1)Kv+Ki
2
√

3

3
q

cos(φo + π
6
) cos(φi − π

2
)

cos(φi)
(2.32)

δiv = (−1)Kv+Ki+12
√

3

3
q

cos(φo + π
6
) cos(φi + π

6
)

cos(φi)
(2.33)

where φo and φi are the angles of output voltage and input current respectively and

q the voltage ratio. Note that the duty cycles will always be positive. A negative

duty cycle means that the corresponding negative switching configuration should be

selected. The zero vectors are applied for the time remaining after the application of

the active vectors and is given by

δ0 = 1− (δi + δii + δiii + δiv) (2.34)

The sum of the duty cycles of the active vectors should be less than 1 for each sampling
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interval. This results in a maximum voltage transfer ratio, qmax for linear operation

of MC as shown below.

qmax =

√
3

2
cos(φi) (2.35)

For unity power factor, the maximum voltage transfer ratio is
√
3
2

or 0.8666 which is

the limit that can be attained by the Optimum Venturini method.

Once the duty cycle are calculated the active and zero vectors are arranged in a pre-

defined sequence or pattern. The placement of zero vectors in the sequence affects the

ripple content in the MC waveforms and the number of switching transitions/changes

in a switching sequence. The sequence is normally defined such that only one output

phase undergoes commutation for each change of state. There is no predefined pattern

for the placement of vectors to constitute a sequence. One method is to use two zero

vectors and four active vectors as shown in Figure 2.17. In this case, there will be

ten switching changes within one sequence.

Figure 2.17: SVM sequence with two zeros; for Kv = 1 and Ki = 1

The most common practice is to use a symmetrical arrangement in which the switch-

ing period is divided into two halves and the four active vectors are applied with

zero vector in the middle and at both ends [33]. A typical double-sided symmetrical

switching pattern is given in Figure 2.18 which uses all the three zero vector with
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equal duty cycles. This arrangement will results in twelve switching changes within

one modulation sequence.

Figure 2.18: Symmetrical sequence for SVM for Kv = 1 and Ki = 1

2.6 Summary

The basic concept of matrix converter and its operation as a AC-AC converter is

discussed in this chapter. A MC lacks a DC link capacitor which makes high power

density and high operating temperatures possible. Another feature of this converter

is the bidirectional power flow and absence of low frequency harmonics. The input

displacement factor can be controlled depending on the modulation method used.

The limited voltage ratio of 86.666% is beneficial in certain applications like the in-

tegrated drive. MC is also the ideal candidate for applications where the size of

converter is critical. The high temperature endurance is also helpful when the con-

verter is inside the machine as in the case of integrated drives. Compared to other

power converters, MC also has a higher number of switches compared to conventional

converters which translates to lower stress per device.
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SVM is a very popular modulation technique for direct matrix converter as it provides

sinusoidal input and output currents. The desired reference voltage vector can be

generated by four active vectors and three zero vectors applied for the correct duty

cycles. The different methods to arrange the vectors within a modulation sequence

was also discussed in this chapter.



Chapter 3

Control of Matrix Converter with

Proportional-Integral Controller

3.1 Introduction

Before discussing predictive control strategies, it is worthwhile to study a basic control

scheme like the proportional-integral (PI) controllers for the control of a direct matrix

converter. Conventional PI controllers can only control one variable when the refer-

ence is known. These controllers are also known as SISO (Single input single output)

controllers. Therefore in order to control the current and speed of an electrical drive

simultaneously, PI controllers in a cascaded structure are required. A PI controller

together with the SVM modulation scheme is able to control the matrix converter

for different type of loads including induction machines. This chapter focuses on the

cascaded closed loop control of a matrix converter feeding a RL load and an induction

machine with PI controllers. The design of the current and speed controllers from the

system parameters are discussed in detail in this chapter. Simulation results to show

the performance of the controller for a matrix converter feeding an RL load and an

induction machine are also included in this chapter.

46
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3.2 Control of matrix converter with a RL load

A typical matrix converter system is controlled by PI controllers in conjunction with a

modulation strategy like SVM to control the load current. The input current control

is inherently achieved by the SVM technique as explained in chapter 2. A control

block diagram of the load current control for a matrix converter in rotating reference

frame is shown in Figure 3.1.

+_

+_

Idref

Iqref

Vdref

P+I

dq / 

P+I

Vqref

SVM

V ref

V ref

MC
S

RL load

abc/dq

Id

Iq

Iabc

Figure 3.1: Control block diagram of matrix converter with RL load

The 3-phase load currents are converted into components in the rotating reference

frame which rotates with the same frequency as that of the supply. The three phase

load currents are converted to dq reference frame using Parks transformation (see

section 3.3.1). The load currents thus obtained are controlled by two PI controllers

to obtain the reference voltages to be imposed on the system. Figure 3.1 depicts the

cascaded control structure for load current control of MC. The output of the PI con-

trollers will be dq voltage references which are then converted to alpha-beta reference

voltages to generate the PWM signal. The SVM block includes the calculation of

duty cycles and selection of switching states to attain the reference voltages.
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3.2.1 Plant Model

Isdq(s)
Gc(s)+

-

Isdq 
*
(s)

Gp(s)

Plant Controller

DSP

G(s)

Figure 3.2: PI Controller design block diagram

The block diagram of a typical PI controller design is shown in Figure 3.2. The open

loop transfer function of the whole system, G(s) includes the open loop controller

transfer function, Gc(s)and the plant transfer function, Gp(s). A typical PI controller

transfer function is given by

Gc(s) =
kc(s+ ac)

s
(3.1)

where kc is the proportional gain and kc ∗ac is the integral gain of the controller. The

plant transfer function represents the load behaviour and has a structure as shown in

3.2.

Gp(s) =
kp

sτp + 1
(3.2)

where τp is the plant time constant and kp the plant gain. The time constant is the

time taken by the step response of the transfer function to reach 63 % of its steady

state value and the plant gain is the steady state value. The plant model for RL load

can be derived as shown in 3.3.

Vs = R.I(t) + L
dI(t)

dt
(3.3)

The plant transfer function in frequency domain, Gp(s) for the current controller is
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then obtained by taking the Laplace transform of 3.3 as shown below.

Vs = R.I(s) + sLI(s)

Gp(s) =
I(s)

Vs
=

1

R + sL

Gp(s) =
1/R

sτ + 1

(3.4)

where τ = L
R

.

The closed loop transfer function with unity feedback, Gcl(s) is given by

Gcl =
G(s)

1 +G(s)
(3.5)

where G(s) is the forward loop transfer function and G(s) = Gc(s).Gp(s). Once the

natural frequency and damping factor are selected, the controller gains kc and ac can

be calculated from 3.5.

3.2.2 Simulation Results

Simulation of control of a matrix converter with an RL load using PI controllers is

done in the Matlab Simulink environment. The control algorithm is implemented

in Simulink and the switching model of the converter is implemented using Matlab

Plecs blockset. The load current of the converter is controlled using PI controllers to

produce the voltage references required for the space vector modulation. Since SVM

also takes into consideration the angle of the supply currents, the input currents will

be controlled. The system parameters used in the simulation are shown in Table 3.1.

The controller gain calculations are shown in Appendix.C.
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Table 3.1: System Parameters

Parameter Value Unit

Load resistance, R 10 Ω

Load inductance, L 3.75 mH

Input filter capacitance, Cf (delta) 8.3 µF

Input filter inductance, Lf 0.7 mH

Damping resistor, Rd 10 Ω

Supply frequency 50 Hz

Output frequency 30 Hz

Switchingfrequency 12.5 kHz

A load current reference of 5A at 30Hz is demanded from the system. The perfor-

mance of dq-current controllers and reference tracking is depicted in Figure 3.3.
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Figure 3.3: dq load currents with references

As seen from the Figure 3.3, the dq-load currents track the references with zero

steady state error and no overshoots. The controlled three phase load currents and

the corresponding MC output line voltage at steady state is shown in Figure 3.4.

THD of the controlled load currents is approximately 1.89%.
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Figure 3.4: (a) Controlled three phase load current of MC (b) MC output line voltage

Since SVM also takes into account the input current angle for duty cycle calculation,

the resulting input currents will be sinusoidal. Figure 3.5 shows the three phase

supply currents of the MC.
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Figure 3.5: Three phase supply currents of the MC

To see the dynamics and performance of a PI controller, a step change in the output

reference magnitude and frequency is introduced at t=0.2s. The resulting waveforms

are shown in Figure 3.6 and Figure 3.7. Figure 3.6 shows the alpha-beta load currents
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and their references when the reference magnitude is changed from 2A to 4A. It is

evident from the graph that the controller responds to the change in the magnitude

and reaches steady state within one cycle without any overshoots. One of the advan-

tages of matrix converter is that it can provide variable frequency output waveforms.

The controller performance during a step change in the output reference frequency

from 20Hz-40Hz of the current demand is demonstrated by Figure 3.7. The controller

responds to the change in frequency without any delay and it can be seen that the

currents follows the reference during transient and steady state.
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Figure 3.6: Step change in load current from 2A to 4A
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3.3 Control of a Matrix Converter with an Induc-

tion Machine Load

DC drives were initially used for variable speed control as it was able to attain torque

and speed response accurately. Torque in DC motor is controlled using the armature

and field current. A mechanical commutator with brushes is responsible for field

orientation of the motor. However,the brushes and commutators are susceptible to

wear and tear thus requiring regular servicing and this reduces the reliability of the

DC motor [106].

AC drives are becoming popular for high performance applications as induction mo-

tors (IM) are cheaper, low maintenance (no brushes) and has faster speed and torque

responses. This is driven by the desire to imitate the performance of DC drive while

using AC motors which are easy to maintain.

Induction motors are typically controlled by scalar control or vector control. In

V/f control which is a scalar control method, the desired voltage and frequency are

applied to the stator windings and there is no speed feedback. This type of control

is suitable for applications like pumps and fans where high levels of accuracy are not

needed. The concept of vector control is explained in section 3.3.1.

3.3.1 Vector control of IM

Vector control was developed in 1970 by Blaschke to vary the speed of an induction

motor over a wide range [107]. In this scheme the current is synthesized from two

quadrature components, one of which is responsible for the flux level in the motor

and another which produces torque in the motor.

The vector control strategy is based on two fundamental ideas such as:

Flux and torque producing currents : It is simpler to model an IM using the
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flux and torque producing currents rather than considering the classical three phase

model of the machine. The direct current, Isd which is the flux producing current and

the quadrature current, Isq which is the torque producing current are at right angles

with each other. It has to be noted that the actual voltages applied to the motor and

the resulting currents are in the three phase system.

Referene frames : The basic idea of reference frame is to transform a sinusoidal

quantity in one reference frame to a constant value in another reference frame which

is rotating at the same frequency. After the conversion of a sinusoidal quantity to

a constant value by carefully choosing the reference frame, it is possible to control

that quantity with conventional PI controllers. The most commonly used vector

transforms are the Clarke and Park transforms.

1) Clarke transform

A magnitude invariant transformation from three phase system to two orthogonal

components is achieved by Clarke transform. The resulting components are referred

to as alpha-beta components.

The Clarke transform for the three phase stator currents of an IM is given as

Isα =
2

3
(Isa −

1

2
(Isb − Isc))

Isβ =
1√
3

(Isb − Isc)
(3.6)

where Isa Isb Isc are the three phase stator currents.

2)Park transform

Unlike Clarke transform, Park transform involves a vector rotation. It rotates a vector

that is defined by its quadrature components through a specific angle.

The alpha-beta currents obtained from 3.6 can be converted to dq currents by using
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equation 3.7:

Id = Isαcosλ+ Isβsinλ

Iq = −Isαsinλ+ Isβcosλ
(3.7)

where λ is angle between the rotating and fixed coordinate system and Id and Iq are

the currents in the rotating reference frame.

The control block diagram of vector control of an IM is shown in Figure 3.8.

IMPWM2/3

3/2

ej  

e-j  

Vector 

Controller  

Vs *

Vs *

Vsd*

Vsq*

Vs*

Is

Isd

Isq

Is

Is  

Figure 3.8: Block diagram of vector control

The basic steps involved in vector control of an IM can be summarised as follows:

• Transformation of the measured currents and voltages to dq domain.

• The currents are controlled in dq domain and with dq voltage demands as

output of the controller.

• Voltage demands are then inverse transformed into 3-phase demand voltages

for PWM.

• The transformations need the angle θ at every point in time

Vector control can be divided into (a) Direct and indirect field orientation control

(FOC) and (b) Direct torque and stator flux control [108]. This chapter focuses on

field orientation control of an induction machine.
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3.3.2 Field Oriented Control

In FOC, mathematical modelling of the machine and the rotor speed measured using

an encoder are used to attain field orientation [109]. Even though this requires an

encoder which is relatively expensive, the resulting drive will be stable and capable of

fast torque response and accurate speed control. Compared to armature and field cur-

rent in DC drives, the control variables in an AC drive are the voltage and frequency

which are controlled by the modulator.

In vector control, space phasors or vectors are used to represent the machine dynamics.

The voltage vector V, the current vector I and flux vector Ψ are associated with a

stator winding. The instantaneous magnitude of the voltage/current/flux vector is

the instantaneous size of the V, I, Ψ in the winding. The direction of the V, I, Ψ

is that of the orientation of the winding; or the direction of magnetic motive force

(mmf) set up by the current in the winding.

For simplicity, the machine is modelled in dq frame where the dq-axis is aligned

with the rotor flux as shown in Figure 3.9. The dq axis exists as a concept for the

implementation of the control. Isq is called the torque producing current and Isd is

known as the field or magnetizing current. In rotor flux orientation, all the vectors

rotate at a speed of we = dλ
dt

with respect to the stator. Therefore the dq axis fixed

at the rotor flux will also rotate at we. The angle λ is the rotor flux angle.
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Figure 3.9: dq reference frame

Once the rotor flux angle, λ is obtained, the dq stator currents can be calculated

using Park transformation as shown in 3.8.

Isd = Isαcosλ+ Isβsinλ

Isq = −Isαsinλ+ Isβcosλ
(3.8)

Similarly the dq stator currents can be transformed to alpha-beta currents using

inverse Park transform as shown in 3.9.

Isα = Isdcosλ− Isqsinλ

Isβ = Isdsinλ+ Isqcosλ
(3.9)

These transformations can then be applied to voltages and fluxes.

The transformation requires the value of λ at every point in time. It can be calculated

using the measured stator voltages and currents (Direct FOC) or can be calculated

from the vector controlled constraint equations (Indirect FOC). Direct FOC attempts

to directly get the value of machine flux to calculate the transformation angle. As

it is difficult to physically measure the flux , an estimation using the stator voltage

and current equations are used. The flux estimated this way will not be accurate

at lower speeds and hence this method is not reliable. Indirect FOC on the other

hand obtains the flux angle by summation of the rotor speed and slip frequency [110].
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Indirect vector control being more reliable is mostly used for AC drive applications.

3.3.3 Induction Machine Model

Mathematical model of an IM in a stationary reference frame is explained in Ap-

pendix.A. This section briefly describes the modelling of an IM in the dq axis in a

synchronous rotating reference frame. If the reference frame is rotating at an angular

velocity, ωk then the stator and rotor voltage vectors of the machine are given by 3.10

Vsd = RsIsd +
dΨsd

dt
− ωkΨsq

Vsq = RsIsq +
dΨsq

dt
+ ωkΨsd

Vrd = RrIrd +
dΨrd

dt
− (ωk − ωr)Ψrq

Vrq = RrIrq +
dΨrq

dt
+ (ωk − ωr)Ψrd

(3.10)

where Ψsdq and Ψrdq are the stator and rotor flux linkages respectively, ωr is the

electric rotor angular speed. For rotor flux orientation, Ψrq = 0.

The stator and rotor flux linkages depends on the magnetizing inductance and the

stator and rotor self inductances and can be expressed as shown in 3.11.

Ψsd = LsIsd + LmIrd

Ψsq = LsIsq + LmIrq

Ψrd = LrIrd + LmIsd

Ψrq = LrIrq + LmIsq

(3.11)

Figure 3.10 shows the equivalent circuit of induction motor at a synchronously rotat-

ing reference frame.
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Figure 3.10: dq equivalent circuit at synchronously rotating reference frame (a) d-axis
circuit (b) q-axis circuit

Once the mathematical model of the induction machine is derived, the reference frame

is selected depending on the control strategy. In this chapter, the control of IM using

indirect rotor flux orientation is considered which means the reference frame will

rotate at an angular frequency of the rotor flux.

3.3.4 Indirect Rotor Flux Orientation control

Indirect rotor flux oriented control(IRFO) requires the measurement of speed to calcu-

late the rotor flux angle. The rotor flux angle from the rotor speed and slip frequency

is estimated using the vector control constraint equations.

The d-axis vector control (constraint) equation is given by

Lr
Rr

dImrd
dt

+ Imrd = Isd (3.12)

Imrd is the magnetizing current and can be obtained from Isd using Laplace transform

as shown in 3.13. The above equation is obtained by assuming that the magnetizing



3.3. CONTROL OF A MATRIX CONVERTER WITH AN INDUCTION
MACHINE LOAD 60

current at steady state is constant. Therefore for the field weakening operating range

where Imrd will decrease, this relation will not be valid. In that case, a more detailed

model of the machine need to be used.

Isd = τrsImrd + Imrd

Isd = (τrs+ 1)Imrd

Imrd =
Isd

(τrs+ 1)

(3.13)

The q-axis vector control equation is given by

wsl =
Isq

τrImrd
(3.14)

where τr = Lr
Rr

From 3.13 and 3.14 the rotor flux angle,λ can be calculated as follows.

λ =

∫
wedt =

∫
(wr + wsl) =

∫
(wr +

Isq
τrImrd

) (3.15)

A block diagram showing the calculation of the rotor angle, λ is shown in Figure 3.11.

Figure 3.11: Rotor angle calculation

Once the rotor angle is calculated, the stator currents and voltages can be transformed

to the synchronous reference frame to design the controller.

3.3.5 Controller Design

A typical structure of the field-oriented control with cascaded PI controllers is shown

in Figure 3.12. The inner control loop comprises of current controllers for both field



3.3. CONTROL OF A MATRIX CONVERTER WITH AN INDUCTION
MACHINE LOAD 61

and torque producing stator currents. The speed controller forms the outer control

loop in this structure. The design and implementation of the current and speed control

loops are discussed in detail in section 3.3.5.1 and 3.3.5.2. The design procedure to

develop the PI controller for speed and current control is explained in Appendix.C.

Speed 

reference
Current 

controller

Speed 

controller
Plant+ _ + _

Rotor speed

Stator currents

Inner loop

Outer loop

Figure 3.12: Block diagram of a cascaded closed loop control for IM

3.3.5.1 Current Controller

As mentioned in section 3.3.5, the control loops for the field producing current Isd and

the torque producing current Isq will be identical which eliminates the need to design

two different current controllers. The basic block diagram of a current controller with

the converter and the plant is depicted in Figure 3.13.

IsdqVsdq
*

kc(s+ac)
s

+
-

Isdq
*

Gp(s)

Plant Controller Converter

1

s i +1

Figure 3.13: Current controller block diagram

To implement the current controller, the plant transfer function, Gp(s) has to be

derived. In this case, this is achieved by employing the stator equations in dq frame
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given by 3.16.

Vsd = RsIsd + σLs
dIsd
dt
− ωeσLsIsq +

Lm
Lr

dΨrd

dt

Vsq = RsIsq + σLs
dIsq
dt

+ ωeσLsIsd + we
Lm
Lr

Ψrd

(3.16)

Considering the first two terms of Vsd and Vsq of 3.16, the first order plant model for

the current controllers can be obtained from 3.17. The last two terms in 3.16 are

the voltage compensation terms to overcome the changing flux and back emf of the

machine. These are added to the controller as compensation terms.

Isd =
Vsd

(sσLs +Rs)

Isq =
Vsq

(sσLs +Rs)

(3.17)

From 3.17 the plant transfer function for both the controllers can be represented as

in 3.18.

Gp(s) =
1/Rs

sτs + 1
(3.18)

where τs = σLs
Rs

is the stator time constant and is normally in the range of 10-25ms.

Current controllers are typically very fast and the bandwidth is normally in the range

of 100-200Hz. When finding the plant transfer function it is good practice to take

into account the delays in the system including the converter delay τi as shown in

Figure 3.13. Usually this is considered to be 1/fsamp = 1/12.5k = 80µs.

3.3.5.2 Speed Controller

The machine will develop a torque, Te which will generate a speed response. This

response is defined by

Te = Tload + J
dwr
dt

+Bvwr (3.19)
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Tload is the load torque, J is the moment of inertia of the motor and Bv is the frictional

coefficient. The design of the outer speed loop requires the approximation of the

behaviour of the inner current loop.The plant for the speed controller transfer function

can be obtained from 3.19 using Laplace transform as shown in 3.20.

wr = (Te − Tload)
1/J

s+Bv/J
(3.20)

A control block diagram for speed controller is shown in Figure 3.20. The electro-

magnetic torque can be expressed as :

Te =
3

2

P

2

L2
0

Lr
ImrdIsq = ktIsq (3.21)

where kt is called the torque constant. Since there is a direct co-relation between

the torque and Isq, it can be considered as the torque producing current. So when

a torque demand of I∗sq is put on the machine, it will develop the torque promptly

due to the fast current controllers. It can be noted that this relation is accurate

only during the steady state operation of the machine when the magnetizing current

remains constant.

ωr

s+Bv / J

kt/J
ω r

*

I sq
*

s

kw(s+aw)

Figure 3.14: Speed controller block diagram

The speed controller forms the outer loop in the cascaded loop structure of a vector

controlled drive and hence is much slower than the inner current loops. Normally the

bandwidth is in the range of 5-10Hz.

To summarise, a combined block diagram for IRFO including the current and speed

controllers and rotor angle calculator is shown in Figure 3.15. This method requires

accurate measurement of speed as the rotor angle calculation depends on the speed

of the machine at every instant. The dynamics of the inner and outer loops must

be different for the correct performance of the control.The inner current loops must
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be much faster than the outer speed loop as the control behaviour of the speed loop

depends on that of the current controller.
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Figure 3.15: Block diagram of IRFO

3.3.6 Simulation Results

Simulation of cascaded control of a 3kW matrix converter drive with PI controllers

is done in the Matlab Simulink environment. The parameters of the machine used

throughout this thesis is given by Table 3.2.
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Table 3.2: Parameters of the induction machine

Parameter Value Unit

RatedPower 3 kW

RatedRMS voltage(star) 380 V

Rated current 6.3 A

Rated speed 1445 rpm

Stator leakage inductance, Lls 10.569 mH

Rotor leakage inductance, Llr 7.3916 mH

Mutual inductance, L0 0.2388 H

Stator resistance, Rs 1.9 Ω

Rotor resistance, Rr 1.33 Ω

Switchingfrequency, fsw 12.5 kHz

Speedcontrollergain, kpw 0.2

Speedcontrollergain, kiw 0.6

Currentcontrollergain, kpc 17.1

Currentcontrollergain, kic 2000

A speed demand of 500rpm is applied to the machine at no load condition and the

speed controller converts this into the q-axis current demand for the current con-

trollers to produce the torque required to achieve that speed. The speed PI controllers

for current includes saturation and an antiwind-up loop that uses conditional inte-

gration. The current is saturated at rated Isq and to eliminate the accumulation of

error when saturation occurs, the integrator is turned off. The current PI controllers

includes saturation that limits the stator voltages. The performance of the current

controller can be seen from Figure 3.16. The currents follow the references without

any steady state error during the transient and steady state. The performance of the

speed controller together with the three phase stator currents and the electromagnetic

torque is shown in Figure 3.17. As seen from Figure 3.17, the speed of the machine

reaches steady state without any overshoot. THD of the controlled stator currents is

approximately 2.2 %.
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Figure 3.16: Reference tracking of dq currents
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Figure 3.17: Speed, three phase currents and torque of the drive during transient and
steady state operation at no load

Figure 3.18 demonstrates the performance of the drive when the speed demand is

changed from 200rpm to 500rpm at t=1.2sec. This test is to determine the response

of the controller during transients. It can be noted that the torque response at the

start of the simulation is slower than the response during a step change. This is due

to the fact that the speed demand at the start was applied to the machine before it is

completely magnetised. From Figure 3.18, it is evident that the controller responds

to the step change in speed with fast transients. The difference in dynamics between
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the current and speed controllers is also evident from the above figures.
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Figure 3.18: Speed, three phase currents and torque of the drive during transient and
steady state operation at no load

3.4 Summary

The control of a direct matrix converter using conventional PI controllers together

with SVM modulation is discussed in this chapter and the simulation results for

the same are also included. It is inferred that in a cascaded control structure, the

dynamics of the outer loop will be slower than that of the inner loop and this needs

to be considered when selecting the bandwidth. It is not possible to control multiple

variables with a PI controller without employing a cascaded structure.

Controllers like MIMO (Multiple input multiple output) are used to control multiple

control variables at the same time. In this case, there is no need to have different

dynamics between the two controller like in the case of cascaded PI. Predictive control

is a MIMO controller and its application in matrix converter will be discussed in

chapter 4.



Chapter 4

Model Predictive Control

4.1 Introduction

Predictive control has gained popularity in the recent years in many different engi-

neering applications as well as in power electronics. A number of different control

strategies belong to the predictive control family. Researchers have attempted to im-

plement them for power converter control and some of them will be discussed in this

chapter. Model Predictive Control (MPC) is one of these strategies and it is the most

promising one in power electronics for reasons explained in the next sections. The

basic concepts of MPC to control power converters and advantages and disadvantages

compared to conventional control strategies are discussed in this chapter. Finally the

working principle of MPC and its application on three phase two level inverter and a

direct matrix converter is also discussed.

68
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4.2 Predictive control for power converters

The traditional approach to control of power converters is based on linear PID con-

trollers, which use the deviation in control signal from the reference to generate the

actuating signal. This type of controller requires information about the plant only

at the design stage. With the advancement in digital electronics, the idea to pre-

calculate the plant behaviour using mathematical model of the plant and to find

out the optimum values for the actuating variables has become popular. This was

somewhat the origin of predictive control.

As explained in chapter 3, linear PI controllers in cascaded form that are commonly

used in drive control applications suffer from some drawbacks. Predictive control

eliminates the need for cascaded control loops since it has the capability of controlling

multiple variables simultaneously in a single control loop.

Predictive control represents a family of controllers namely: Hysteresis-based control,

Dead-beat control, Trajectory-based control and Model Predictive control as depicted

in Figure 4.1. All these strategies will be explained briefly with emphasis on MPC in

their discrete implementation in this chapter.

Hysteresis 

Based

Trajectory 

Based

Dead Beat

Control

Model Predictive

Control

Finite 

Control Set

Continuous 

Control Set

PREDICTIVE CONTROL

Figure 4.1: Classification of Predictive control



4.2. PREDICTIVE CONTROL FOR POWER CONVERTERS 70

4.2.1 Hysteresis-based control

The objective of hysteresis-based predictive control is to maintain the controlled vari-

ables within the bounds of a hysteresis area [111]. An example of this type of controller

is the hysteresis or bang-bang controller. Even though they are not explicitly consid-

ered to be predictive based controllers, they exhibit their behaviour. The basic idea

behind this control can be explained with the help of Figure 4.2. The circle shown in

Figure 4.2 is the hysteresis curve/boundary for the control variable, x.

Im

Re

x
*

x

dx/dt
Δx

Figure 4.2: Hysteresis-based Predictive controller

The reference control variable vector, x∗ dictates the hysteresis boundary which is a

circle, the radius, ∆x of which is defined by the permissible error band that can be

obtained by minimizing the desired cost function [112]. Initially the future trajectories

of the control variable vector, x for all the possible switching states are computed.

When the control variable reaches the boundary of the curve, the switching state that

will keep the control variable within the circle is selected. This results in a variable

switching frequency operation. It can be noted that the circular tolerance boundary

moves along with the reference control variable vector within the complex plane. This

is shown by the dotted line in Figure 4.2.
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One of the advantages of hysteresis-based strategies is that an accurate model of the

system is not essential. The controller is able to keep the control error within specified

limit bands in this case. This is achieved by ensuring the controller reacts quickly if

the control variable goes outside the hysteresis boundary/band. Hysteresis controller

implemented using micro controllers will not be efficient as the detection of control

signal crossing the hysteresis band happens only in the next sampling instant. It is

likely that the error has increased to a large value in the next sampling instant. Hence

this type of controller is more suitable for analog implementation using operational

amplifiers.

To summarise, a hysteresis based predictive controller directly generates the switching

signals for the converter without the need for a modulator. As a result, this controlled

will result in a variable switching frequency operation.

4.2.2 Trajectory based predictive control

Trajectory based predictive control is based on forcing the control variables to follow

a pre-calculated trajectory. Once the system is pushed onto a trajectory, it contin-

ues to remain in the trajectory owing to its own properties till an external change is

applied. It does not require a modulator in order to generate the switching signals

for the converter. This type of controller requires accurate prediction of the future

control system behaviour and hence requires an accurate model of the system, unlike

hysteresis-based controller. Trajectory-based controllers are suitable for implementa-

tion in microprocessors since complex calculations for predictions are required. An

advantage of this control strategy is that it does not require cascaded control loops

to control more than one variable [111]. The absence of a modulation technique in

this case results in variable switching frequency operation as the application time of

the vectors is not fixed.
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4.2.3 Dead beat control

Dead beat control is another type of control strategy belonging to the predictive

control family. It requires a modulator like conventional converter control methods.

It involves the calculation of the voltage reference vector for the pulse width modulator

in each sampling instant using a model of the system. Then the modulator is used

to generate the calculated voltage vector. This has been applied to power converters

for a variety of applications like current control [61] and torque control of induction

machines [113].

Figure 4.3: Power circuit of a three phase two level voltage source inverter

The basic idea of dead beat control can be explained by considering the example of a

three phase two-level inverter shown in Figure 4.3 fed for simplicity by a DC voltage

generator. The control block diagram for this particular case is shown in Figure 4.4

and demonstrates the dead-beat method to control the load current.
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Figure 4.4: Control block diagram for dead beat control

Once a current reference signal is obtained, the load model and measurement of

control variables at the current sampling time, k are used to calculate the value

of load current in the next sampling interval, (k+1). The difference between the

reference value and the current obtained from the system model is the error in the

control variable. This error is then used to generate the voltage necessary to produce

the current calculated for the next sampling interval. The load model for a generic

RL load is given by

V (t) = Ri(t) + L
di(t)

dt
(4.1)

where L and R are the load inductance and resistance respectively and V(t) is the

converter voltage. To discretise 4.1, first order Euler approximation for the derivative

given by 4.2 can be used.
dx

dt
≈ x(k + 1)− x(k)

Ts
(4.2)

where x(k+ 1) is the predicted value of the control variable ’x’ at instant (k+1), x(k)

the value at instant k and Ts the sampling time. Applying 4.2 to 4.1, the voltage

required to reach the load current demand is obtained as shown in 4.3.

V ∗(k) = (R− L

Ts
)i(k) +

L

Ts
i∗(k + 1) (4.3)

The reference voltage thus obtained is applied to the converter using a modulator.
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Figure 4.5: Basic principle of dead beat control

Figure 4.5 illustrates the basic principle of dead beat control. The load current i

at instant k is not equal to the reference current i∗. The error between these two

currents is used to calculate the reference voltage to the modulator in order to fulfil

the current demand. In an ideal case, the load current will be equal to the reference

current at (k+1). For practical implementation, the voltage is predicted for (k+1)

instant to compensate for the computation delay.

The dead-beat control provides fast transient response compared to conventional PI

controllers. The modulator makes sure the switching frequency is fixed which mini-

mizes lower order harmonics. Even though this provides fast dynamic response, this

method is vulnerable to performance deterioration and even instability if the model

is not accurate or in the case of parameter mismatch. It is also not possible to

achieve multi-objective control without the use of cascaded loops in this controller

implementation.
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4.2.4 Model Predictive Control

Model Predictive Control (MPC) was introduced in the late seventies [47] and in

recent years it has been applied to power converters and has been used for different

applications like current control [52], power control [114] for a VSI and current and

torque control for induction motors and permanent magnet machines [55], [56], [57].

Due to the fast sampling times used in the control of power converters, solving the op-

timization problem of MPC online is not practical. One approach is to use an explicit

solution of MPC, solving the optimization problem offline. The resulting controller is

a search tree or a lookup table and can be implemented without big computational

effort. Considering that power converters are systems with finite number of states,

given by the possible combinations of the state of the switching devices, the MPC op-

timization problem can be simplified and reduced to the prediction of the behaviour

of the system for each possible state. Then, each prediction is evaluated using the

cost function and the state that minimizes it, is selected.

Hysteresis-based and trajectory-based controllers makes use of the present state vari-

ables to calculate the value of the control variables in the next sampling instant.

These controllers do not use past variable states for the calculations. Model-based

predictive control methods consider the value of control variable in the previous sam-

pling instant to optimize the future values of control/actuating variables, not just for

the next sampling instant, but up to a specified control horizon.

MPC strategy can be divided into two categories namely continuous and finite set.

Continuous time MPC requires a modulator to control the converter as it generates

continuous control signal whereas finite set MPC selects the control action among a

finite number of switching states directly applied by the converter. It relies on the

switching model of the power converter and has been widely used to control power

converters. The focus of this chapter will be on finite set model predictive control

(FS-MPC). Table 4.1 summarises the different predictive control methods and their

characteristics.
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Table 4.1: Predictive control methods in power electronics

Predictive control methods Features

Deadbeat
Fixed switching frequency

Uses Modulator

Requires cascaded loops for multi-objective control

Hysteresis-based Control
Variable switching frequency

No modulator

Trajectory-based
Variable switching frequency

No modulator

Does not require cascaded loops

Continuous-time MPC

Fixed switching frequency

Requires a modulator

Can include constraints

Not easy to implement

Finite-set MPC

Variable switching frequency

Does not require modulator

Can include constraints

Easy to implement

Online optimization

4.3 FS-MPC-Overview

FS-MPC is an optimization problem where a model of the system is considered in

order to predict its future behaviour over a horizon in time and a sequence of future

actuations is then obtained by minimizing a cost function representing the desired

behaviour of the system. The first element of the sequence is applied and all the

calculation is repeated every sample period. The characteristics of power converters

and modern day control systems is shown in Figure 4.6.
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Figure 4.6: Model Predictive control for power converters

The basic idea of model predictive control strategy involves the following key steps:

• The explicit use of the model of the system to predict the output at future time

instants (horizon).

• Calculation of a control sequence by minimizing a cost function.

• Receding horizon control, this means that at each instant the horizon is moved

forwards and the first control signal of the sequence calculated at each step is

applied at that instant.

MPC algorithms are used in a variety of applications including robotics, process

industries in chemical plants, oil refineries, power system balancing and so on. A

block diagram of the MPC scheme is shown in Figure 4.7.
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Figure 4.7: Model Predictive control scheme block diagram

MPC presents a series of advantages such as:

• Knowing the system model gives the control sequence.

• A variety of processes ranging from simple to complex dynamics can be con-

trolled.

• Can obtain very fast transient response.

• Easy to control a multi-variable system.

• Easy to implement.

• Non-linearities can be easily included.

• Can include various constraints in the cost function as the application demands

without any complex steps.

• It is possible to modify and extend the methodology depending on specific

applications.

MPC has high computation demands due to the calculation of control variables for

future sampling instants. The number of predictions made is referred to as the pre-

diction horizon, Np. By considering a limited number of future sampling instants

called a control horizon, Nc the calculation complexity can be significantly reduced.

After Nc instants, it is assumed that the system has reached steady state and hence

the controller output remains constant. This is illustrated in Figure 4.8.
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k k+1 k+Npk-1

Past Future

Control variable 
Reference variable 
Actuating signal 

k+Nc

Figure 4.8: Control and prediction horizon in MPC

Like any other control strategy, MPC also has its drawbacks. Although the control

law is easy to implement, the derivation of the control equations is more complex

compared to classical PID controllers. Also the quality of the model of the system

has a direct influence on the response of the controller. If the dynamics of the process

does not change, the derivation of the controller can be done beforehand. However if

the system changes in time, then some adaptation or estimation algorithm is required.

Since the application of vectors depends entirely on the cost function minimization

algorithm, it is possible that the same switching state gives the minimum error for

multiple sampling periods. Since the optimized switching state is applied over the

entire sampling interval at all times, it is likely that the optimum switching state

remains the same for more than one sampling period. This generates large ripples in

the waveforms resulting in variable switching frequency. MPC also results in output

waveforms with low order harmonics when compared to conventional control meth-

ods where the prominent harmonics are in the range of switching frequency and its

multiples.
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4.3.1 Control strategy

Finite-set MPC is an optimization problem where a cost function is minimized for

a predefined interval of time also known as the control horizon. The model of the

system that is used to predict the system behaviour is crucial to this control method.

It is advantageous to obtain the system model and controller design in discrete-time

rather than realizing continuous-time models in digital controllers. Hence the system

model and controller description in this case is in discrete-time domain. A discrete-

time representation of a system can be obtained from the state space model. A

linear system can be represented in discrete time state space description as shown in

equation 4.4.

~x(k + 1) = A ~x(k) + B ~u(k)

~y(k) = C ~x(k) + D ~u(k)
(4.4)

where A is the state matrix, B is the input matrix , C is the output matrix and D

the feed-forward matrix. ~x(k) represents the state vector, ~u(k) the input vector and

~y(k) the output vector at instant k. ~x(k+1) is the predicted value of the state vector.

Once the model of the system is derived and predictions of control variables are

made, a cost function is designed to obtain the desired behaviour of the system. This

function mainly comprises of the references and future errors. A typical cost function

will have the following format.

G = f(x(k), u(k)......u(k +Np)) (4.5)

where Np is called the prediction horizon which is the number of sampling intervals

considered.

The optimization problem is to find the minimum value of the cost function and the

switching state that will give the minimum error. The entire process is then repeated

at the next sampling instant.
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4.4 Predictive current control of a Voltage Source

Inverter

As a first step for the application of MPC, load current control of a three phase, two-

level inverter is considered. This is also the most commonly used inverter for motor

drive applications and therefore represents a valid practical example. The MPC

strategy to control the load current for a two level inverter includes prediction of

current errors for all the eight switching states, formulating a cost function describing

the current error and then optimizing the cost function to get the voltage vector that

will produce the minimum error in the next sampling instant.

The power circuit for a three phase, two-level inverter feeding an RL load is shown

in Figure 4.9. As seen in the Figure 4.9, the converter has six switches and three

switching states to control them. Two switches on each inverter phase operate in a

complementary mode in order to avoid short circuiting the DC source. The power

switches S1 to S6 can be connected in a particular manner which can be represented

by the switching states Sa, Sb andSc. VaN , VbN and VcN are the phase neutral voltages

at the output.

Figure 4.9: Power circuit of a 3-phase voltage source inverter
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The switching states of the converter are defined as shown in 4.6-4.8.

Sa =

1 S1 is ON and S4 is OFF

0 S1 is OFF and S4 is ON
(4.6)

Sb =

1 S2 is ON and S5 is OFF

0 S2 is OFF and S5 is ON
(4.7)

Sc =

1 S3 is ON and S6 is OFF

0 S3 is OFF and S6 is ON
(4.8)

Different combinations of these switching states will determine the output voltages.

The load voltage in terms of the input DC source voltage and the switching state is

given by 4.9.

VaN = SaVdc

VbN = SbVdc

VcN = ScVdc

(4.9)

where Vdc is the DC source voltage.

For unity power factor, output voltage space vector can be defined as in 4.10.

v =
2

3
(VaN + aVbN + a2VcN) (4.10)

where a = ej2π/3 .

The three switching states can be connected in eight different combinations to produce

different voltage vectors. Out of the eight, six of the combinations will yield a non-

zero/active voltage vector and the rest of the options result in zero vectors. The active
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vectors represented by V1 to V6 will vary in magnitude and direction and V0 = V7 = 0.

The voltage vectors for all switching combinations can be calculated as follows:

For a zero vector where (Sa, Sb, Sc) = (0, 0, 0),

V0 =
2

3
(0 + a 0 + a20) (4.11)

For an active vector, for example where (Sa, Sb, Sc) = (1, 0, 0),

V1 =
2

3
(Vdc + a 0 + a20) (4.12)

Similarly the voltage vectors for all the eight combinations can be calculated and are

shown in Table 4.2.

Table 4.2: Switching states and voltage vectors for a VSI

Sa Sb Sc V oltage V ectorV

0 0 0 V0 = 0

1 0 0 V1 = 2
3
Vdc

1 1 0 V2 = 1
3
Vdc + j 1√

3
Vdc

0 1 0 V3 = −1
3
Vdc + j 1√

3
Vdc

0 1 1 V4 = −2
3
Vdc

0 0 1 V5 = −1
3
Vdc − j 1√

3
Vdc

1 0 1 V6 = 1
3
Vdc − j 1√

3
Vdc

1 1 1 V7 = 0

The voltage vectors thus attained can be represented in the complex plane as shown

in Figure 4.10.
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V1(1,0,0)

V2(1,1,0)
V3(0,1,0)

V4(0,1,1)

V5(0,0,1) V6(1,0,1)

Im

Re
V0(0,0,0)

V7(1,1,1)

Figure 4.10: Voltage vectors generated by a 3-ph VSI

Once the switching states of the converter are known, predictive controller requires

the load model in order to compute the load currents at k+1 instant.

From Figure 4.9, the equations for the load current dynamics for the three phases

can be written as

VjN(t) = L
dIj(t)

dt
+RIj(t) (4.13)

where j=a,b,c. The three phase equations are then converted to alpha-beta reference

frame to simplify the calculations. Discretising 4.13 in alpha-beta using forward Euler

approximation (see 4.2) the following equations are obtained.

Iα(k + 1) = (1− RTs
L

)Iα +
Ts
L
Vα

Iβ(k + 1) = (1− RTs
L

)Iβ +
Ts
L
Vβ

(4.14)

The predicted values of alpha-beta currents are then used to construct the cost func-

tion. The predictive control algorithm then chooses the optimum switching state

which gives the minimum value of cost function.

To explain the working principle of MPC strategy, a detailed example is shown in

Figure 4.11. Figure 4.11 shows the reference, present instant and future alpha load
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currents and how the predictive controller chooses the correct switching state to

minimize the error between the reference and predicted current. The predicted values

of current Iα(k + 1) are obtained from the measured current Iα(k) and the converter

voltage. In Figure 4.11, Iα(k+ 1), V(0,7)are produced by the voltage vectors V0 and V7.

It is evident from the figure that the current produced by V2 and V6 are closer to the

reference value than any other voltage vectors which in turn will have the minimum

error. The same procedure is done for beta load current to obtain the final cost

function.

Figure 4.11 essentially shows the meaning of cost function as a measure of the error

or distance between the reference and predicted currents. The cost function therefore

is merely the error signal and can be represented as

G =| Iαref (k + 1)− Iα(k + 1) | + | Iβref (k + 1)− Iβ(k + 1) | (4.15)

Figure 4.11: Working principle of MPC:Reference and predicted currents

The predictive control algorithm processes the cost function in 4.15 for all the available

switching states and arrives at the optimum one based on the error minimization

principle. The optimum switching state is then applied to the converter.



4.5. MODEL PREDICTIVE CONTROL OF A MATRIX CONVERTER 86

4.5 Model Predictive control of a Matrix Converter

Figure 4.12: Schematic of matrix converter feeding an RL load

Control of a direct matrix converter using MPC can be achieved in the same way

as a two-level inverter. However, for matrix converter the computational effort is

more than that of a two-level inverter due to the presence of 27 switching states

which corresponds to 27 iterations of the cost function minimization algorithm. MPC

strategy is applied to a matrix converter to control the load current with different

loads like RL load and induction machine. A schematic of a direct matrix converter

feeding an RL load is shown in Figure 4.12. The control strategy where the load

currents are controlled is also known as the predictive current control (PCC). To

demonstrate the multi-objective control feature of MPC, control of load current and

instantaneous input reactive power will also be discussed in this chapter.
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Figure 4.13: Control block diagram for PCC of matrix converter

The control block diagram of MPC applied to a direct matrix converter feeding an

RL load in Figure 4.13 shows the different stages involved in this strategy. The basic

steps for the MPC strategy applied to MC are determination of the system model

(converter and load), prediction of control variables and Cost function calculation

and optimization. These steps are discussed in detail in the following sections.

4.5.1 Converter model

The output voltages and input currents of the matrix converter can be obtained from

the circuit schematic in Figure 4.12 as shown in 4.16.
va(t)

vb(t)

vc(t)

 =


mAa mBa mCa

mAb mBb mCb

mAc mBc mCc

 .

vA(t)

vB(t)

vC(t)

 (4.16)

where va(t), vb(t) and vc(t) are the converter output voltages and vA(t), vB(t) and vC(t)

the three phase supply voltages. Similarly the input currents of the converter can be
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calculated from the output currents using equation 4.17.


iA(t)

iB(t)

iC(t)

 =


mAa mBa mCa

mAb mBb mCb

mAc mBc mCc


T

.


ia(t)

ib(t)

ic(t)

 (4.17)

where ia(t), ib(t) and ic(t) are the three phase load currents and iA(t), iB(t) and iC(t)

the supply currents. mij for i=A,B,C and j=a,b,c are the modulation indices where

mij =
tij
Ts

. Ts is the sampling time and tij is the time for which the switch is ON.

If the control of the input reactive power or supply current is required, the input filter

model should also be considered. For example, for phase A the schematic of the input

filter is shown in Figure 4.14.

Cf

Lf

RdVsA, IsA
ViA

IlA
AC

IiA

Figure 4.14: Input filter schematic for Phase A

An LC filter with a damping resistor is considered in this case. From Figure 4.14 the

continuous time state space model of the filter can be derived and is given by 4.18.

˙x(t) =

− 1
RdCf

1
Cf

− 1
Lf

0


︸ ︷︷ ︸

Ac

x(t) +

 1
RdCf

− 1
Cf

− 1
Lf

0


︸ ︷︷ ︸

Bc

u(t) (4.18)

where x(t) =

[
ViA(t)

IlA(t)

]
and u(t) =

[
VsA(t)

IiA(t)

]

Discretising 4.18 by applying forward Euler’s approximation which is commonly used
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in predictive control methods, results in 4.19.

ViA(k + 1) = Ts

(
ViA(k)(

1

Ts
− 1

RdCf
) +

1

RdCf
VsA(k) +

1

Cf
(IlA(k)− IiA(k))

)
IlA(k + 1) = IlA(k) +

Ts
Cf

(ViA(k) + IiA(k))

(4.19)

From 4.19 , Is(k + 1) can be calculated as shown below.

IsA(k + 1) = IlA(k + 1) +
VsA(k + 1)− ViA(k + 1)

Rd

(4.20)

The voltage after the input filter, ViA is obtained from the voltage transducers. It

can be noted that input current control requires at least two additional measurement

sensors.

4.5.2 Load model

4.5.2.1 RL load

To determine the load current in the next sampling interval, a mathematical model

of the load is required. The continuous time model of a resistive-inductive load is

given by

L
dio(t)

dt
= vo(t)−R io(t) (4.21)

where R and L are the load resistance and inductance respectively, io(t) = [ia(t) ib(t) ic(t)]
T

the load currents and vo(t) = [va(t) vb(t) vc(t)]
T the matrix converter output voltage.

Discretising 4.21, using forward Euler approximation (see 4.2) ,the discrete time model

of the load can be obtained as shown in 4.22.

Io(k + 1) = (1− RTs
L

)Io(k) +
Ts
L
Vo(k) (4.22)
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4.5.2.2 Induction Machine

For an induction motor(IM), the stator current control is based on model of the

machine [106] in a field oriented reference frame. The stator equations of an IM in

this reference frame are given in 4.23.

Vsd = IsdRs +
dΨsd

dt
− ωeΨsq

Vsq = IsqRs +
dΨsq

dt
+ ωeΨsd

(4.23)

where Vsd and Vsq are the stator voltages, Ψsd and Ψsq the stator fluxes, Isd and Isq

the stator currents in the dq co-ordinate frame and ωe is the speed of the rotor flux.

Discretising the stator equations in 4.23 by applying forward Euler approximation, the

stator fluxes can be estimated. The stator currents can then be predicted in order to

form the cost function. The current prediction is also done in the dq reference frame

since a field oriented model is used.

Isd(k + 1) = Isd(k) + ε(Vsd(k)−RsIsd + σLsωeIsq(k))

Isq(k + 1) = Isq(k) + ε(Vsq(k)−RsIsq − σLsωeIsd(k)− ωe
L2
m

Lr
Isd)

(4.24)

where ε = Ts
σLs

and σ = 1− L2
m

LsLr

The predicted currents in 4.24 are then used to formulate the cost function for model

predictive control.

4.5.3 Cost function

Once the predictions of control variables are obtained, a cost function which translates

the desired behaviour of the system is designed. An output current reference is used

in the case of RL load to control the current. Thus the resulting cost function will
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be as in 4.25.

Ga =| Iref (k + 1)− Io(k + 1) | (4.25)

To demonstrate the multi-variable control capability of MPC, instantaneous input

reactive power is also taken into account. The instantaneous input reactive power of

the system at instant k+1 is given by 4.26.

Q(k + 1) = Vsβ(k + 1)Isα(k + 1)− Isβ(k + 1)Vsα(k + 1) (4.26)

The cost function corresponding to reactive power control can then be written as

Gb =| Qref (k + 1)−Q(k + 1) | (4.27)

where Qref = 0 for unity power factor.

The final cost function to control both load current and instantaneous input reactive

power is given by

G = Ga + WGb (4.28)

where W is the weighting factor which dictates the prominence of one control variable

over the other in case of multi-variable control. There is no specific procedure or

calculation for the selection of W and this has been a topic of debate in the area

of model predictive control over the last few years. One way to find the weighting

factor is by normalization when there are more than one control variables. In this

case, the normalization procedure will result in a specific weighting factor for each

of the control variables and will be fixed. Another approach is to fix the weight of

one variable and changing the weight of the other variable in the cost function until

desired behaviour is attained.

As seen from 4.28 the cost function is essentially the magnitude of the error between

the reference and the measured value of the controlled variables. The objective of

the control is to minimize this error and find the switching combinations that will

produce the minimum error.
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4.5.4 Implementation issues- Computation delay

As explained earlier, MPC involves measurement of control variables, prediction of

the variable at the next sampling instant and cost function optimization to select

the optimum switching states.Ideally the time taken to perform these computations

should be negligible. In that case the measurement of currents and application of

the optimum switching state will take place in the same sampling instant. Thus the

switching state which will produce minimum error at (k+1) is applied at instant k.

Figure 4.15: (a) Ideal and (b) actual implementation of FCS-MPC

For a matrix converter these computations have to be repeated 27 times as there

are 27 switching states and practical implementation using microprocessors is not

straightforward. In reality, the time taken to compute the predictions and cost func-

tions for all switching states is significant enough to cause a delay. So the switching

states are not applied exactly at instant k but with a delay as shown in Figure 4.15.

This delay has to be compensated as it affects the performance of the control. This is

done by predicting two steps ahead and optimizing the cost function at (k+2) instead

of (k+1). The currents at (k+1) can be estimated from the switching states applied
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at k with the help of the system model as shown in 4.29.

Io(k + 2) = (1− RTs
L

)Io(k + 1) +
Ts
L
Vo(k + 1) (4.29)

A flowchart of the MPC control strategy for matrix converter with delay compensation

is shown in Figure 4.16. Even though the flowchart shows indicated two different

loops for the cost function optimization and duty cycle calculation, in practice it is

implemented in a single loop.

Figure 4.16: Flowchart of MPC with delay compensation
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4.6 Simulation Results

Simulation of a direct matrix converter controlled by MPC is done for both RL

load and an induction motor in Matlab Simulink (control algorithm) environment

together with Plecs blockset (converter model). It should be noted that the simulation

tests are performed for load current control only and the supply current remains

uncontrolled. The simulation results for these scenarios employing (k+2) predictions

are discussed in the following sections. The simulation also takes into account the

four-step commutation in matrix converter and the measurement delays in the FPGA.

A control block diagram of MPC for matrix converter is shown in Figure 4.17.

I*
o

Io

Constraints

Load

Sij

ModelConverter

Matrix 

Optimization 

Cost function

Load current

Prediction of

Vs,Is

Io(k+1)

Input filter

3

Vs

Figure 4.17: Block diagram of MPC for a matrix converter

4.6.1 Matrix Converter Feeding RL Load

The control of load current of matrix converter feeding RL load using MPC is dis-

cussed in this section . An open loop schematic of the matrix converter system is

shown in Figure 4.12. In the case of RL load, control of the currents is achieved in

alpha-beta reference frame to simplify and reduce the computation complexity. The

parameters of the system are given in Table 4.3.
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Table 4.3: Simulation parameters

Parameter Value Unit

Load resistance, R 10 Ω

Load inductance, L 3.75 mH

Input filter capacitance, Cf (delta) 8.3 µF

Input filter inductance, Lf 0.7 mH

Damping resistor, Rd 10 Ω

Supply frequency 50 Hz

Output frequency 30 Hz

Sampling time, Ts 80 µs

SupplyV oltage, Vs 80 V

MPC is employed to control the load current when a reference of 5A at 30Hz is de-

manded from the system. The predicted load current is obtained from the load model

using 4.22 and is used to calculate the cost function. The switching state resulting

in the minimum value for cost function is selected by the predictive controller. The

three phase controlled load currents and output line voltage of matrix converter is

shown in Figure 4.18. Figure 4.18 also shows the Fast Fourier Transform (FFT) of

Phase A load current. It is evident from the figure that the harmonics are concen-

trated at the lower frequency range as expected from a predictive controller. This is

because the controller chooses a switching state that produces the minimum current

error and the switching state selected in the next instant does not depend on the

number of commutations required but solely on the cost function value. THD of the

controlled load current is approximately 8.09% which is not desirable and significantly

high compared to methods involving modulation.

To demonstrate the dynamics of the controller, a step change in current reference

magnitude from 2A to 4A is introduced at t=0.2s. The performance of the controller

in this case is depicted by Figure 4.20. It is evident from Figure 4.20 that the controller

responds to the change in magnitude swiftly.
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Figure 4.18: Three phase load currents (top), MC output line voltage (middle) and
FFT of Phase A load current (bottom) at steady state

Since the source currents are not explicitly controlled, the only criterion the controller

considers is the load current error. This results in an input current will be uncontrolled

and not sinusoidal as shown in Figure 4.19.
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Figure 4.21 shows the performance of the controller when the frequency of the output

current reference is changed from 20Hz to 40Hz at t=0.2s. The load currents track

the changes in the references swiftly, exhibiting a fast transient response.
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Figure 4.20: Step change in magnitude of the load current demand
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4.6.2 Matrix Converter Feeding an Induction Machine

Vsa

Cf

Vsb

Vsc

Matrix 

Converter 

Ias

Ibs

Ics

Lf

Rd

Vabc

IM

Figure 4.22: Open loop schematic of matrix converter drive

A 3kW, star connected induction motor is considered to implement MPC for the

stator current control. The speed of the machine is controlled by a conventional PI

controller. The q-axis current reference is obtained from the speed controller. An

open loop schematic of the system is shown in Figure 4.22. The parameters of the

machine are as shown in Table 3.2. The control block diagram for MPC of a matrix

converter drive is shown in Figure 4.23.
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Figure 4.23: Control block diagram of MPC for matrix converter drive

A speed demand of 500rpm is applied to the speed controller at no load condition

and the resulting waveforms are shown in Figure 4.24 and Figure 4.25. The reference

tracking of d and q-axis stator currents are shown in Figure 4.24 and it is evident from

the graph that the dq stator currents follow the references with negligible steady state

error. It can be noted that the starting torque of the machine in Figure.4.25 reaches

the nominal value slowly. This is because the speed demand was applied before the

machine is magnetized. The THD of the controlled stator currents is approximately

5.1%.
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Figure 4.24: Reference tracking of dq stator currents at no load operation
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Figure 4.25: Speed,Three phase stator currents and torque of the machine during
transient and steady state operation at no load

Figure 4.25 shows the speed of the machine together with the speed reference, three

phase stator currents and electromagnetic torque during the transient and steady

state operation. To study the dynamics of the controller with step changes in the

reference quantities, the speed reference is changed from 200rpm to 500rpm at t=1.2s.

The resulting waveforms of the speed, three phase currents and torque are shown in

Figure 4.26. In Figure 4.24 and Figure 4.25, it can be noted that the torque response

is slow at the beginning of the test. This is because, in the simulation the speed

demand was applied before the machine is magnetised. From these waveforms it is

clear that MPC has a fast transient response and can yield good results with an

accurate system model.
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Figure 4.26: Speed,Three phase stator currents and torque of the machine during
transient and steady state operation at no load

4.7 Summary

The basic principle of predictive control and various categories of the same were

discussed in this chapter. Finite-set Model Predictive Control has been given special

emphasis, being a relatively modern control strategy that has gained popularity in

recent years for the control of power converters. Multi-variable control capability

without the need for nested loops, inclusion of non linearities and control constraints

in the cost function, fast transient response are some of the promising features of

MPC. The shortcoming of this method is the variable switching frequency operation.

MPC applied to a 3-phase two level inverter is used to elaborate on the control

strategy. Simulation results for control of matrix converter feeding an RL load and

IM shows the ability of the controller to control more that one variable without

cascaded loops. The advantages of this method shows its relevance in applications
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that require fast transient response.



Chapter 5

Fixed Switching Frequency

Predictive Control for a Direct

Matrix Converter

5.1 Introduction

A fixed switching frequency predictive control attempts to overcome one of the major

shortcomings of MPC which is variable switching frequency. This chapter studies

two different strategies that can achieve a fixed switching frequency operation for a

direct matrix converter. This is achieved by having an intrinsic modulation scheme

in the control algorithm. The two methods discussed in this chapter are Modulated

Model Predictive Control (M2PC) and Direct Predictive Current-error Vector Con-

trol (DPCVC). The basic principle of M2PC and DPCVC and their implementation

procedure when applied to a direct matrix converter feeding a resistive inductive

load and an induction machine are discussed in this chapter. Simulation results of

load current control of a direct matrix converter using M2PC and DPCVC are also

included to validate the control theory and analyse the performance.

103
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5.2 M2PC control strategy

The main objective of M2PC is to combine the ideas of SVM and MPC to create a

control method with the positive features of both [66]. The result is a multi-objective

model predictive control strategy with fixed switching frequency. This is achieved by

embedding a modulation scheme in the predictive control structure.

Table 5.1: Comparison of features of SVM with PI controller, MPC, M2PC and
DPCVC

Features PI with SVM MPC M2PC DPCVC

Fixed switching frequency 3 7 3 3

Modulation scheme 3 7 3 3

Multi variable control
without cascaded loops 7 3 3 3

Addition of non-linearities
and Constraints 7 3 3 3

A comparison of the features of M2PC, MPC, DPCVC and PI controller with SVM is

shown in Table 5.1. The key components of the M2PC method include predictive con-

trol using cost function optimization and a modulation scheme to generate the voltage

vectors and their application times within a sampling interval as dictated by the pre-

dictive controller. The control variables are predicted for future sampling intervals to

form the cost function which describes the desired behaviour of the system. Unlike

MPC where the switching state that results in the minimum cost function is applied

for the whole sampling duration, the M2PC applies more than one vector within one

sampling interval. The number of vectors applied depends on the converter. The

application times for the vectors applied are calculated using the cost functions for

different switching states. The application of vectors for specified times within the

sampling interval to generate the desired voltage vector is the main characteristic of

M2PC strategy.

The working principle of the M2PC is based on the assumption that the dynam-
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ics of the system/load within one sampling interval is linear.This means that any

non-linearities in the load within the sampling interval will not be considered. This

approximation is reasonable for a RL load and induction machine.

The M2PC strategy has been successfully applied to a three phase active front rectifier

[63], three phase two level inverter [68], cascaded multilevel converters [66, 65, 64, 67]

and indirect matrix converter [69, 70] with excellent results. This is being extended

to a direct matrix converter for load current control in this thesis.

5.3 M2PC for 2-level inverter

The fundamental principle of M2PC can be explained using the example of a three

phase 2-level inverter [68]. A three phase 2-level inverter in Figure 5.1 has eight

switching states out of which six produce active or non-zero vectors and two produce

zero vectors [68].

Figure 5.1: Schematic of a three phase 2-level inverter

The desired voltage in the inverter is produced by the combination of two consecutive

active vectors and two zero vectors for their respective duty cycles. In standard

SVM, the duty cycles are calculated based on the voltage vector magnitudes whereas

in M2PC this is based on the value of cost functions / error for two adjacent switching

states. The M2PC algorithm minimizes the cost functions for each switching state
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and applies the vectors with minimum error for their respective duty cycles within a

sampling interval.

The switching states and available voltage vectors for a three phase 2-level inverter

are shown in Table 4.2. To elaborate on the M2PC strategy, load current control

in the case of a RL load is considered. The predicted load currents in alpha-beta

co-ordinate frame for all the 8 switching states can be derived from 5.1.

Iα(k + 1) = (1− RTs
L

)Iα(k) +
Ts
L
Vα(k)

Iβ(k + 1) = (1− RTs
L

)Iβ(k) +
Ts
L
Vβ(k)

(5.1)

The cost functions for each switching state is calculated using 5.2 and minimized as

in the predictive control strategy. This results in three cost functions G1, G2 and G0

for each voltage vector needed for modulation.

Gj =| Iαref (k + 1)− Ijα(k + 1) | + | Iβref (k + 1)− Ijβ(k + 1) | (5.2)

where j=0,1,2. The voltage vectors produced by each switching state for a VSI is

shown in Figure 5.2. The duty cycle for each vector is then calculated by minimizing

the cost function for two adjacent states. This is done for all possible switching

combinations such as (1,2),(2,3),(3,4),(4,5),(5,6),(6,1).

V1(1,0,0)

V2(1,1,0)
V3(0,1,0)

V4(0,1,1)

V5(0,0,1) V6(1,0,1)

Im

Re
V0(0,0,0)

V7(1,1,1)

Figure 5.2: Voltage vectors generated by a 3-ph inverter

The duty cycles are derived by solving the set of linear equations in 5.3 based on the

behaviour of predictive control that the application time of a vector will be inversely
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proportional to its cost function.

t1 =
k1
G1

t2 =
k1
G2

t0 =
k1
G0

t1 + t2 + t0 = Ts

(5.3)

where k1 is the normalizing constant and t1, t2 and t0 are the application times for the

active and zero vectors. Once the value of k1 is calculated from 5.3, the duty cycles

can be determined using 5.4.

d =
t

Ts
(5.4)

The resulting expression for the duty cycles of the active and zero vectors in terms

of their cost functions is given by 5.5.

d1 =
G0G2

G1G0 +G2G0 +G1G2

d2 =
G0G1

G1G0 +G2G0 +G1G2

d0 =
G1G2

G1G0 +G2G0 +G1G2

(5.5)

Once the duty cycles are calculated, the new cost functions for each adjacent pair of

vectors is minimized to obtain the optimal set of vectors with their respective duty

cycles. The new cost function which determines the switching states to be applied in

the next sampling interval is given by 5.6.

Gnew = d1G1 + d2G2 + d0 ∗G0 (5.6)
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The minimization procedure is then to select the set of vectors that can produce the

least cumulative error in a similar manner to that of a predictive control algorithm.

The two active vectors which minimizes the cumulative cost function dictated by 5.6

is chosen to be applied in the next sampling interval together with the zero vectors.

The vectors are applied in a symmetrical switching pattern as shown in Figure 5.3

with the objective of applying two active and two zero vectors.

d0/4 d1/2 d1/2d0/2d2/2 d2/2 d0/4

V1

V2

V0

Ts

Figure 5.3: Switching pattern for 2-level inverter

5.4 M2PC for a Direct Matrix converter

Applying the M2PC to a direct matrix converter is a complex task due to the presence

of 27 switching states [35] resulting in a higher number of iterations to select a set of

voltage vectors. This increases the computational effort compared to that of a 2-level

inverter, which only presents 8 switching states.

The procedure required for the implementation of M2PC is very similar to the con-

ventional MPC method explained in chapter 4, with the addition of an algorithm to

calculate the duty cycles for the vectors applied. This procedure is composed of four

stages such as:

• Determination of system model.

• Prediction of the control variable.



5.4. M2PC FOR A DIRECT MATRIX CONVERTER 109

• Cost function calculation.

• Duty cycle calculation.
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Figure 5.4: Control block diagram for M2PC

Figure 5.4 shows the control block diagram for the M2PC method applied to a direct

matrix converter. A reference current is imposed upon the system and the controller

is designed using the system model discussed in section 5.4.1, so that the load current

tracks the reference. The measured currents are then used to predict the value of

the current at the future sampling instant. The reference and predicted currents are

then used to calculate the cost function which will be used to compute duty cycles

for the active and zero vectors. Unlike 2-level inverters with two active and two zero

vectors, matrix converter usually makes use of four active and three zero vectors to

obtain sinusoidal currents and voltages.

5.4.1 System Model

The system model plays a vital role in model predictive control strategies. For load

current control, it includes the converter model and the load model. A schematic of
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the matrix converter circuit considered in the design of the control algorithm is shown

in Figure 5.5. The circuit consists of direct matrix converter, an input filter and a

RL load.

Figure 5.5: Schematic of matrix converter feeding RL load

5.4.1.1 Converter Model

A model of the converter is required to obtain the output voltages of the converter

for each switching state. The converter output voltages and input currents can be

obtained from Figure 5.5 as follows:
¯va(t)

¯vb(t)

¯vc(t)

 =


mAa mBa mCa

mAb mBb mCb

mAc mBc mCc


︸ ︷︷ ︸

M

.


vA(t)

vB(t)

vC(t)

 (5.7)
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
¯iA(t)

¯iB(t)

¯iC(t)

 =


mAa mAb mAc

mBa mBb mBc

mCa mCb mCc


︸ ︷︷ ︸

MT

.


ia(t)

ib(t)

ic(t)

 (5.8)

where v̄ and ī are the output voltage and input current vectors respectively. M is

the transfer matrix consisting of the modulation indices for all the nine bidirectional

switches.

5.4.1.2 Load Model

The two types of load considered in this study are resistive-inductive (RL) load and

an induction machine. The discrete time load equations for an RL load can be derived

from the continuous time model of the circuit shown in Figure 5.5 as follows:

V (k) = (R− L

Ts
)Io(k) +

L

Ts
Io(k + 1) (5.9)

where V(k) - Converter voltage at instant k

Io(k) - Load current at instant k

Io(k + 1)- Load current at instant k+1

Ts - Sampling time

The discrete time equations for the stator voltages of an induction machine can be

obtained from the continuous time equations in the field oriented reference frame

[106]. The resulting model for the IM is shown in 5.10.

Vsd = IsdRs +
dΨsd

dt
− ωeΨsq

Vsq = IsqRs +
dΨsq

dt
+ ωeΨsd

(5.10)

where Ψsd and where Ψsq are the d-axis and q-axis stator flux respectively.
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5.4.2 Prediction of Control Variables

For an RL load, prediction of load current makes use of the current measurement

at the present instant or instant ’k’ and the load parameters as in 5.9. In MPC,

the prediction of load current is carried out once using the optimal switching state

from the previous instant. Since the M2PC incorporates a modulation scheme, more

than one active vector will be applied during one sampling interval. For a matrix

converter, out of the 27 switching states, the six rotating vectors are not considered

for modulation resulting in 21 switching states to choose from. As in a standard

SVM strategy [26] it is assumed that a minimum of four active vectors is required

to get sinusoidal waveforms for a matrix converter. Hence the M2PC strategy will

also consider four active vectors and three zero vectors to apply during one sampling

interval. The four active vectors are obtained by selecting the sequence adopted by

a standard SVM scheme [26]. The sequence in SVM is formulated by considering

the input current sector and output voltage sector which will amount to a total of 36

sequences. Each sequence consists of four active and three zero vectors. Since the load

current is controlled in this case, the output voltage sector is unknown. Therefore

the selection of the sequences is made based on the input current sector that can

be obtained from the supply voltages. Thus for every input sector, there will be 18

sequences of vectors that can produce the desired load current. The M2PC controller

selects the sequence which produces the minimum cumulative error. The predictions

for four active vectors and zero vectors are done as if they were applied for the whole

sampling interval. For example, for one sequence containing four active and three

zero vectors, the predictions of load current are calculated as shown in 5.11 and 5.12

respectively. The predicted value of load current for all the three zero vectors will be

the same and hence it is only required to calculate it once.
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For active vectors :

I1o (k + 1) = (1− RTs
L

)I1o (k) +
Ts
L
V 1
o (k)

I2o (k + 1) = (1− RTs
L

)I2o (k) +
Ts
L
V 2
o (k)

I3o (k + 1) = (1− RTs
L

)I3o (k) +
Ts
L
V 3
o (k)

I4o (k + 1) = (1− RTs
L

)I4o (k) +
Ts
L
V 4
o (k)

(5.11)

For zero vectors:

Io(k + 1) = (1− RTs
L

)Io(k) (5.12)

For an IM, the procedure remains the same. The equations for stator current predic-

tions in dq co-ordinate frame are obtained as shown in 5.13.

Isd(k + 1) = Isd(k) + ε(Vsd(k)−RsIsd(k)

+ σLsωeIsq(k))

Isq(k + 1) = Isq(k) + ε(Vsq(k)−RsIsq(k)

− σLsωeIsd(k)− ωe
L2
m

Lr
Isd(k))

(5.13)

where ε = Ts
σLs

and σ = 1− L2
m

LsLr
.

As in the case of RL load, predictions have to be made for each of the active and

zero vectors using 5.13. The resulting equations are then used to formulate the cost

function.
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5.4.3 Cost Function Calculation

Just as in MPC, the switching states are selected based on a cost function minimiza-

tion. The cost function can include different performance factors according to the

control variables and constraints required. More than one variable can be controlled

with the same control loop, providing a multi-objective control approach and avoiding

nested loops.

The cost function for load current control is essentially the error between the current

demand and predicted current at (k+1) instant. This results in five cost functions

G0, G1, G2, G3 and G4 for each active and zero vectors. The set of quadratic cost

functions can be calculated using the pre-calculated predicted currents in 5.11 as

shown in 5.14.

G0 = (Ioref (k + 1)− I0o (k + 1))2

G1 = (Ioref (k + 1)− I1o (k + 1))2

G2 = (Ioref (k + 1)− I2o (k + 1))2

G3 = (Ioref (k + 1)− I3o (k + 1))2

G4 = (Ioref (k + 1)− I4o (k + 1))2

(5.14)

where Ioref (k + 1) is the current demand at (k+1) instant.

For an induction machine load, the cost function for stator current control can be

represented as follows:

Gj = (Isdref (k + 1)− Ijsd(k + 1))2 + (Isqref (k + 1)− Ijsq(k + 1))2 (5.15)

where j=0,1,2,3,4 for each of the vectors.

Once the cost functions for each of the active and zero vectors are calculated, the

predictive control will choose the best sequence of vectors which produces the least
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error. These vectors are then applied within the sampling interval with respective

duty cycles. The duty cycles are calculated based on the cost function values of the

active and zero vectors.

5.4.4 Duty Cycle Calculation

The application times for each of the vectors are calculated from the cost functions

computed for each of the switching state. This method is based on the assumption

that, per sampling interval, the system dynamic is linear in nature. From this it is

possible to calculate approximate application times for each vector as a percentage

of the total sampling time. The relation between the application times of the vectors

and their corresponding cost functions can be written as follows.

t =
k1
G

(5.16)

where k1 is the proportional constant. Using the above equation for four active vectors

and zero vector for a MC will result in a set of five equations each dictating the

application times for a particular vector in terms of the proportional constant. The

condition that holds true for all the vectors applied is that the sum of the application

times for all the vectors should be equal to the sampling time as shown in 5.17.

t1 + t2 + t3 + t4 + t0 = Ts (5.17)

where t1, t2, t3, t4 are the times for the four active vectors and t0 is the total time for

three zero vectors. By substituting 5.16 in 5.17, the proportional constant can be

obtained as shown in 5.18.

k1 =
G0G1G2G3G4Ts

(G1G2G3G4 +G0G2G3G4 +G0G1G3G4 +G0G1G2G4 +G0G1G2G3)
(5.18)
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The application times for the vectors can then be derived by substituting the value

of the proportional constant. The resulting set of duty cycles in shown in 5.19.

t1 =
(G0G2G3G4Ts)

A

t2 =
(G0G1G3G4Ts)

A

t3 =
(G0G1G2G4Ts)

A

t4 =
(G0G1G2G3Ts)

A

(5.19)

where A = (G1G2G3G4 +G0G2G3G4 +G0G1G3G4 +G0G1G2G4 +G0G1G2G3).

Once the application times for active vectors are obtained, the time for zero vectors

can be calculated from 5.17.

t0 = Ts − (t1 + t2 + t3 + t4) (5.20)

The duty cycles for each of the vectors will be related to the error associated with

that voltage vector. The active and zero vectors are then arranged in a symmetrical

manner as shown in Figure 5.6; to achieve minimum switching losses and harmonic

content. The switching pattern is the same as that used in a SVM scheme in [26].

In Figure 5.6, t01, t02 and t03 are the application times for the three zero vectors and

t1, t2, t3 and t4 for the four active vectors.

Figure 5.6: Double sided symmetrical arrangement of vectors for a MC

To account for the computation delay in practical implementation of this control

method, all the results shown in this thesis compensates for this delay by predicting

the control variable for two sampling intervals. Figure ?? shows the experimental
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results of matrix converter output current control with a RL load, when the cost

function is calculated using (k+1) and (k+2) predictions of control variables.

Figure 5.7 shows the flowchart of M2PC algorithm incorporating delay compensation.

As opposed to the two-loop method shown in the flowchart, in practice the prediction,

cost function optimization and duty cycle calculation algorithm is carried out in a

single loop to reduce computational time.

Figure 5.7: Flowchart of M2PC algorithm
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5.5 Simulation Results

The M2PC is applied to a direct matrix converter feeding an RL load and an in-

duction motor and simulations are done in Matlab Simulink environment to study

the performance. The control algorithm is implemented in Matlab Simulink and the

switching model of the converter is modelled using Plecs. A sampling time of 80µs is

considered for both cases. The simulation also takes into account the four-step com-

mutation [102] in direct matrix converter and the measurement delays in the control

platform. The simulation tests consider the control of load currents while the supply

currents remain uncontrolled.
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Figure 5.8: Control block diagram of M2PC for a matrix converter

5.5.1 Matrix converter feeding RL load

The load current of a matrix converter feeding an RL load is controlled using the

M2PC and the resulting waveforms are presented in this section. A load current

reference of 5A at 30Hz is demanded from the system. Figure 5.9 shows the three

phase load currents and the corresponding MC line voltage at steady state. A FFT of

Phase A load current at steady state is also shown in Figure 5.9. It is worth noting the
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presence of harmonics in the range of switching frequency, 12.5kHz and its multiples.

This is a result of fixed switching frequency operation. THD of the controlled load

current is approximately 6.3 % which is lower than that of the current controlled by

MPC. The three phase currents on the supply side of the converter is shown in Figure

5.10. Since the supply side currents are not controlled, it can be noted that they are

not sinusoidal.
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Figure 5.9: Three phase load currents of MC controlled by M2PC
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Figure 5.10: Three phase supply currents of MC controlled by M2PC

To demonstrate the fast dynamic response of M2PC, a step change from 2A to 4A is

introduced at t=0.2s. The resulting waveform is shown in Figure 5.11. It is evident

from the figure that the load current follows the step demand in reference current

reaches steady state within a few samples. This proves that M2PC can provide fast

transient response which is a characteristic it inherited from MPC.
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In addition to the step change in current reference magnitude, a step change in the

frequency of the current reference from 20Hz to 40Hz is also introduced. The resulting

waveform is shown in Figure 5.12. The tests show that the M2PC is able to handle

any abrupt changes in the reference signal without any overshoots or instability.

5.5.2 Matrix converter feeding an induction machine

A 3kW induction machine is fed using a matrix converter and the stator currents at

no load condition are controlled using the M2PC strategy. A schematic of the whole

system is shown in Figure 4.22 in section 4.6.2 and a control block diagram for the

same is shown in Figure 5.13.



5.5. SIMULATION RESULTS 122

Sijk Matrix 

Converter

Modulated 

model predictive 

control

Io

PI
+ _

r

r
*

r

IM

Vsabc

Vabc

Isq
*

Isd
*

Vsabc

abc-dq
Isd,Isq

Duty cycle 

calculation

Figure 5.13: Control block diagram of M2PC for matrix converter drive

The parameters of the machine are given in Table 3.2. The speed of the machine

is controlled by a PI controller which outputs the q-axis stator current reference.

A speed demand of 500rpm is applied to the machine and Figure 5.14 shows the

performance of the M2PC current controller compared to the reference currents. It is

evident from Figure 5.14 that the stator currents are controlled without any steady

state error and present a very fast dynamic response. The THD of the controlled

stator currents is approximately 4.6%. However, it was observed that the quality of

the controlled currents diminishes with decreasing voltage ratios.

The speed of the machine, three phase currents and the electromagnetic torque of

the machine during the same speed transient of Figure 5.14 is shown in Figure 5.15.

The stator currents reach the steady state value as expected without any overshoots

or ripple.
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Figure 5.16 shows the performance of the drive when step change in speed from

200rpm to 500rpm is applied at t=1.2s. This shows the fast transient response of the

controller when there is a sudden change in the reference signal which is a characteris-

tic of MPC. The quality of the currents at higher modulation index is however better

than that of a drive controlled using MPC due to the modulation scheme involved.
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Figure 5.16: Speed, Three phase stator currents and Torque during step change in
the speed of the machine at no load

5.5.2.1 Multi-objective M2PC

One of the positive features of the M2PC is the ability to control more than one

control variable simultaneously without the use of cascaded loops. To analyze the
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performance of the strategy for mutli-objective control, a matrix converter feeding

an IM is considered where both speed and stator current control is achieved by the

M2PC. A control block diagram that depicts the procedure is shown in Figure 5.17.
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Figure 5.17: Control block diagram of M2PC for matrix converter drive

To demonstrate the multi-objective control capability of the M2PC, control of the

speed of the induction machine is also included in the M2PC cost function, thereby

eliminating the need for a PI speed controller. The speed of the machine at the future

instant is predicted from the torque equation of the machine as shown in 5.21.

Te = Tload + J
dwr
dt

+Bvwr (5.21)

Rearranging 5.21 and applying forward Euler approximation, the predicted value of

speed can be obtained as shown in 5.22.

wr(k + 1) = wr(k) + Ts(Te − Tload −Bvwr) (5.22)

The electromagnetic torque, Te can be expressed in terms of the stator currents as

shown in 5.23. It can be noted that this equation is accurate only during the steady

state operation of the machine and does not account for the transients. This is due

to the assumption that the flux in the machine remains constant which is applicable

only in steady state.

Te =
3

2

P

2

L2
m

Lr
IsdIsq (5.23)
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The reference for the torque producing current can be obtained by substituting 5.23

in 5.22 as shown in 5.24.

Isqref =
JLr(wref − wr)/Ts +Bvwr + Tload

3L2
mIsd

(5.24)

The cost function for the speed controller is the quadratic error between the reference

speed and the predicted speed and is expressed as shown in 5.25.

Gw = (wref (k + 1)− wr(k + 1))2 (5.25)

By merely adding the cost function for speed control given by 5.25 to the current

control cost function, Gcurr together with appropriate weighting factor, the control of

speed and stator current control can be achieved without cascaded loops. A weighting

factor determines the emphasis on each of the control variables. A higher weighting

factor for one variable indicates that priority is given for that variable compared to

the another variable in the same cost function. The choice of weighting factor is

often done by trial and error and is still a debatable topic in the area of predictive

control as there is no concrete procedure to calculate it. The final cost function for

the simultaneous control of both speed and stator currents of an induction machine

is given by 5.26.

Gfinal = Gcurr + Aw ∗Gw (5.26)

where Aw is the weighting factor for speed control. In this case, the weighting factor is

determined by fixing the co-efficient ofGcurr to 1 and changing the Aw until the desired

response is achieved. The weighting factor that has been used in this simulation is

Aw = 0.8.

5.5.2.2 Simulation Results

Simulation of the M2PC strategy to control both speed and stator currents of an

induction machine fed by a direct matrix converter is performed in Matlab Simulink
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environment. The simulation results when a speed reference of 500rpm is demanded

from the system is shown in Figure 5.18. As seen from Figure 5.18, the speed, dq-

axis and three phase stator currents follows the reference with negligible steady state

error. This indicates that the need for a separate PI controller to control the speed

of the machine can be eliminated by including the speed error in the cost function.

Thus it can be inferred that the M2PC method is capable of multi-objective control

without using nested loops.
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Figure 5.18: Speed, Three phase stator currents and torque during step change in the
speed of the machine.
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5.6 Limitations of M2PC

From the simulation results, it can be noted that the key advantages of a predictive

controller like fast transient response holds true for the M2PC. However the steady

state performance of this strategy is not comparable to the results from PI controller

with SVM in section 3.3.6. There could be two reasons for this difference. Firstly, the

M2PC algorithm discussed in this chapter only considers the control of load currents

while the input current remains uncontrolled. Since a modulator like SVM ensures

the control of both input and output currents, a fair comparison of these two methods

cannot be made. On the other hand, the results from M2PC with an RL load are

largely improved compared to that from MPC which was also the motivation behind

the M2PC method.

Even though the simulation results shown in this chapter are promising, the procedure

to derive the duty cycles based on the cost function magnitudes has been identified

as an approximation. It is mentioned in [62] that at high modulation index the

converter waveforms were distorted for a 7-level cascaded H-bridge converter. To

address this issue, a new approach is considered that takes into account the magnitude

and direction of the errors/cost functions. This would give an accurate value for the

duty cycles . This new control strategy is elaborated in the section 5.7.

5.7 Direct Predictive Current-error Vector

Control

A second control strategy named the Direct Predictive Current-error Vector Control

(DPCVC) based on predictive control and including a modulation scheme is developed

to overcome the drawbacks of M2PC while maintaining the good features like fast

dynamic response. This method is based on the principle proposed in [86] for a three

phase 2-level inverter. The fundamental idea is to consider the errors/cost function
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vectors in αβ plane to calculate the duty cycles or application times for the voltage

vectors. In M2PC, only the magnitude of the cost function is considered, resulting in

a approximate solution for duty cycles.

The basic principle of DPCVC is based on the error vectors of the control variable

formed by each switching state of the converter. For example, for load current control,

the error vectors when plotted in αβ plane results in a skewed hexagon similar to that

of the voltage vectors for each switching state. A matrix converter has 27 switching

states out of which six produce rotating vectors that changes in magnitude and direc-

tion. Similar to the standard SVM technique, rotating vectors are not considered for

this modulation strategy; resulting in 21 switching states. To simplify the problem

and as a starting point, it is decided to modulate between two active and one zero

vector for the matrix converter. This is sufficient to control the load current of MC.

If input current control is required, two more active vectors need to be considered.

The voltage and input current vectors for a matrix converter for each switching state

is shown in Figure 5.19.
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Figure 5.19: (a) Input current and (b) Output voltage vectors of a MC

Once the desired input current sector is determined from the supply voltages, the

number of available voltage vectors/switching states for modulation can be narrowed

down to 12. For example, in Figure 5.19, if the desired input current sector is

1, then the voltage vectors that can produce an input current in that sector are

±3,±6,±9,±1,±4 and ±7. These switching states produce vectors of varying am-
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plitude and direction as shown in Figure 5.20.
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Figure 5.20: Output voltage vectors of a MC

Out of the 12 voltage vectors available, the voltage vectors with higher magnitude

forming the outer hexagon (shown in red) is considered for modulation. In order

to select the two active vectors to modulate, the output current error vectors for

each switching state is plotted. The output current error vectors for the six voltage

vectors in the outer hexagon and zero vectors is shown in Figure 5.21. It is evident

from Figure 5.21 that the predicted current errors form a hexagon in the αβ plane.

Figure 5.21: Output current error in αβ plane

Based on predictive control algorithm, the objective is to minimize or obtain zero

load current error. Therefore the target is the origin of the plane. The control

problem is then to find the linear combination of three vectors which will result in

zero load current error. In Figure 5.21 this is obtained by the linear combination of

the error vectors e2 , e3 and e0 in a certain proportion. A solution exists only if the
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target (origin) lies within the triangle formed by the two consecutive vectors. If the

target lies outside the triangle, it is considered as the over modulation condition and

different measures need to be taken to address it. The relevant triangle or consecutive

set of vectors can be obtained from the following conditions mentioned in [86] for each

consecutive set of vectors. For every pair of consecutive vectors like (1,2), (2,3), (3,4),

(4,5), (5,6), (6,1) a linear combination of ex ,ey and e0 exists if the following conditions

are met.

((ex − e0)× (−e0) · (ey − e0)× (−e0)) ≤ 0

∧(ex − e0) · (−e0) > 0

∧(ey − e0) · (−e0) > 0

(5.27)

where < · > is the dot operator and < × > is the cross operator. The pair of vectors

that satisfy the conditions in 5.27 is selected for modulation. The linear combination

of vectors to obtain the target can then be obtained by solving the set of linear

equations in 5.28.

(exα − e0)d1 + (eyα − e0)d2 = −e0

(exβ − e0)d1 + (eyβ − e0)d2 = −e0

d1 + d2 + d0 = 1

(5.28)

where ex and ey are the two current error predictions that satisfy 5.27 and d1, d2 and

d0 are the duty cycles for each vector. If d1 + d2 > 1 that means the target point

is outside the hexagon formed by the error vectors and the duty cycles are given by

5.29. In this case, the target point is achieved by modulating between the two active

vectors only.

d1 =
d2

d1 + d2

d2 =
d1

d1 + d2

d0 = 0

(5.29)

The resulting voltage vector will be a combination of the two active vectors applied
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for their respective duty cycles and can be expressed as in 5.30.

vo = d1vx + d2vy (5.30)

The reference voltage vectors is then synthesized by the standard SVM technique for

MC using two active and three zero vectors. The double sided switching pattern for

MC in this case is shown in Figure 5.22.

Vx Vy VxVyV0 V0 V0

d0/4 d1/2 d1/2d0/2d2/2 d2/2 d0/4

Figure 5.22: Double sided switching pattern for MC

This strategy generates accurate duty cycles depending on the instantaneous error

predictions and results in fixed switching frequency operation. Due to the predictive

control based algorithm, this modulation strategy will also have very fast transients.

However it is worth noting that for simple systems that only requires a current control,

DPCVC will be very similar to that of a dead-beat controller. Hence in such cases,

a dead-beat controller is a better option compared to DPCVC as it requires less

computational effort.

5.7.1 Simulation Results

To validate the theory explained in the previous section, the DPCVC is used to control

the load current of a direct matrix converter feeding a RL load and an induction

machine. The control block diagram showing the steps involved is shown in Figure

5.23.
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Figure 5.23: Control block diagram for Direct Predictive Current-error Vector Control

A reference current of 5A at 30Hz is demanded from the system and the resulting

three phase load currents, corresponding MC line voltage and FFT of Phase A load

current are shown in Figure 5.24.
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Figure 5.24: Controlled 3-phase load currents and MC output line voltage of a MC
feeding a RL load

Since DPCVC is used to implement load current control, the input current of the

converter is uncontrolled. This results in waveforms as shown in 5.25.
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Figure 5.25: Phase A supply current of MC

From Figure 5.24, it is evident that the load currents attains the steady state value

without any steady state error. The FFT spectrum shows the presence of harmonics

in the range of 12.5kHz and its multiples which is the switching frequency. This

proves the fixed switching frequency operation. It can be noted that the waveform

quality of this method is improved compared to M2PC. The THD of the load current

waveforms controlled using DPCVC is approximately 2.9 % which is a considerable

improvement compared to that of MPC or M2PC. This proves that the calculation of

duty cycles in terms of the current errors in alpha-beta plane is more accurate than

merely considering the magnitude of the errors as in the case of the M2PC.

To demonstrate the fast dynamic response of the DPCVC method, a step in the

current demand from 2A to 4A is applied to the converter and the response of the

DPCVC is shown in Figure 5.26. It can be noted that the response of the controller

to change in the magnitude of the reference is fast.
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Figure 5.26: Dynamic response of the DPCVC strategy when a step demand in current
is applied to the system

To study the performance of this method under different loading conditions, an in-

duction machine is considered as the load. The speed of the machine at no load is

controlled by a PI controller and the stator currents are controlled using DPCVC

technique. A speed demand of 500rpm is applied to the system and the controlled

speed and dq-axis stator currents are shown in Figure 5.27. From Figure 5.27, it is

evident that control variables track the references without any steady state error. The

controlled stator currents have a THD of around 2.4%. This indicates that DPCVC

is capable of delivering good quality controlled currents very similar to the case when

controlled by a PI controller with SVM.
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Figure 5.27: Speed and dq-axis stator current reference tracking during a speed tran-
sient of 0-500rpm at no load

5.8 Summary

Two control methods with the features of MPC and a modulation scheme similar

to SVM are proposed in this chapter for a direct matrix converter. The ability to

control different parameters simultaneously, high controller bandwidth and constant

switching frequency are the main highlights of these methods. The procedure for

implementing both these control methods are discussed in detail in this chapter.

Implementation of M2PC for a direct matrix converter is done in Matlab Simulink

environment and the resulting waveforms are also included in this chapter. From the

results it is evident that the quality of the currents is improved when using M2PC

compared to MPC without losing its advantages like fast transient response and

multi-objective controllability.

Another method that provides fixed switching frequency operation is the DPCVC
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strategy which is proposed for load current control of a direct matrix converter. The

simulation results of this method for a RL load and induction machine are promising

and shows improved waveform quality compared to the M2PC and MPC.



Chapter 6

Experimental Validation

6.1 Introduction

This chapter focuses on the implementation of a direct matrix converter laboratory

setup to validate the control strategies presented in this thesis namely PI control,

MPC, M2PC and DPCVC. The experimental setup consists of the converter hard-

ware, control hardware and the control software which are discussed in section.6.2.

Experimental tests are carried out for all the control strategies mentioned in chapters

3, 4 and 5 for a direct matrix converter feeding an RL load and an induction machine.

The tests are done keeping the parameters of the load and input filter constant. The

tests conducted experimentally are the same as that of simulation for the purpose

of comparing the results. Outcomes of the experimental tests showing the controlled

waveforms are discussed in section.6.3. An analysis of the experimental results and

the conclusions inferred from them are also discussed in this chapter.

138
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6.2 Description of the experimental setup

The experimental setup of a direct matrix converter system has been used to imple-

ment the control methods mentioned in chapters 3, 4 and 5. A block diagram showing

the different components of the setup is shown in Figure 6.1. The setup includes an

input filter, matrix converter power circuit, the load and a control platform. Each of

these components will be explained in detail in this section.
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Figure 6.1: Block diagram of the experimental setup
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6.2.1 Input Filter

As mentioned in chapter 2, an input filter is required to prevent harmonic injection

into the grid. The harmonics are caused by the switching of the matrix converter and

it is important to filter the distorted source currents. An LC filter with a damping

resistor is used in this setup to satisfy the filtering requirements of the circuit.

The input filter values are selected based on the switching frequency and the supply

frequency of the system. If a supply frequency of 50-60Hz and switching frequency of

12.5kHz is considered, a resonant frequency of 1kHz is assumed to avoid interference

with the supply and switching frequencies and their harmonics.

The values of the input filter components calculated based on the above criteria are

shown in Table 6.1

Table 6.1: Input filter parameters

Parameter Value Unit

Filter inductance, Lf 3.75 mH

Filter capacitance, Cf (delta) 8.3 µF

Damping resistor, Rd 15 Ω

A photograph of the input filter used in the experimental set up is shown in Figure

6.2.

Figure 6.2: Photograph of input filter of the matrix converter
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6.2.2 Power Circuit

The circuit schematic of the direct matrix converter system is shown in Figure 6.3.

It shows the different stages of a typical MC system such as the supply, input filter,

MC power circuit, Clamp protection circuit and the load.

Vsa

Cf

Vsb

Vsc

Matrix 

Converter 
Ias

Ibs

Ics

Lf

Rd

Vabc

Load

Clamp circuit

Bidirectional 

switch

SAa

SBa

SCa

SAb

SBb

SCb

SAc

SBc

SCc

Figure 6.3: Schematic of MC power circuit with supply and load

A photograph of the power circuit is shown in Figure 6.4. The matrix converter power

circuit consists of the Power modules, the gate drivers, clamp protection circuit and

the current direction detection circuit. Each of these parts will be discussed in detail

in the following subsections.
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Figure 6.4: Photograph of the power circuit

6.2.2.1 Power modules

The matrix converter is formed of nine bidirectional switches implemented with IGBT

modules. The IGBT modules used the in the setup are the Semikron SK60GM123

[115] (see Figure 6.5) and they are arranged in the form of a matrix to form a three-

phase to three-phase matrix converter. The modules are rated at 1200V and 60Amps.

Each IGBT module consists of two anti-parallel IGBTs connected in common emitter

configuration together with two diodes.

Figure 6.5: Semikron power module

The switching signals generated from the control platform cannot directly to be used

to turn on and off the power devices in matrix converter. These signals need to be

amplified with the help of gate drivers. The IGBT is a voltage-controlled device and

to change the voltage at the gate, a significantly large current is required which is
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provided by the push-pull amplifier stage after the gate driver chip. The gate driver

is responsible for providing +15V or -15V between the gate and emitter of the IGBT

when the switching command state of ‘1’ or ‘0’ is sent from the Field Programmable

Gate Array (FPGA), respectively. The gate driver circuit also provides good isolation

between the low power control platform and the power devices.

6.2.2.2 Clamp protection circuit

A clamp circuit is essential in a matrix converter for protection against over voltages

due to voltage disturbances or open circuit faults. A schematic of a typical clamp

circuit is shown in Figure 6.6.

Cc Rc

A

B

C
Source

Figure 6.6: Schematic of the clamp protection circuit

The circuit consists of 12 fast recovery diodes (8EWF12S), two clamp capacitors and

two discharge shunt resistors. These diodes are rated at 1200V and 8A. Two 150µF ,

450V electrolytic capacitors are connected in parallel with 47kΩ balancing resistors

to distribute the voltage evenly across these capacitors. In the event of a fault, the

diode bridge will provide a path for the current and to transfer the inductive load

energy to the clamp capacitors, which in turn is dissipated in the shunt resistors. The

selection of the clamp capacitor is vital as the inductive load energy has to be stored

in the capacitor without creating dangerous over-voltage.

The clamp capacitor value can be calculated from the maximum energy stored in the

inductive load and the maximum peak to peak source voltage. The energy stored in
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a three phase inductive load carrying balanced currents is given by 6.1.

Q =
1

2
L(i2a + i2b + i2c)

=
3

4
LI2

(6.1)

where Q is the total energy stored in the load inductor, L is the load inductance and

I is the sum of three phase load currents. The value of the clamp capacitor can then

be calculated from 6.2.

C =
2Q

V 2
i − V 2

cmax

=
3/2LI2

V 2
cmax − V 2

i

(6.2)

where Vi is the initial clamp voltage and Vcmax is the maximum clamp capacitor

voltage.

If a line to neutral voltage of 200V is considered, the clamp capacitor voltage ini-

tially will be 490V. The maximum voltage is fixed at 700V and load inductance is

3.75mH. Thus using (6.2), the value of clamp capacitance is calculated and it resulted

in 71.95µF . Since this value is not available commercially, 75µF is chosen in this im-

plementation. The energy stored in the clamp capacitors is then discharged by the

resistors connected in parallel.

6.2.2.3 Data acquisition

The measurement of currents and voltages required for the implementation of the

control strategy are obtained from the respective transducers. The different trans-

ducers used in this setup are four voltage transducers (LEM LV 25) [116] to measure

the supply line voltages and the line voltage after the input filter and five current

transducers (LEM LA 55)[117] to measure the supply and load currents. Both the

current and voltage transducers output a current proportional to the primary signal

which can be voltage or current. This signal is then converted to a voltage at the
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FPGA interface with the help of burden resistors.

The voltage transducers (LEM LV 25) are rated at 500V and the connection diagram

of the same is shown in Figure 6.7. As seen from Figure 6.7, the transducer needs

± 15V supply and a resistor on the primary and secondary side. The resistor on the

primary side, Rb is used to limit the current through the device to 10mA and the

secondary side resistor (burden resistor), Rm converts the current at the output of

the transducer back to voltage on the FPGA card.

+15V

0V

-15V

LV 25-P

+

M

-

Is
Rm

+HT

-HT

Rb

Figure 6.7: Connection diagram for voltage transducer

The current transducer (LEM LA 55) has a rated current of 50A. A connection

diagram for the current transducer is shown in Figure 6.8. These transducers requires

±15V supply and a burden resistor (Rm) to convert the current measured to voltage

at the FPGA board.

+15V

0V

-15V

LA 55-P
+

M

-

Is
Rm

Ip

Figure 6.8: Connection diagram for current transducer

A photograph of the sensor board is shown in Figure 6.9.
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Figure 6.9: Photograph of voltage and current transducers

In addition to the current and voltage transducers, an encoder is used to get the

instantaneous rotor position of the induction machine. Speed of the machine is es-

sential as a feedback signal for vector control, MPC, M2PC and DPCVC of induction

machines. Figure 6.10 shows the photograph of the encoder mounted on to the shaft

of the motor.

Figure 6.10: Photograph of encoder mounted on the motor shaft

The encoder used in this experimental setup is a Model 755RG High Precision servo

mount encoder[118] manufactured by British Encoders. It operates with a 5V supply

and a frequency of upto 1MHz. It is a differential incremental encoder with three

output channels A, B and Z. Channel A determines the rotor speed while channel B

provides information about the direction of rotation. Channels A and B are square

waves positioned 90◦ apart. For example if A leads B, then the rotor is rotating in

clockwise direction and if B leads A, it is rotating in anticlockwise direction. Thus it

is possible to track both the position and direction of rotation by observing both the

number of pulses and the relative phase between A and B. The Z channel also called

zero channel gives the precise position of the encoder shaft. Figure 6.11 shows the

graphical representation of the encoder signals.
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Figure 6.11: Encoder output signals

6.2.2.4 Current direction detection circuit

As described in chapter 2, the four-step commutation requires the current direction

of each output phase. Also to ensure a safe commutation between the switches, it

is vital that the FPGA gets this information.The current direction detection circuit

consists of two anti-parallel Schottky diodes (30CTQ045S) [119], a voltage comparator

(LM311D)[120], and an opto-coupler (HCPL-061N)[121]. A schematic of the current

direction detection circuit is shown in Figure 6.12.

Opto-

coupler

To FPGA

Schottky 

diodes

VA

VB

VC
Comparator

+15

-15

Converter

output

a

To load

Figure 6.12: Schematic of the current direction detection circuit for output Phase a

As shown in Figure 6.12, there are two anti-parallel Schottky diodes with a current

rating of 30A connected in series with the output of each phase of the matrix converter.

These diodes determine the current direction at each output phase. As they have very

low forward voltage drop, these diodes are perfect for detecting the output current

direction quickly and accurately in the most efficient manner. A comparator with

the voltage drop across the diodes as inputs provides the gate signal to the FPGA.
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To allow voltage isolation and noise immunity, an opto-coupler is introduced between

the output of the comparator and the FPGA. The circuit is supplied by an isolated

dc/dc power converter (DCP020515). Figure 6.13 shows the photograph of the current

direction detection circuit on the power board.

Figure 6.13: Photograph of current direction detection circuit

6.2.3 Control Platform

As shown in Figure 6.1 the control platform consists of the control circuit (DSP and

FPGA), HPI interface circuit and encoder interface board. The DSP board used is

by Texas Instruments and the FPGA board is designed by Dr.Lee Empringham at

Power Electronics Machines and Control (PEMC) Research Group, The University

of Nottingham. A host port interface (HPI) card is used to access the DSP memory

and allow bidirectional data transfer between the host PC and the DSP.

Figure 6.14: Control platform with DSP, FPGA and HPI daughter board
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6.2.3.1 DSP board

The control algorithm is implemented in a Texas Instruments 32 bit, Digital Signal

Processor (TMS320C6713) [122] which operates at 225MHz. A parallel port interface

of C6713DSK connects the DSP to the HPI interface. The internal memory of the

DSP can be accessed without interrupting the CPU by means of the HPI port. This

enables bidirectional data transfer between the host PC and the DSP. This is essential

to control the matrix converter and download sampled data for analysis.

The software implementation of control algorithm in DSP is programmed in C lan-

guage and compiled using Code Composer Studio from Texas Instruments. Figure

6.17 shows a flowchart that summarizes the software implementation of the control

algorithm. The whole algorithm can be divided into three routines: initialization

routine, the main loop and the interrupt service routine (ISR). Initialization routine

initializes the timer, FPGA, the host parameters and the controller parameters. Until

the interrupt signal is detected the program will run the main loop. Once the interrupt

signal is detected, ISR starts the A/D conversion of the measurement signals.

The software trips for over current and over voltage protection circuit are also included

in the ISR. The measured values of current and voltages are compared with the pre-

set trip values. The converter will be disconnected if the measured values exceed the

pre-set values for trip. Else the program continues to implement the control strategy

and outputs the switching signals to the converter.
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6.2.3.2 FPGA card

Figure 6.15: FPGA board

The FPGA card (see Figure 6.15) consists of an ACTEL ProAsic3 FPGA module

[123], digital input-output ports, analog to digital (A/D) converters and analogue

input and analogue output. It has ten 14-bit analog to digital (A/D) converters

with signal conditioning units for system data acquisition. The control code for the

converter is triggered by an interrupt signal in the DSP. The interrupt signal is given

by the FPGA and the interrupt routine carries out the control and modulation and

sends the switching signals back to the FPGA.

The implementation of control strategies like MPC and M2PC requires information

about the output phase current and voltage, input phase voltage and the phase voltage

at the input filter capacitor. The current and voltage transducers mentioned in section

6.2.3 feeds the measurement signals to the FPGA through the A/D channels. The

reference signals on the other hand are demanded by the user by means of the HPI

daughter card which is the interface between the user and the control platform.

The FPGA generates the interrupt signals for the DSP which initiates the interrupt

routine. The FPGA also includes a watchdog timer to ensure continuous commu-

nication between the DSP and FPGA. Every time the timer receives a signal from

the DSP, it will reset. This signal is sent at the beginning of every interrupt routine.

If the timer fails, it means that there is a miscommunication between the DSP and

FPGA and the converter will trip. This ensures that the converter remains protected
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if there is a communication failure between the DSP and the FPGA card.

6.2.3.3 Encoder Interface Board

Measurement of speed of the rotor is necessary for closed loop control of the mo-

tor. The differential signals from the encoder are fed into the interface board, which

then directs three channel signals A, B and Z to the FPGA. The interface board

consists of a quadruple differential line receiver (SN75173), a digital isolator(opto-

coupler)(HCPL090) and an isolated dc/dc converter(NML0505SC). A photograph of

the encoder interface board showing different components is shown in Figure 6.16.

Figure 6.16: Encoder interface board

The dc/dc converter which generates a single output 5V from the 5V isolated power

supply powers the opto-coupler. The differential line receiver obtains the differential

signals from the encoder and generates the three channel encoder output signals,

which is then fed to the FPGA through the digital isolator.

A flowchart explaining the algorithm of the control software is shown in Fig.6.17.
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Figure 6.17: Flowchart illustrating the sequence of execution of the control software
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Photographs of the complete experimental setup for a direct matrix converter feed-

ing a RL load and an induction machine are shown in Figure 6.18 and Figure 6.19

respectively. The system parameters for all the tests conducted for RL load and the

induction machine load are given in Table 6.2 and Table 6.3 respectively.

Figure 6.18: Experimental setup of MC with RL load

Table 6.2: Parameters of the experimental setup with RL load

Parameter Value Unit

Load resistance, R 10 Ω

Load inductance, L 3.75 mH

Input filter capacitance, Cf (delta) 8.3 µF

Input filter inductance, Lf 0.7 mH

Damping resistor, Rd 10 Ω

Supply frequency 50 Hz

Output frequency 30 Hz

Sampling time, Ts 80 µs

Supply V oltage, Vs 70 V
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Figure 6.19: Experimental setup of MC with an induction machine

Table 6.3: Parameters of the test with induction machine

Parameter Value Unit

RatedPower 3 kW

RatedRMS voltage(star) 380 V

Rated current 10.3 A

Rated speed 1445 rpm

Stator leakage inductance, Lls 5.1∗ mH

Rotor leakage inductance, Llr 7.3916 mH

Mutual inductance, L0 0.2388 H

Stator resistance, Rs 1.9 Ω

Rotor resistance, Rr 1.33 Ω

Supply V oltage, Vs 120 V

* The leakage inductances are calculated by considering the ratio of the rotor and

stator resistances, Rr/Rs = Ls/Lr.
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6.3 Experimental Results

Control of a direct matrix converter feeding both RL load and an induction motor

are implemented in the lab using the experimental setup explained in the previous

section. Four different control strategies for load current control of a direct matrix

converter system; namely PI controller, Model Predictive Control, Modulated Model

Predictive Control and Direct Predictive Current-error Vector Control are considered

to investigate the performance of the controllers. The converter and input filter

parameters remain the same for all the control strategies and both types of load.

6.3.1 Control of MC with PI controllers

The load current of the MC with both RL load and an induction machine is controlled

using PI controllers. The standard SVM modulation scheme is used to generate the

voltage vectors.

6.3.1.1 Matrix converter feeding a RL load

An RL load is used to validate the simulation results for load current control using

PI controllers in dq reference frame synchronous with the supply frequency. The dq

current controllers are designed from the plant model as explained in section 3.2.1.

A block diagram of the control scheme is shown in Figure 6.20.
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Figure 6.20: Control block diagram of matrix converter with RL load
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A load current of 5A at 30 Hz is demanded from the system. The PI controller gains

used in this test are kp = 15 and ki = 1000. The controlled load currents, MC output

line voltage and FFT of Phase A load current are shown in Figure 6.21. From Figure

6.21, it is evident that the three phase load currents are sinusoidal without any steady

state error. The THD is of the controlled load current is approximately 3.85%. This

proves that the PI controller can provide a good steady state response.
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Figure 6.21: Experimental result for load current control using PI controllers

To demonstrate the dynamic response of the PI control approach, a step change of

2A to 4A is introduced to the magnitude of reference current. A step change of 20Hz
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to 40Hz in frequency of the reference current is also introduced. Figure 6.22 shows

the resulting waveforms.
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Figure 6.22: Dynamic performance of PI control during step change in amplitude(top)
and frequency(bottom) of the reference current waveform

From Figure 6.22 it can be noted that the controller takes a couple of cycles to reach

the desired amplitude of reference waveform after the step demand is applied. The

transient response of the controller can be tuned to be faster but that may affect the

steady state response adversely.

6.3.1.2 Matrix converter feeding an induction machine

A 3kW induction machine is used as a load to the direct MC. The stator currents and

speed of the machine are controlled by PI controllers using a cascaded structure shown

in Figure 3.12. The design of PI controller gains for both current and speed controllers

for the control of IM is elaborated in Appendix C. The machine is magnetized prior

to applying a speed demand. A reference speed of 500rpm is demanded at t=0s at no

load condition and the resulting waveforms for speed and stator currents are shown
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in Figure 6.23.
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Figure 6.23: Speed, dq stator currents and 3phase stator currents during transient
response when controlled by PI controllers

The steady state stator currents at no load and FFT of Phase A stator current

are shown in Figure 6.24. The FFT reveals harmonics around switching frequency

(12.5kHz) and its multiples as expected and the THD of the current waveform is about

3.3%. This verifies the good steady state performance seen in simulation results in

section 3.3.6.
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Figure 6.24: Three phase stator currents and FFT of Phase A stator current at steady
state

To demonstrate the transient response of the controller a step in the speed demand

from 200rpm to 500rpm is applied to the matrix converter. The resulting waveforms

are shown in Figure 6.25. Figure 6.25 shows that the currents track the references

without any steady state error and has a good dynamic response. The speed controller

has slower dynamics than the current controllers as seen from Figure 6.23 and Figure

6.25.
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Figure 6.25: Transient response of PI controllers with SVM during a step change in
speed demand of an IM

6.3.2 Control of MC with MPC

MPC is applied to the MC experimental setup to control the load currents with RL

load and induction machine. The resulting waveforms for each case are shown below.

6.3.2.1 Matrix converter feeding a RL load

Experimental validation of load current control of a direct MC feeding a RL load

using MPC will be discussed in this section. A reference current of 5A at 30 Hz
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is demanded from the system and the resulting waveforms at steady state and its

harmonic spectrum are shown in Figure 6.26. As seen from Figure 6.26, the harmonics

spectrum contains frequencies in the lower range and are wide spread as expected from

a predictive controller. The THD of Phase A load current is approximately 14.09 %.

This shows that the steady state performance of MPC in terms of waveform quality

is not desirable.
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Figure 6.26: Load current of matrix converter controlled using MPC

To demonstrate the fast dynamic performance of MPC, a step change in the magni-
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tude and frequency of the reference waveform is introduced. The resulting waveforms

are shown in Figure 6.27. From Figure 6.27, it is evident that the load currents re-

acts to the step change in amplitude and frequency instantaneously. The test results

conforms with the simulation results presented in section 4.6.1.
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Figure 6.27: Dynamic performance of MPC during step change in the magnitude of
the reference current

6.3.2.2 Matrix converter feeding an induction machine

A 3kW induction machine is used as a load for a direct MC to implement stator

current control using MPC. The speed of the machine is controlled using a PI con-

troller and the torque producing current reference is fed into the predictive current

controller. The machine is magnetized initially and the current control is tested at no
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load condition. A speed reference of 500rpm is demanded from the system and the

waveforms of speed and stator currents showing the machine start up from 0-500rpm

and following the references is shown in Figure 6.28.
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Figure 6.28: Reference tracking of speed and dq-stator currents and 3-ph stator cur-
rents during machine start-up when controlled using MPC at no load

The three phase stator currents at steady state and the harmonic spectrum of Phase

A stator current is shown in Figure 6.29. It is evident from Figure 6.29 that the har-

monics present are mostly in the lower harmonic range and there are no frequencies

in the range of switching frequency (12.5kHz). This indicates a variable switching

frequency operation. The THD of the controlled stator current waveform is approxi-

mately 5.8%.
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Figure 6.29: Three phase steady state stator currents(top) and harmonic spectrum
for Phase A stator current(bottom) controlled by MPC at no load

To demonstrate the dynamic performance of the controller, the speed demand to the

machine is changed from 200rpm to 500rpm at t=2.4s and the reference tracking of

speed and dq-stator currents during the same are shown in Figure 6.30.
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Figure 6.30: Dynamic response of MPC during a step change in speed from 200rpm-
500rpm at no load

6.3.3 Control of MC with M2PC

Experimental validation of M2PC strategy for matrix converter current control is

obtained by testing the control algorithm for two different types of load- RL load and

an induction machine. The experimental results for these tests are shown in the next

section.
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6.3.3.1 Matrix converter feeding a RL load

The load currents of the direct matrix converter are controlled using M2PC strategy.

A reference current of 5A at 30Hz is demanded from the system and the experimental

results of controlled load current, MC output line voltage and the harmonic spectrum

of the controlled load current are shown in Figure 6.31.
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Figure 6.31: Phase A load current, MC output line voltage and harmonic spectrum
of load current at steady state
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Figure 6.31 indicates that the load currents are controlled without any steady state

error. The FFT of Phase A load current shows the presence of harmonics around

12.5 kHz and its multiples which validates the fixed switching frequency operation.

The THD of the waveform is about 10.8%. It can be noted that the current quality

is improved compared to the results from MPC in section 6.3.2.1.

To analyse the transient behaviour of the control strategy, a step demand in the

amplitude and frequency of the reference current waveform is applied. A step in the

amplitude of reference current waveform from 2A to 4A is applied and the frequency of

the reference load current is changed from 20Hz to 40Hz and the resulting waveforms

are shown in Figure 6.32. It is evident from these results that M2PC is capable of

fast transient response.
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Figure 6.32: Dynamic performance of M2PC during step change in the magni-
tude(top) and frequency(bottom) of the reference load current
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6.3.3.2 Matrix converter feeding an induction machine

The stator currents of a 3kW induction machine are controlled using the M2PC

strategy to validate the simulation results shown in chapter 5. The speed of the

machine is controlled by a PI controller and the dq-axis stator currents are controlled

using the M2PC strategy. The machine is magnetized before demanding a speed

reference of 500rpm. The experimental results showing reference tracking of speed

and dq-axis stator currents and three phase stator currents during the machine start

up from 0-500rpm are shown in Figure 6.33.
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Figure 6.33: Transient response of speed, dq-axis and three phase stator currents for
matrix converter feeding an IM controlled by M2PC at no load
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The controlled three phase stator currents at no load condition and the harmonic

spectrum of Phase A stator current are shown in Figure 6.34. From Figure 6.34,

it can be seen that the steady state stator currents are not improved compared to

that of MPC and the THD of the currents is approximately 12.1%. The results are

also not similar to the simulation results for the same system parameters. The exact

reason for this anomaly has not been identified; however one of the reasons could be

the approximate duty cycle calculation approach employed in this strategy. Another

reason could be parameter variation at higher speeds. The frequency spectrum of the

stator current however shows harmonics in the range of switching frequency and its

multiples confirming fixed switching frequency operation.
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Figure 6.34: Three ph stator currents and FFT of Phase A stator current at steady
state under no load condition

The dynamic response of the controller during a step demand in speed from 200rpm
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to 500rpm is shown in Figure 6.35. From Figure 6.35 it is evident that the currents

and speed follow the reference without any steady state error.
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Figure 6.35: Reference tracking of speed and dq-stator currents and three phase stator
currents during a step change from 200rpm tp 500rpm when controlled by M2PC

6.3.3.3 M2PC speed and current controller

In order to study the multi-objective control capability of M2PC strategy, both speed

and stator currents of the machine are controlled by M2PC. This eliminates any

cascaded control compared to the previous section. The speed and current controllers

can be tuned by changing the weighting factors in the cost function. A speed reference



6.3. EXPERIMENTAL RESULTS 171

of 500rpm is demanded after magnetizing the machine. The resulting waveforms

showing the speed and dq-axis stator currents tracking the reference signals are shown

in Figure 6.36. The speed and current controller is being controlled by minimizing

the same cost function. The weighting factor for speed control is chosen to be 0.6

based on trial and error.
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Figure 6.36: Reference tracking of speed and dq-axis stator current during the ma-
chine start up from 0-500rpm at no load

The three phase stator currents at steady state and the FFT of the controlled stator

current is shown in Figure 6.37. The controlled Phase A stator current has a THD of

12.1%. The machine reaches attains the demanded speed in approximately 0.3s which

is much lower than that achieved by PI controller(more than 0.5s) in the previous

cases. This is due to the predictive based control of speed. If faster response is
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required the weighting factor of the corresponding variable can be increased.
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Figure 6.37: Three phase stator currents at steady state and the FFT of Phase A
stator current for multi-objective M2PC with speed and current control at no load

Even though the current quality is not similar to the simulation test results in section

5.5.2.2, the multi-objective control capability of M2PC has been proved. This can

also be extended to control the input reactive power together with load current and

speed control.
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6.3.4 Control of MC with DPCVC

Another strategy that results in a fixed switching frequency operation called DPCVC

is proposed for a direct matrix converter in section 5.7. Simulation tests were carried

out to study the performance of this method on a direct matrix converter feeding an

RL load and an induction machine at no load condition. To validate the simulation

results, this method is applied to the matrix converter feeding a RL load and an

induction machine and the performance of the control method for different loading

conditions are investigated.

6.3.4.1 Matrix converter feeding a RL load

DPCVC is tested for load current control of a direct matrix converter feeding an

RL load. A load current of 5A at 30Hz was demanded from the system and the

resulting waveforms of three phase load currents, MC output line voltage and the

harmonic spectrum of Phase A load current are shown in Figure 6.38. The THD of

the controlled waveform is about 3.97%. The current quality in this case is very good

compared to MPC and M2PC for the same loading conditions.



6.3. EXPERIMENTAL RESULTS 174

0 0.02 0.04 0.06 0.08
−5

0

5

T
hr

ee
 p

ha
se

 
lo

ad
 c

ur
re

nt
s(

A
)

 

 

0 0.02 0.04 0.06 0.08

−100

0

100

Time (s)

M
C

 O
ut

pu
t

 li
ne

 v
ol

ta
ge

 (
V

)

0 0.5 1 1.5 2 2.5 3

x 10
4

0

0.05

0.1

Frequency(Hz)

M
ag

ni
tu

de
(A

)

Phase A
Phase B
Phase C

Figure 6.38: Three phase load currents (top), MC output line voltage (V)(middle)
and FFT of Phase A load current (bottom) at steady state
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From Figure 6.38, it is evident that the steady state performance of this method is

superior to that of M2PC and MPC. The harmonic spectrum indicated harmonics

at switching frequency (12.5kHz) and its multiples. In order to test the transient

behaviour of this strategy, a step demand in the magnitude from 2-5A and frequency

of the reference current from 20-40Hz are demanded separately. The resulting load

current waveforms are shown in Figure 6.39.
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Figure 6.39: Transient response of predictive control based modulation strategy for
step changes in magnitude (top) and frequency (bottom) of the reference current

Figure 6.39 indicates the fast transient response achieved by this method. The results

are similar to the simulation results which validates the control theory. Thus with an

RL load, it is proved that this method has improved current quality compared to the

M2PC and MPC while maintaining a fast dynamic response.
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6.3.4.2 Matrix converter feeding an induction machine

The motivation behind the control strategy mentioned in section 5.7 is to develop a

control method with fast transient response and good waveform quality that comes

with the presence of a modulation technique. DPCVC strategy is applied to a matrix

converter feeding an induction motor under no load condition. The speed of the

machine is controlled by a PI controller and the stator current control is achieved by

the DPCVC. The machine is initially magnetized and a speed demand of 500 rpm is

applied to the system. The resulting waveforms of the speed and d and q-axis stator

current tracking their respective references is shown in Figure 6.40. It is evident from

Figure 6.40 that the steady state response of the controller is improved compared

to the M2PC and MPC as the stator currents have minimal ripple content. This

validates the simulation results presented in section 5.7.1.

In order to analyse the transient behaviour of the controller, a step in the speed

demand from 200rpm to 500rpm is applied and the resulting waveforms for speed of

the machine and stator currents are shown in Figure 6.41. The figure indicates fast

transient response comparable to the MPC strategy.

The three phase stator currents and MC output line voltage at a constant speed of

500rpm is presented in Figure 6.42. As seen from the figure, the quality of the stator

current are improved compared to that produced by the M2PC. The harmonic spec-

trum of the stator current in Figure 6.42 shows frequencies in the range of switching

frequency (12.5kHz) and its multiples which indicates a fixed switching frequency

operation. The THD of the stator current waveforms is about 3.7%.

To summarise, the experimental results for the DPCVC strategy indicates that it

delivers improved current quality waveforms with very fast transient behavior.



6.3. EXPERIMENTAL RESULTS 177

0 0.5 1 1.5
0

500

S
pe

ed
 (

rp
m

)

 

 

0 0.5 1 1.5
−2

0
2
4
6
8

dq
 s

ta
to

r 
cu

rr
en

ts
 (

A
)

 

 

0 0.5 1 1.5

−5

0

5

Time (s)

T
hr

ee
 p

ha
se

 s
ta

to
r 

cu
rr

en
ts

 (
A

)

 

 
Phase A Phase B Phase C

I
sd

I
sq

I
sqref

I
sdref

w
ref

w

Figure 6.40: Speed and q-axis stator current reference tracking during machine start
up from 0-500rpm at no load
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Figure 6.41: Speed, dq axis and three phase stator currents during step change in
speed from 200-500rpm under no load condition
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Figure 6.42: Three phase stator currents, MC output line voltage at steady state and
FFT of Phase A load current at no load
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6.4 Effect of Sampling Interval on Waveform

Quality

To analyse the effect of sampling interval on the quality of the controlled currents,

the MPC is applied to a direct matrix converter feeding and RL load using three

different sampling intervals, for instance 50µs, 80µs and 100µs. The THDs of the

controlled waveforms from the simulation and experimental tests are tabulated as

shown in Table 6.4. It can be noted that for MPC, quality of the controlled currents

are improved as the sampling interval gets smaller.

Table 6.4: Comparison of THDs of load currents controlled by MPC with different
sampling intervals

Sampling time
Total Harmonic Distortion

SimulationResults Experimental Results

50µs 6.7% 9.8%

80µs 8.09% 14.09%

100µs 10.48% 16.7%

Since the performance of MPC is largely dependant on the sampling interval, it is

worth studying if this applies to M2PC. To analyse the effect of sampling time on the

quality of the controlled waveforms, the M2PC strategy is implemented to control

a direct matrix converter feeding and RL load for three different sampling times

such as 50µs, 80µs and 100µs. The quality of the controlled currents are assessed by

comparing the THDs for different sampling times. Both simulation and experimental

tests are conducted for three different sampling intervals or switching frequencies and

the THDs of the resulting waveforms are tabulated as shown in Table 6.5.
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Table 6.5: Comparison of THDs of load currents controlled by M2PC with different
sampling intervals

Sampling time
Total Harmonic Distortion

SimulationResults Experimental Results

50µs 4.0% 7.33%

80µs 6.3% 10.8%

100µs 7.5% 12.07%

Table 6.5 indicates that there is a considerable effect on the quality of the controlled

waveforms as the sampling interval is changed. The current quality was the best

when a sampling time of 50µs is considered and the worst when the sampling time

is 100µs. It is interesting to note that the M2PC strategy is also dependant on the

sampling interval considered which is expected as it is predominantly a predictive

control based method.

6.5 Comparison of control strategies

To compare the performance of different control methods, a number of characteristics

such as the steady state response, transient response and switching stresses can be

considered. The stress on the switches depends on the switching frequency and the

number of commutations required per sampling interval and SVM and DPCVC will

have the minimum switching stress as the number of commutations are limited. In

this case, the vectors applied within a sampling period changes only when there is a

sector change at the input. However in M2PC, the switching sequence can change at

every sample time resulting in a higher switching stress. Eventhough MPC results

in a variable switching frequency operation, the it will result in less switching stress

compared to M2PC. In this work, a quantitative analysis is made based on two aspects

namely steady state and transient response. The THD of the currents controlled by

the four methods discussed in this thesis can be considered as a measure of their
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steady state performance. The simulation and experimental results for load current

control of a direct MC with RL load are considered to compare the THDs of the

currents controlled by PI Controller, MPC, M2PC and DPCVC. Table 6.6 shows

the THD values of currents controlled by the different methods in simulation and

experiment for the same system parameters.

Table 6.6: RL load: Comparison of THDs of load currents for different control strate-
gies

Control Strategy Simulation result Experimental result

PI Controller 1.89% 3.85%

MPC 8.09% 14.09%

M2PC 6.3% 10.8%

DPCV C 2.3% 3.97%

From Table 6.6 it can be seen that in both simulation and experiment, PI Controller

with SVM and DPCVC produced waveforms with least harmonic distortion followed

by M2PC. MPC resulted in waveforms with the worst current quality as expected.

Since DPCVC resulted in currents with very similar THDs to that of a PI controller

with SVM, the control theory is validated. Even though the currents controlled by

M2PC has less distortion compared to MPC, it is much higher than DPCVC. This

suggests that out of the two methods proposed in this thesis for fixed switching fre-

quency operation, DPCVC is superior in terms of quality of the controlled waveforms.

To analyse the transient response of the four controllers, stator current control of MC

with an induction machine as load is considered. The simulation and experimental

results during transients for the different controllers is utilised to conduct this analysis.

Both the simulation and experimental tests are conducted for the same supply voltage

and speed controller gains for all the control methods. The q-axis stator current of the

induction machine during start up is considered to study the transient response. The

step demand in the q-axis stator current reference corresponds to the step demand in

speed of the machine. Figure 6.43 shows the simulation results for reference tracking
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of q-axis stator current during start-up, for the four controllers. It is evident from

Figure 6.43 that the q-axis current follows the reference fastest in the case of MPC,

M2PC and DPCVC which are all predictive control based methods. Even though the

PI controller is able to achieve fast response, it is not comparable to the predictive

control based methods.
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Figure 6.43: Simulation results: q-axis stator current reference tracking when IM is
controlled by PI, MPC, M2PC and DPCVC

Figure 6.44 shows the experimental results for reference tracking of q-axis stator cur-

rents of an IM controlled by PI controller, MPC, M2PC and DPCVC. The steady

state performance of the controllers can be studied from the THD of the controlled

waveforms. To analyse the transient performance of the control strategies, the rise

time of the controlled currents is considered. Rise time is the time taken by the con-

trol variable to reach from 10% to 90% of the steady state value. A comparison of the

THDs and rise times during the start up of the machine for different controllers such

as PI controller, MPC, M2PC and DPCVC from simulation and experimental results

is tabulated in Table 6.7. It can be noted that PI controller and DPCVC resulted
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in waveforms with the least distortion with THDs of 3.3% and 3.7% respectively. It

can be noted that the simulation and experimental tests for M2PC in this compar-

ison study resulted in waveforms with more distortion than MPC and had stability

problems for higher speeds. This could be due to the machine parameter variation,

inaccurate modelling of the machine or due to inaccurate duty cycles.
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Figure 6.44: Experimental results: q-axis stator current reference tracking when IM
is controlled by PI, MPC, M2PC and DPCVC

To conduct a fair analysis of the transient response of the controllers considered,

the PI controller is tuned to achieve very fast response to set a benchmark for the

comparison. Table 6.7 shows that out of all the controllers tested, the PI controller

had the slowest response with a rise time of 1.2ms.
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Table 6.7: Induction Machine: Comparison of the steady state and transient perfor-
mance of different control strategies

Control Strategy
Steady State Transient Performance

Performance (THD) (Rise time)

Simulation Experiment Simulation Experiment

PI Controller 2.2% 3.3% 1.9ms 1.2ms

MPC 5.1% 5.8% 0.46ms 0.36ms

M2PC 5.8% 12.1% 0.60ms 0.62ms

DPCV C 2.4% 3.7% 0.48ms 0.38ms

Predictive control based algorithms like MPC, M2PC and the DPCVC had faster

dynamic response with rise times of 0.36ms, 0.62ms and 0.38ms respectively in the

experimental results. These results indicate that DPCVC is capable of fast dynamic

response very similar to that of MPC. The simulation and experimental results for

stator current control of IM proves that DPCVC is capable of producing good quality

waveforms similar to PI controller with SVM and fast transient response similar to

MPC.

From the above discussion, it can be inferred that out of the two methods that aims

at incorporating a modulation scheme with a predictive based control, the DPCVC

yields better results compared to the M2PC.

6.6 Summary

Control of a direct matrix converter feeding an RL load and an induction machine us-

ing various control strategies and the simulation results for each of them are discussed

in chapter 3, 4 and 5. To validate the simulation results of these control methods,

experimental tests are conducted in the laboratory and the results are discussed in

this chapter.



6.6. SUMMARY 186

PI controllers together with SVM strategy for a direct matrix converter is commonly

used to get good quality input and output current waveforms. PI controllers can be

used to get desired dynamic and steady state performances by selecting the appro-

priate controller gains. The experimental results for load current control of matrix

converter using PI for an RL load and an induction machine are included in this

chapter. A cascaded current and speed control using multiple PI controllers is im-

plemented for control of induction motor. The experimental results are comparable

to the simulation results for the same control strategy thus validating the controller

design.

Model Predictive control has been widely used to control power converters in the

last decade and is gaining popularity. The attractive features like fast transient

response, multi-objective control capability and high bandwidth have resulted in its

application in various applications including electrical drives. The application of

MPC for a direct matrix converter feeding and RL load and an induction machine

and the corresponding simulation results are discussed in detail in chapter 4. The

experimental tests for the same conditions are performed in the laboratory and the

resulting waveforms validates the simulation results. This proves that the system

model used for the predictive control algorithm is accurate.

Modulated Model Predictive Control is aimed at combining the positive features of

MPC and a modulation scheme. Since MPC lacks a modulator, the resulting switch-

ing frequency is variable and M2PC attempts to deliver a fixed switching frequency

operation. The control strategy is developed for a direct matrix converter and is tested

in simulation with an RL load and an induction machine. To validate the control al-

gorithm, M2PC is tested experimentally for a direct matrix converter feeding both

RL load and an induction motor. The results for RL load are similar to the simulation

results which proves the concept. To demonstrate multi-objective control capability

of the control strategy, speed and current of an induction motor is controlled using

M2PC and the experimental results does not correspond to the simulation results

in terms of waveform quality. There are unresolved issues in the implementation of

M2PC related to waveform quality when it comes to an induction motor load. This
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needs to be investigated further. A comparison of transients response of the four con-

trol strategies discussed in this thesis reveals that M2PC has fast dynamic response

similar to MPC. It can be noted that M2PC delivers good transient response and an

improved current quality compared to MPC for MC with an RL load.

Another control strategy called Direct Predictive Current-error Vector Control is ap-

plied to the MC feeding both RL load and induction machine. This method has an

inbuilt modulator to generate the desired voltage vectors in association with the pre-

dictive control of load current and will result in fixed switching frequency operation.

The duty cycles for the switches of MC are calculated by solving a set of linear equa-

tions based on the load current error vectors. The error vectors dictate the amplitude

and direction of the control variable from the reference. This control strategy results

in good quality waveforms comparable to that of a PI Controller with SVM. The

experimental results for this approach conforms to the simulation results mentioned

in chapter 5. The transient behaviour of DPCVC is also tested experimentally and

shows that it has fast dynamic response similar to MPC.

To summarise, the objective of the thesis was to investigate control strategies for direct

MC with a focus on developing a fixed switching frequency predictive based controller.

M2PC satisfies all the requirements for MC with RL load and will be a good candidate

for applications that requires fast dynamic response and does not demand high power

quality. The DPCVC strategy on the other hand produces good quality waveforms

with fast dynamic response and results in a fixed switching frequency operation in

the case of both RL load and induction machine.



Chapter 7

Conclusions and Future Work

This thesis investigates the performance of a direct matrix converter under different

control strategies. A direct matrix converter is an AC/AC converter capable of four

quadrant operation in a single stage without any DC link. It consists of nine bidirec-

tional switches which enable power flow in both directions. The absence of a DC link

capacitor makes the converter suitable for applications where converter sizing is crit-

ical like integrated drives [36]. However, due the absence of an intermediate energy

storage element, it is difficult to control a direct matrix converter. An LC input filter

with a damping resistor is required to filter the higher order harmonics at the supply

side of the converter. To accurately size the input filter, the switching frequency of

the converter has to be known. A control strategy involving PI controllers with space

vector modulation will have a fixed switching frequency. However, a control strategy

like predictive control which offers various advantages like fast dynamic response and

multi-objective control results in a variable switching frequency operation. In order

to overcome this restriction, two control strategies that incorporates the good features

of predictive control and a modulation method are investigated and presented in this

thesis.

As a starting point to control a direct MC, the standard controller for instance PI

controller is used together with a standard modulation technique such as SVM. The

188
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load currents in dq reference frame are controlled using PI controllers in the case

of RL load. When an induction machine load is considered, both speed and stator

currents were controlled by PI controllers forming cascaded loops. Simulation tests

were carried out to verify the controller design. A modulation method such as SVM

ensured that the input and output current of the MC were sinusoidal.

Model predictive control has been used in conjunction with matrix converters to con-

trol different variables like current, active and reactive power for various applications

as discussed in chapter 4. MPC is a control strategy that executes an optimization

algorithm to select the switching states that will produce the least error compared to

the reference variable in the next sampling interval. This strategy results in very fast

transients and is capable of controlling multiple variables without cascaded control

loops. The major drawback of this strategy is the variable switching frequency as the

controller can select the same switching state for multiple sampling intervals if it re-

sults in minimum error. The advantages of this strategy have encouraged researchers

to extend the control strategy to drives and has been successful as discussed in chap-

ter 4. The application of MPC to control the load current of a direct matrix converter

feeding an RL load and an induction machine is presented in chapter 4. Simulation

tests for load current control of a direct MC in Matlab Simulink validates the model

of the system and controller design.

One of the main objectives of this thesis has been to develop the M2PC strategy for a

direct matrix converter. M2PC algorithm makes use of the optimization algorithm of

a standard MPC method using cost function minimization. The difference from MPC

is in the application of the voltage vectors or the number of switching states selected

per sampling interval. In M2PC, the reference current is achieved by selecting more

than one switching state as in the case of a modulator. The switching states selected

are applied for their respective duty cycles within the sampling interval. This results

in a fixed switching frequency operation. The calculation of duty cycles depend on

the cost functions formed by the voltage vectors resulting from available switching

states. Chapter 5 focused on the theory of M2PC for a three phase two-level inverter

and a direct matrix converter. The control strategy is verified by simulation tests for
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load current control of a direct matrix converter in Matlab Simulink environment.

The simulation results indicated that the load current quality is improved compared

to MPC for an RL load. The transient performance of the controller is comparable

to that of MPC. This verified the theory behind M2PC.

To validate the simulation results discussed in chapters 3, 4 and 5, a laboratory

prototype of a direct matrix converter is utilized. The description of the experimental

setup is discussed in detail in chapter 6. Load current control of a direct matrix

converter is tested with four different control methods namely PI controller, MPC,

M2PC and DPCVC. The performance of these control strategies for a RL load and

induction machine at no load are examined in detail. The PI controller with SVM

gives the best steady state performance and a fast transient response can be achieved

by careful tuning of the PI controller gains. Even though MPC strategy falls behind

in the steady state performance, a fast transient response and multi-objective control

capability was observed. For an RL load, M2PC strategy produced results with a

steady state performance superior to that of MPC while maintaining a fast transient

response and ability to control multiple variables simultaneously. Even though this

was true for matrix converter feeding an RL load, for an induction machine the quality

of the stator currents controlled by M2PC were not improved compared to MPC at

speeds greater than 300 rpm . This can be attributed to machine parameter variation

or the inherent approximation introduced by the calculation of duty cycles in M2PC

using the magnitude of the cost functions.

Another control method that achieves fixed switching frequency operation called the

DPCVC is discussed in chapter 5 and implemented for load current control of MC in

the laboratory. This strategy considers the cost functions/errors as vectors which is

used to determine the voltage vectors required for modulation. The duty cycles for the

selected voltage vectors are also calculated by solving a set of linear equations in alpha-

beta co-ordinates formed by the predicted errors. Since the magnitude and direction

of the errors are considered, the resulting duty cycles will be accurate and will be the

only existing solution for the set of equations under consideration at any time. The

simulation results for load current control of a direct MC feeding an RL load and an
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induction machine were presented in chapter 5. The experimental results for RL load

and induction machine shown in chapter 6 validates the simulation results presented

in chapter 5. The experimental results for both RL load and induction machine

verifies that DPCVC is capable of good steady state and fast transient response.

A comparison of the steady state and transient response of all the control strategies

discussed in this thesis such as PI control, MPC, M2PC and DPCVC is presented

in section 6.5. An analysis of the simulation and experimental results for each case

shows that the steady state behaviour is the most improved when the load currents

were controlled by PI controllers with SVM to generate the voltage vectors and their

respective duty cycles. The MPC resulted in load currents with the worst THD

compared to the other control methods. The load currents controlled by DPCVC

had improved THD comparable to that of PI Controller with SVM as opposed to

MPC and M2PC. A study of the transient behaviour of the currents controlled by the

different control methods shows that the PI controller resulted in the slowest response

and MPC and DPCVC have the fastest response. The rise times of M2PC was seen

to be comparable to that of MPC which is expected considering the predictive control

algorithm used in M2PC. Thus an analysis of the experimental results for load current

control of a direct matrix converter using different control strategies indicate that the

DPCVC is superior to the other control strategies such as MPC and M2PC in terms

of the steady state and transient performance.

The achievements of this work can be summarised as follows.

• Proposed two fixed switching frequency model predictive control strategies for

a direct matrix converter known as M2PC and DPCVC.

• Simulation tests were carried out showing the application of the M2PC and

DPCVC for a direct matrix converter feeding an RL load and an induction

machine under no load condition. The simulation results are verified by exper-

imental tests for the same operating conditions and system parameters.

• Application of four different control methods such as PI controller, MPC, M2PC
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and DPCVC to a direct matrix converter to demonstrate load current control

was presented. The simulation and experimental results are utilised to compare

the performance of each control strategy for the same system parameters.

• DPCVC proves to be superior to M2PC in terms of steady state and dynamic

performance.

7.1 Future Work

Two strategies with the merits of a modulation scheme such as SVM and a high

dynamic controller such as MPC proposed in this work has been tested for a direct

matrix converter feeding an RL load and an induction machine. Both M2PC and

DPCVC proved to satisfy the main design criterion which is the fixed switching

frequency operation. However, further research to study the reliability, robustness

and stability of these methods is required. The aspects of each control method that

has the potential for further study can be summarised as follows:

• The performance of M2PC applied to a direct matrix converter can be improved

by including control of the input current. For a direct matrix converter, due

to the coupling between the input and output sides, control of the supply side

will have significant effect on the load side waveforms. The supply side of

the converter can be controlled by controlling the supply current directly or the

input reactive power. Hence in future, the supply side control of a direct matrix

converter using the M2PC strategy can be investigated.

• Another strategy known as DPCVC has been proposed for a direct matrix

converter and experimental tests were carried out to validate the simulation

results for load current control. Since this method considers the cost functions

as vectors, an accurate value for the duty cycles can be obtained as opposed to

M2PC. This method is verified in the simulation for a matrix converter feeding

a RL load and presents better current quality compared to M2PC. In addition
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to load current control, it is possible to extend this method for supply current

control. This can be done by adding constraint equations to the calculation

of duty cycles. The set of linear equations which dictates the constraints for

both input current and output current control will have a unique solution set

consisting of duty cycles which will ensure sinusoidal current in both input and

output side of the converter. Another possible extension of this strategy is

to investigate the multi-objective control capability. Since the load current is

directly controlled in terms of the errors produced, it maybe possible to add

more control variables to form a cumulative error equation.
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[60] R. Vargas, U. Ammann, and J. Rodŕıguez, “Predictive approach to increase

efficiency and reduce switching losses on matrix converters,” IEEE Transactions

on Power Electronics, vol. 24, no. 4, pp. 894–902, 2009.

[61] T. Kawabata, T. Miyashita, and Y. Yamamoto, “Dead beat control of three

phase pwm inverter,” Power Electronics, IEEE Transactions on, vol. 5, no. 1,

pp. 21–28, 1990.

[62] L. Tarisciotti, Model predictive control for advanced multilevel power converters

in smart-grid applications. PhD thesis, University of Nottingham, 2014.

[63] L. Tarisciotti, P. Zanchetta, A. Watson, J. Clare, M. Degano, and S. Bifaretti,

“Modulated model predictve control (m2pc) for a 3-phase active front-end,” in

2013 IEEE Energy Conversion Congress and Exposition, pp. 1062–1069, Sept

2013.

[64] L. Tarisciotti, P. Zanchetta, A. Watson, P. Wheeler, J. C. Clare, and S. Bifaretti,

“Multiobjective modulated model predictive control for a multilevel solid-state

transformer,” IEEE Transactions on Industry Applications, vol. 51, pp. 4051–

4060, Sept 2015.



REFERENCES 202

[65] L. Tarisciotti, P. Zanchetta, A. Watson, J. Clare, S. Bifaretti, and M. Rivera,

“A new predictive control method for cascaded multilevel converters with in-

trinsic modulation scheme,” in Industrial Electronics Society, IECON 2013 -

39th Annual Conference of the IEEE, pp. 5764–5769, Nov 2013.

[66] L. Tarisciotti, P. Zanchetta, A. Watson, S. Bifaretti, and J. Clare, “Modulated

model predictive control for a seven-level cascaded h-bridge back-to-back con-

verter,” Industrial Electronics, IEEE Transactions on, vol. 61, no. 10, pp. 5375–

5383, 2014.

[67] L. Tarisciotti, P. Zanchetta, A. Watson, J. Clare, and S. Bifaretti, “Improving

power quality with multi-objective modulated model predictive control,” in

2014 IEEE Energy Conversion Congress and Exposition (ECCE), pp. 5029–

5036, Sept 2014.

[68] M. Rivera, F. Morales, C. Baier, J. Muoz, L. Tarisciotti, P. Zanchetta, and

P. Wheeler, “A modulated model predictive control scheme for a two-level volt-

age source inverter,” in 2015 IEEE International Conference on Industrial Tech-

nology (ICIT), pp. 2224–2229, March 2015.

[69] M. Rivera, L. Tarisciotti, P. Wheeler, and P. Zanchetta, “Predictive control of

an indirect matrix converter operating at fixed switching frequency and without

weighting factors,” in 2015 IEEE 24th International Symposium on Industrial

Electronics (ISIE), pp. 1027–1033, June 2015.

[70] M. Rivera, C. Uribe, L. Tarisciotti, P. Wheeler, and P. Zanchetta, “Predictive

control of an indirect matrix converter operating at fixed switching frequency

and unbalanced ac-supply,” in 2015 IEEE International Symposium on Predic-

tive Control of Electrical Drives and Power Electronics (PRECEDE), pp. 38–43,

Oct 2015.

[71] D. Casadei, G. Serra, A. Tani, and L. Zarri, “Stability analysis of electrical

drives fed by matrix converters, industrial electronics,” in Pro. of the 2002

IEEE International Symposium on, vol. 4, pp. 8–11, 2002.



REFERENCES 203

[72] D. Casadei, J. Clare, L. Empringham, G. Serra, A. Tani, A. Trentin, P. Wheeler,

and L. Zarri, “Large-signal model for the stability analysis of matrix convert-

ers,” IEEE Transactions on Industrial Electronics, vol. 54, pp. 939–950, April

2007.

[73] D. Casadel, G. Serra, A. Tani, and L. Zarri, “Improvement of the stability of

electrical drives fed by matrix converters,” 2003.

[74] D. Casadei, G. Serra, A. Tani, and L. Zarri, “Effects of input voltage measure-

ment on stability of matrix converter drive system,” IEE Proceedings-Electric

Power Applications, vol. 151, no. 4, pp. 487–497, 2004.

[75] F. Liu, C. Klumpner, and F. Blaabjerg, “Stability analysis and experimental

evaluation of a matrix converter drive system,” in Industrial Electronics Society,

2003. IECON ’03. The 29th Annual Conference of the IEEE, vol. 3, pp. 2059–

2065 Vol.3, 2003.

[76] P. Wheeler, J. Clare, L. Empringham, M. Apap, K. Bradley, C. Whitley, and

G. Towers, “A matrix converter based permanent magnet motor drive for an

aircraft actuation system,” in Electric Machines and Drives Conference, 2003.

IEMDC’03. IEEE International, vol. 2, pp. 1295–1300, IEEE, 2003.

[77] C. Klumpner, P. Nielsen, I. Boldea, and F. Blaabjerg, “A new matrix converter-

motor (mcm) for industry applications,” in Industry Applications Conference,

2000. Conference Record of the 2000 IEEE, vol. 3, pp. 1394–1402, IEEE, 2000.

[78] A. V. Rebsdorf and L. Helle, “Variable speed wind turbine having a matrix

converter,” May 20 2003. US Patent 6,566,764.

[79] L. Zhang, C. Watthanasarn, and W. Shepherd, “Application of a matrix con-

verter for the power control of a variable-speed wind-turbine driving a doubly-

fed induction generator,” in Industrial Electronics, Control and Instrumenta-

tion, 1997. IECON 97. 23rd International Conference on, vol. 2, pp. 906–911

vol.2, Nov 1997.



REFERENCES 204

[80] H. Nikkhajoei and M. R. Iravani, “A matrix converter based micro-turbine

distributed generation system,” IEEE transactions on power delivery, vol. 20,

no. 3, pp. 2182–2192, 2005.

[81] S. M. Barakati, M. Kazerani, and X. Chen, “A new wind turbine generation

system based on matrix converter,” in IEEE Power Engineering Society General

Meeting, 2005, pp. 2083–2089 Vol. 3, June 2005.

[82] P. Zanchetta, P. W. Wheeler, J. C. Clare, M. Bland, L. Empringham, and

D. Katsis, “Control design of a three-phase matrix-converter-based ac–ac mobile

utility power supply,” IEEE Transactions on Industrial Electronics, vol. 55,

no. 1, pp. 209–217, 2008.

[83] D. Kurschner and R. Mecke, “Matrix converter with advanced control for con-

tactless energy transmission,” in Power Electronics and Applications, 2007 Eu-

ropean Conference on, pp. 1–10, IEEE, 2007.

[84] J. Hu and Z. Zhu, “Improved voltage-vector sequences on dead-beat predictive

direct power control of reversible three-phase grid-connected voltage-source con-

verters,” Power Electronics, IEEE Transactions on, vol. 28, no. 1, pp. 254–267,

2013.

[85] P. Antoniewicz and M. Kazmierkowski, “Virtual-flux-based predictive direct

power control of ac/dc converters with online inductance estimation,” Industrial

Electronics, IEEE Transactions on, vol. 55, no. 12, pp. 4381–4390, 2008.

[86] E. Fuentes, C. A. Silva, and R. M. Kennel, “Mpc implementation of a quasi-

time-optimal speed control for a pmsm drive, with inner modulated-fs-mpc

torque control,” IEEE Transactions on Industrial Electronics, vol. 63, no. 6,

pp. 3897–3905, 2016.

[87] P. Wheeler, H. Zhang, and D. Grant, “A theoretical and practical consideration

of optimised input filter design for a low loss matrix converter,” in Electromag-

netic Compatibility, 1994., Ninth International Conference on, pp. 138–142,

IET, 1994.



REFERENCES 205

[88] H. She, H. Lin, X. Wang, and L. Yue, “Damped input filter design of ma-

trix converter,” in Power Electronics and Drive Systems, 2009. PEDS 2009.

International Conference on, pp. 672–677, 2009.

[89] E. Erdem, Y. Tatar, and S. Su?nter, “Effects of input filter on stability of

matrix converter using venturini modulation algorithm,” in Power Electron-

ics Electrical Drives Automation and Motion (SPEEDAM), 2010 International

Symposium on, pp. 1344–1349, 2010.

[90] L. De Lillo, A matrix converter drive system for an aircraft rudder electro-

mechanical actuator. PhD thesis, University of Nottingham, 2006.

[91] N. Burany, “Safe control of four-quadrant switches,” in Industry Applications

Society Annual Meeting, 1989., Conference Record of the 1989 IEEE, pp. 1190–

1194 vol.1, Oct 1989.

[92] J. Oyama, T. Higuchi, E. Yamada, T. Koga, and T. Lipo, “New control strat-

egy for matrix converter,” in Power Electronics Specialists Conference, 1989.

PESC’89 Record., 20th Annual IEEE, pp. 360–367, IEEE, 1989.

[93] A. Alesina and M. G. Venturini, “Analysis and design of optimum-amplitude

nine-switch direct ac-ac converters,” IEEE Transactions on Power Electronics,

vol. 4, no. 1, pp. 101–112, 1989.

[94] J. Mahlein, J. Igney, J. Weigold, M. Braun, and O. Simon, “Matrix converter

commutation strategies with and without explicit input voltage sign measure-

ment,” IEEE Transactions on Industrial Electronics, vol. 49, no. 2, pp. 407–414,

2002.

[95] D. G. Holmes and T. A. Lipo, “Implementation of a controlled rectifier using ac-

ac matrix converter theory,” IEEE Transactions on Power Electronics, vol. 7,

no. 1, pp. 240–250, 1992.

[96] R. Beasant, W. Beattie, and A. Refsum, “An approach to the realization of a

high-power venturini converter,” in Power Electronics Specialists Conference,

1990. PESC ’90 Record., 21st Annual IEEE, pp. 291–297, 1990.



REFERENCES 206

[97] C. Neft and C. D. Schauder, “Theory and design of a 30-hp matrix converter,”

in Industry Applications Society Annual Meeting, 1988., Conference Record of

the 1988 IEEE, pp. 934–939 vol.1, 1988.

[98] L. Empringham, P. Wheeler, and J. Clare, “Bi-directional switch current com-

mutation for matrix converter applications,” Proceedings of PE matrix con-

verter, Prague, Czech Republic, pp. 42–47, 1998.

[99] L. Empringham, Matrix converter current commutation. PhD thesis, University

of Nottingham, 2000.

[100] B.-H. Kwon, B. Min, and J. Kim, “Novel commutation technique of ac-ac

converters,” Electric Power Applications, IEE Proceedings -, vol. 145, no. 4,

pp. 295–300, 1998.

[101] M. Ziegler and W. Hofmann, “Implementation of a two steps commutated ma-

trix converter,” in Power Electronics Specialists Conference, 1999. PESC 99.

30th Annual IEEE, vol. 1, pp. 175–180 vol.1, 1999.

[102] N. Burany, “Safe control of four-quadrant switches,” in Industry Applications

Society Annual Meeting, 1989., Conference Record of the 1989 IEEE, pp. 1190–

1194 vol.1, 1989.

[103] L. Empringham, P. Wheeler, and J. Clare, “A matrix converter induction mo-

tor drive using intelligent gate drive level current commutation techniques,” in

Industry Applications Conference, 2000. Conference Record of the 2000 IEEE,

vol. 3, pp. 1936–1941 vol.3, 2000.

[104] A. Alesina and M. Venturini, “Solid-state power conversion: A fourier analysis

approach to generalized transformer synthesis,” Circuits and Systems, IEEE

Transactions on, vol. 28, no. 4, pp. 319–330, 1981.

[105] L. Huber, D. Borojevic, X. Zhuang, and F. Lee, “Design and implementation of

a three-phase to three-phase matrix converter with input power factor correc-

tion,” in Applied Power Electronics Conference and Exposition, 1993. APEC

’93. Conference Proceedings 1993., Eighth Annual, pp. 860–865, 1993.



REFERENCES 207

[106] R. Marino, P. Tomei, and C. M. Verrelli, Induction motor control design.

Springer Science & Business Media, 2010.

[107] F. Blaschke, “The principle of field orientation as applied to the new transvektor

closed-loop control system for rotating field machines,” 1972.

[108] J. Holtz, “Methods for speed sensorless control of ac drives,” Sensorless control

of ac motors, IEEE Press Book, 1996.

[109] P. Vas and M. Alakula, “Field-oriented control of saturated induction ma-

chines,” IEEE transactions on energy conversion, vol. 5, no. 1, pp. 218–224,

1990.

[110] K. A. I. G.J. Ritter, Budape, “Vector control of ac drives,” 1987.

[111] P. Cortes, M. Kazmierkowski, R. Kennel, D. Quevedo, and J. Rodriguez, “Pre-

dictive control in power electronics and drives,” Industrial Electronics, IEEE

Transactions on, vol. 55, no. 12, pp. 4312–4324, 2008.

[112] R. D. Lorenz, T. A. Lipo, and D. W. Novotny, “Motion control with induction

motors,” Proceedings of the IEEE, vol. 82, no. 8, pp. 1215–1240, 1994.

[113] Y. Zhang, H. Yang, and Z. Li, “A simple svm-based deadbeat direct torque con-

trol of induction motor drives,” in Electrical Machines and Systems (ICEMS),

2013 International Conference on, pp. 2201–2206, 2013.

[114] J. Rodriguez, J. Pontt, P. Correa, P. Lezana, and P. Cortes, “Predictive power

control of an ac/dc/ac converter,” in Industry Applications Conference, 2005.

Fourtieth IAS Annual Meeting. Conference Record of the 2005, vol. 2, pp. 934–

939 Vol. 2, 2005.

[115] S. S. International], “Data sheet of semikron igbt module.”

[116] LEM, “Data sheet of the voltage transducer lv 25-p./h ttp,” 2011.

[117] L. LEM, “55-p datasheet,” 2008.



REFERENCES 208

[118] B. Encoders, “Data sheet of model 755rg 38mm high precision servo mount

encoder.”

[119] V. Semiconductors, “Data sheet of schottky diode, 30ctq045s.”

[120] STMicroelecetronics, “Data sheet of voltage comparator, lm311d.”

[121] A. Technologies, “Data sheet of opto-coupler, hcpl-061n.”

[122] T. Instruments, “Data sheet of texas instruments dsp, tms320c6713.”

[123] Actel, “Data sheet of actel proasic3 fpga chip.”

[124] S. E. Lyshevski, Electromechanical Systems and devices. CRC Press, 2008.



Appendix A

Published Papers

The following papers were published with material directly relating to this thesis:

I Vijayagopal, M.; Zanchetta, P.; Empringham, L.; de Lillo, L.; Tarisciotti, L.;

Wheeler, P., ”Modulated model predictive current control for direct matrix con-

verter with fixed switching frequency,” in Power Electronics and Applications

(EPE’15 ECCE-Europe), 2015 17th European Conference on , vol., no., pp.1-10,

8-10 Sept. 2015 doi: 10.1109/EPE.2015.7309347

II Vijayagopal, M.; Empringham, L.; de Lillo, L.; Tarisciotti, L.; Zanchetta, P.;

Wheeler, P., ”Control of a direct matrix converter induction motor drive with

modulated model predictive control,” in Energy Conversion Congress and Ex-

position (ECCE), 2015 IEEE , vol., no., pp.4315-4321, 20-24 Sept. 2015 doi:

10.1109/ECCE.2015.7310270

III M. Vijayagopal, L. Empringham, L. de Lillo, L. Tarisciotti, P. Zanchetta and

P. Wheeler, ”Current control and reactive power minimization of a direct ma-

trix converter induction motor drive with Modulated Model Predictive Con-

trol,” 2015 IEEE International Symposium on Predictive Control of Electrical

Drives and Power Electronics (PRECEDE), Valparaiso, 2015, pp. 103-108. doi:

10.1109/PRECEDE.2015.7395591

209



Appendix B

Modelling of an induction motor

B.1 Introduction

A mathematical model of the induction motor is required to implement any control

strategy. The stator and rotor equations of the machine can be derived from the three

phase equivalent circuit of the induction machine and is discussed in the next section.

B.2 Modelling of IM in abc (stationary) reference

frame

The stationary/abc frame mathematical model of a balanced three phase IM can be

expressed as shown below[124]. The machine model can be derived from Figure.B.1.
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ias ibs

ics

Rs Rs

Rs

Lss Lss

Lss

vas vbs

vcs

Ns

Magnetic

coupling

Figure B.1: Three phase IM model

The stator equations are shown in B.1 and the rotor equations are as shown in B.2.

vabcs = Rsiabcs +
dΨabcs

dt
(B.1)

vabcr = Rriabcr +
dΨabcr

dt
(B.2)

where vabcs are the three phase stator voltages, iabcs the three phase stator currents,

vabcr three phase rotor voltages, iabcr the three phase rotor currents and Rs and Rr

the stator and rotor resistances. Ψabcs and Ψabcr are the stator and rotor fluxes

respectively.

Using the self and mutual inductances between the stator and rotor windings, the

flux linkages can be obtained as shown in B.3.

Ψas = Lasasias + Lasbsibs + Lascsics + Lasariar + Lasbribr + Lascricr

Ψbs = Lbsasias + Lbsbsibs + Lbscsics + Lbsariar + Lbsbribr + Lbscricr

Ψcs = Lcsasias + Lcsbsibs + Lcscsics + Lcsariar + Lcsbribr + Lcscricr

Ψar = Larasias + Larbsibs + Larcsics + Larariar + Larbribr + Larcricr

Ψbr = Lbrasias + Lbrbsibs + Lbrcsics + Lbrariar + Lbrbribr + Lbrcricr

Ψcr = Lcrasias + Lcrbsibs + Lcrcsics + Lcrariar + Lcrbribr + Lcrcricr

(B.3)
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where Lasas, Lbsbs, Lcscs, Larar, Lbrar andLcrar are the stator and rotor self-inductances

and Lasbs, Lcsbs.....Lcrar are the mutual inductances between the stator and rotor wind-

ings.

The self and mutual inductances for the stator and rotor is given by B.4.

Lasas = Lbsbs = Lcscs = Lss = Lls + Lms

Larar = Lbrbr = Lcrcr = Lrr = Llr + Lmr
(B.4)

where Lls andLlr are the stator and rotor leakage inductances respectively. The stator

and rotor magnetizing inductances Lms and Lmr are equal and will be referred as Lm.

The mutual inductances between the stator and rotor windings can be simplified as

follows.

Lasbs = Lascs = Lbscs =
1

2
Lm

Larbr = Larcr = Lbrcr =
1

2
Lm

(B.5)

The self and mutual inductances Ls and Lr can be expressed in the form of a matrix

as shown in B.6 and B.7 respectively.

Ls =


Lls + Lm −1

2
Lm −1

2
Lm

−1
2
Lm Lls + Lm −1

2
Lm

−1
2
Lm −1

2
Lm Lls + Lm

 (B.6)

Lr =


Llr + Lm −1

2
Lm −1

2
Lm

−1
2
Lm Llr + Lm −1

2
Lm

−1
2
Lm −1

2
Lm Llr + Lm

 (B.7)

The mutual inductances between the stator and rotor windings are given in terms of
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the electrical rotor angle (θr) with a period of 2π.

Lasar = Laras = Lbsbr = Lbrbs = Lcscr = Lcrcs = Lmcos(θr)

Lasbr = Lbras = Lbscr = Lcrbs = Lcsar = Larcs = Lmcos(θr +
2π

3
)

Lascr = Lcras = Lbsar = Larbs = Lcsbr = Lbrcs = Lmcos(θr −
2π

3
)

(B.8)

To determine the torque of an induction machine with P number of poles, the following

equation can be used.

Te = −P
2

{[
ias(iar −

1

2
ibr −

1

2
icr) + ibs(ibr −

1

2
iar −

1

2
icr) + ics(icr −

1

2
ibr −

1

2
iar)sin(θr)

+
sqrt(3)

2
(ias(ibr − icr) + ibs(icr − iar) + ics(iar − ibr))cos(θr)

]}
(B.9)

The mechanical model of the induction machine is given by

J
dwr
dt

=
P

2
(Te − Tload)−Bmwr

dθr
dt

= wr

(B.10)

where J is the moment of inertia of the motor, Bm the frictional coefficient, wr and

θr the electrical speed and position of the motor and Tload is the load torque. From

the electrical parameters, the mechanical speed and position of the motor can be

calculated from the number of poles as shown in B.11.

wm =
2

P
wr

θm =
2

P
θr

(B.11)



B.3. MODEL OF IM IN SYNCHRONOUS ROTATING FRAME 214

B.3 Model of IM in synchronous rotating frame

The equations of the machine in abc reference frame is computationally demanding

as seen from section B.2. This can be simplified by considering the machine model

in a rotating reference frame as in the case of indirect rotor flux orientation. In this

case, the reference frame is aligned to the rotor flux and rotating at a frequency ωe

which is the frequency of rotor flux. The direct and quadrature axis stator and rotor

equations of the machine at a synchronously rotating reference frame is shown in

B.12.

Vsd = RsIsd +
dΨsd

dt
− ωeΨsq

Vsq = RsIsq +
dΨsq

dt
+ ωeΨsd

Vrd = RrIrd +
dΨrd

dt
− (ωe − ωr)Ψrq

Vrq = RrIrq +
dΨrq

dt
+ (ωe − ωr)Ψrd

(B.12)

where Ψsdq and Ψrdq are the stator and rotor flux linkages respectively, ωr is the

electric rotor angular speed. For rotor flux orientation, Ψrq = 0.

The rotor speed dynamics can be expressed as shown in B.13.

dωr
dt

=
P

2J
(Te − Tl) (B.13)

where Te is the electromagnetic torque and Tl the load torque of the machine.

The electromagnetic torque can be written in terms of the stator and rotor flux

linkages and currents as shown in the set of equations in

Te =
3P

4
(ΨsdIsq −ΨsqIsd)

=
3P

4

Lm
Lr

(ΨrdIsq −ΨrqIsd)

=
3P

4

Lm
Ls

(IrdIsq − IrqIsd)

(B.14)



Appendix C

PI Controller Design to control an

IM

For vector control of induction machine discussed in Chapter.3, PI controllers are

used to control the stator currents and speed of the motor. This section describes the

design procedure for both current and speed PI controllers.

C.1 Design of current controller

A block diagram of the current loop to control the stator currents of an induction

machine are shown in Figure C.1.
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Idq

Vdq
*

+
ki

s
+

-

Idq
*

PI

1/Rs

s s +1
kp

++

d sdq/dt ± e sqd

Figure C.1: Block diagram of the current loop

The forward transfer function for the PI controller is given by

Gc(s) = kp +
ki
s

(C.1)

where s is the Laplace operator, kp the proportional gain and ki the integral gain

of the PI controller. The compensation terms shown in Figure C.1 are added once

the controller gains are calculated using the plant model. From Figure C.1, the

characteristic equation for the control loop can be formulated as follows.

s2 + as+ b = 0 (C.2)

where a = kp+Rs
τsRs

andb = ki
τsRs

.

For a second order system, the general form of characteristic equation is given by

s2 + 2ξwns+ w2
n = 0 (C.3)

where wn is the natural frequency and ξ is the damping factor.

Comparing C.2 with C.3, and rearranging the terms, the controller gains kp and ki

can be obtained.

kp = 2ξwnτsRs −Rs

ki = w2
nτsRs

(C.4)
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The stator time constant, τs is defined as

τs =
σLs
Rs

(C.5)

σ is the total leakage inductance and is defined as

σ = 1− L2
m

LsLr
(C.6)

With a damping factor of 0.707 and a bandwidth of 100Hz and using the machine

parameters given in Table.6.3, the current controller gains can be calculated. The

current controller gains obtained from the above calculations are shown in C.7.

kp = 17.1

ki = 2000
(C.7)

C.2 Design of speed controller

To design the speed controller for the induction motor, the block diagram in Figure.C.2

is considered.

ωr

s+Bm / J

kt/J
ω r

*

I sq
*

+
ki

s
kp kt

Tload

Te

+

-

-
+

Figure C.2: Block diagram of the speed loop

From Figure.C.2 the characteristic equation for speed controller can be expressed as

s2 +
(Bm

J
+
kpktP

2J

)
s+

kiktP

2J
= 0 (C.8)

Comparing C.8 with C.3 and rearranging the terms, the controller gains can be cal-
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culated as shown in

kp =
(

2ξwn −
Bm

J

) 2J

ktP

ki = w2
n

2J

ktP

(C.9)

where kt =
3PL2

mi
∗
d

4Lr
is the torque constant. By selecting a ξ of 0.707 and a bandwidth

of 10Hz, the speed controller parameters can be determined. The resulting speed

controller gains calculated empirically are as shown in C.10.

kp = 0.2

ki = 0.6
(C.10)



Appendix D

Disturbance Analysis of Supply

currents of a 30kW integrated

drive

The following study was conducted for an integrated matrix converter drive mentioned

in [36]. In the integrated drive, the matrix converter is mounted on the motor end

plate resulting in a single unit which includes the drive and the motor. The absence

of a DC link capacitor in a matrix converter enabled it to be used for applications

like this where the size of the converter is crucial.

It was observed that the integrated drive developed in PEMC group at The University

of Nottingham had issues regarding the input filter and stability of the system. The

problem arises when there is a disturbance from the load/motor. This could be

in the form of unbalanced back emf. When subjected to disturbance, the input

current becomes distorted and starts resonating. This increases the temperature of

the damping resistor and is not an ideal situation. To study this further, the same

set up and conditions in the lab were simulated in Matlab Simulink environment.

The disturbance is simulated by adding a voltage of frequency 24*Fo to the reference

voltage to the MC where Fo is the output frequency. The magnitude of the disturbance

219
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is selected such that the effect on the output current is similar to what was seen in

the lab. The test was then conducted for output frequencies ranging from 50-100Hz.

The system was run at constant power in all these cases. The distortion in the input

current was seen to be increasing with increasing output frequencies as shown in

Figure.D.1.

Table D.1: Supply currents for different output frequencies

The next step was to do a harmonic analysis of these input current waveforms and

determine the dominant harmonics in each case. The findings of the harmonic analysis

is summarised in Table.D.2.
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Output Dominant Dominant Disturbance Offset
Frequency Harmonic 1 Harmonic 2 Frequency

40 940 1060 960 20

50 1190 1310 1200 10

60 1440 1560 1440 0

70 1690 1810 1680 10

80 1940 2060 1920 20

90 2190 2310 2160 30

Table D.2: Disturbance analysis of supply current

When these harmonics are observed carefully it is noticed that there is a relation

between the harmonics generated in addition to the fundamental supply frequency,

Fi and the disturbance as shown in D.1. (In practice the disturbance is unknown).

Dominant harmonic 1 = Disturbance freq + (Fo − Fi)

Dominant harmonic 2 = Dominant harmonic1 + 2 ∗ Fi
(D.1)

In order to eliminate these harmonics, one or both of the dominant harmonics were in-

jected into the reference voltage waveform antiphase to the reference voltage. However

this resulted in more harmonic bands together with dominant harmonics. Therefore

it was concluded that a different approach is required to tackle this problem. It was

observed that the SVM strategy for the matrix converter that calculates the input

and voltage sectors will not be affected with the addition of harmonics in antiphase.

Including the distorted input current for sector calculations is required to see its effect

on the modulation. To test this, the dominant harmonics in anti phase was added

to the input voltage for the input current angle calculation so that the input current

angle will also include the disturbance. This resulted in an additional harmonic in

the input current together with the dominant ones. Thus it was concluded that any

type of harmonic injection will only result is more harmonics which is not desirable.

This analysis has led to the conclusion that the distortions in back emf of the in-
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duction machine which results in distortions in the supply side waveforms cannot be

eliminated by harmonic injection. Since the distorted back emf is a result of poor de-

sign of the commercial machine used for integrated drive, it is concluded that this can

only be eliminated by designing the machine specifically for integrated drive which

incorporates the desired requirements.


