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Abstract:

The technology of direct AC/AC power conversion (Matrix Converters) is gaining
increasing interest in the scientific community, particularly for aerospace

applications.

The aim of this research project is to investigate the use of direct AC/AC three phase
four-leg Matrix Converter as ground power unit to supply aircraft with power during
stopover or maintenance in airports. The converter fourth leg is used to provide a
path for the zero sequence components when feeding unbalanced or non-linear loads.
A high bandwidth controller is required to regulate the output voltage of Matrix
Converter with a 400Hz output frequency. However, the controller bandwidth is
limited due to the reduced ratio between the converter switching frequency and the
fundamental frequency. In this case undesirable, periodic errors and distortion will
exist in the output voltage above all in the presence of a non-linear or unbalanced

load.

Digital repetitive control system is proposed to regulate the output voltage of a four-
leg Matrix Converter in an ABC reference frame. The proposed control structure
introduces a high gain at the fundamental and its integer multiple frequencies. Using
the proposed repetitive controller will reduce the tracking error between the output
and the reference voltage, as well as increasing the stability of the converter under

balanced and unbalanced load conditions.

Simulation studies using SABER and MATLAB software packages show that the
proposed controller is able to regulate the output voltage during balanced and
unbalanced load conditions and during the presence of non-linear load. In order to
validate the effectiveness of the proposed controller, an experimental prototype of a
7.5KW has been implemented in PEMC laboratory using DSP/FPGA platform to
control the converter prototype. The steady state and the dynamic performance of the
proposed control strategy are investigated in details, and extensive experimental tests
have showed that the proposed controller was able to offer high tracking accuracy,
fast transient response and able to regulate the output voltage during balanced,

unbalanced and non-linear loading.
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Chapter 1 Introduction:

1.1 Introduction

There is a growing interest in the use of static power conversion techniques to
provide high-performanc&C power supplies applications such as uninterruptible
power supplies, automatic voltage regulators, programn#gBlsources and ground
power units (GPUs) for aircraft. In the past static rotating motor-generator systems
were used in these applications. But, more recently static power frequency converters
have been considereEI [1]. The power converter topology useds@applications

could be an indirect power converter (AUG-AC converter), where a standard 3-
phase rectifier/inverter is used @& direct power converter (AC-AC Matrix
Converter), where the AC input converted direcByMatrix Converter(MC) is a

direct power converter which can be used to convert AC supply voltages into

variable magnitude and frequency output voltages, as shgwn in HJ@A. The
advantages of the MC over rectifier/inverter systems are the sinusoidal input current

waveforms, the controllable input displacement factor and the fact that there is no

energy storage element or DC link.
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For power supply applications, where different loads needs to be supplied ranging
from balanced, unbalanced and non-linear loads. In such application, 3x3 power
converters will be unable to provide a regulated output voltage. This is because; the

converter needs to be able to deal with zero sequence current in the system.

Ground power units (GPU) are designed to provide a high quality power to aircraft at
airportsat 400Hz, 115V. Static power converters are environmentally friendly and
require low maintenance compared to motor generator systems, and the typical rating
are up to 90 kVA per unﬂ4].\ﬂ70 possible topologies of a three-phase GPU are
shown in Fig 1-1. Topology (a) has a three-leg converter supplying a four leg Delta-

Star connected transformer while topology (b) has a three phase four leg converter.

Topology (a)

Power converter

I— Input filter — Output filter
Utility Ls 1o  Isolation transformer

LYY e

Wa2aa — @ |

LAY - Loa
Cs _1_ ___]_

Topology (b)

Power converter

Input filter
I_ —

Utility Ls Lo _I v
LYY Y Y'Y Va
LY YY) , YYY Vb
R _{ ~ Ve Load
N N e
s 1 1
TIT

Figurel-1 GPU possible topologies.

The first topology has the advantage of isolation, but the transformer increases the
size and the weight of the system. On the other hand, the second topology is more

compact and has less weight due to the absence of the transformer.
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1.2 Power supply aircraft standards

In order to ensure reliable and safe operation of power supply systems, military

authorities have established guidelines on power quality for aircraft applications.

Table1-1| details the requirements for these systems which are normally 400Hz, three

phase four wire systemnjs. Figute2| shows the allowable output voltage transient

envelope.

Tablel-1 Military standards for aircraft electrical power syst{vlvs [5].

Steady state voltage 108 to 118 Vrms
Peak transient voltage 271.8 Vrms
Voltage unbalance 3Vrms
Voltage phase difference 1160 to 1240
Voltage distortion 5%
Steady state frequency 393Hz to 407 Hz
200

180 \
160 \

N\

V4
/

) )
é \ /118 V; 0.0875 sec
N S—
o 120 — NE 118 —
= AC :ower;t Exti.-rnlal 113
= ower Receptacle - =]
[e] L 108 =
See paragraph 4.3
> 100 ,// v\
— Ty
] / 108V;0.080 sec |
L 7
8 - /
80
s h
r\l_ 80V: 0.010 sec

Note: Steady state limits do 1
60 not include disturbances
|_a||0wed in Table | |

40
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175

Time from onset of transient (seconds)

Figurel-2 Envelope of normal 400 Hz and variable frequency AC voltage transient.
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A 400 Hz system is used in applications where space and weight are important
factors. Due to the higher fundamental frequency, passive components in 400Hz
systems are much smaller (compared to 50Hz, for example); this means that the
system will be lighter and occupy less volume. However, in the design of a converter
with a 400Hz output frequency a high bandwidth controller is required. The reduced
ratio between the converter switching frequency and the fundamental frequency
limits the maximum controller bandwidth. In this case periodic errors and distortion

will exist. A repetitive control (RC) provides a possible solution to minimize these

periodic error] EI7].

Under unbalanced loading, negative and zero sequence components can cause
unbalance output voltages and unequal phase shift between the phases. The neutral
wire in the four-leg Matrix Converter is used to provide a path for the zero sequence

components and allow independent control for each output phase voltage.

——————0"" 0
SBa
2N SCa
VN \ —o~ o
\ : r;mh,j ' sah, | emmm———— £ p
Va T 0 ! Lo i
: Ls l I SBb Y Y . Va
b ! SCh I .
3PhasePowerv : T - p—o~ o I =YY ™ T Vb Load
NN = oa
il E P Ly e
A SBc I | - !
|
1 Co!
1
Ve L~~~ T ’ sce.,_| . TTT/. Vi
\ A A A (R (N (N R R
S = \
Input Filter = —s'%N/o_ Output Filter N~
SBN
s |
I BB BRI
Pulses Generator
1 U 1 1 putycycle
Vref-a™ \
Controller 8—
Vrefb® Vref-a
Controller —
. </
Ventorini p— T Vrefb
| — Modulator Controller o——

Vref-c

Figure1-3 Matrix Converter with ABC reference control



Chapter 1Introduction

1.3 Matrix Converters:

A Matrix Converter is an array of bidirectional switches ttatdirectly connect any
input phaseto any output phase to creagevariable voltage and frequency at the
output. There are several advantages of Matrix Converters such as:
o No DC-link, leading to reduced converter weight and size.
o Simple and compact power circuit.
o The ability to control the output voltages and input currents which results in a
nearly sinusoidal input current with a unity power factor.

o 4 quadrant operations.

The development of Matrix Convertessarted in early 1980’s after Alesina and
Venturini introduced their basic operation principEIs [8]. They presented a converter
with an array of bidirectional switches and they introduced the name of Matrix
Converter. The main contribution of Alesina and Venturini was the development of
mathematical analysis that describes the low frequency behaviour of Matrix
Converter. In their basic modulation method the voltage transfer ratio was limited to
0.5, but by the introducing the third harmonics technique the voltage transfer ratio
increased the ratio to O.ﬁ [9]. The concept of the indirect transfer function technique
was introduced in 1983 by RodrigulO]. This method was based on switch
arrangement to switch between the most positive and negative input line using the

same PWM technique as used in standard Voltage source inverters (VSI).

The use of space vectors in the modulation of Matrix Converters was introduced by
Braun in 1983] and Kastner and Rodriguez in 1 [12]. Then, this was then
extended with Casadei at al paper in 2 [13], by giving a full Space Vector
modulation strategy that controlled the output voltage and the input power factor
. However instantaneous commutation of the bidirectional switches used in MC’s

was difficult to achieve without overvoltage and current spikes that might destroy the
switches, and this effemdl the practical implementation of the converters.
Fortunately, the commutation problem was solved by the development of
commutation techniques such as the semisoft current commutation tecue [15]

Other advanced commutation strategies were introduced later to allow safe and
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reliable operation of the switch117]. Today research activity is mainly
dedicated to studying advanced technological and applications issues such as the
reliable implementation of commutation strateg , 19], overvoltage protection

], packagingiEZ], operation under abnormal condit3, 24], controller

designs such as dead beat cont 26], predictive coI [27] ,Genetic
Wr

Algorithms ] and sliding mode contrpl [R8] .
1.3.1 Matrix Converter control

The application of digital controller in the field of switch mode power supplies
attracts increased attention due to several advantages. First of all, is the possibility to
implement complex and sophisticated control structure and modify or sometimes to
reprogram the controller, which is not an easy task using analogue controllers.
Secondly, Signal manipulation and taking care of nonlinearities and parameter
variation is very attractive feature of digital controllers. In addition, thermal drifts
and ageing effect do no longer exist in the digital controller. Finéy, rapid
increase in the digital circuit computational power and the continuous reduction of

cost is a great advantage of digital controllers.

1.4 Repetitive control

The concept of repetitive control was originally developed by Inoue et al. in 1980 for
a SISO plants in continuous time dom[29] to track a periodic repetitive signal
with defined period T and was applied successfully to control proton synchrotron
magnet power supply in 1929] . Based on Internal Model Principle proposed by
Francis and Wonham in 19[6], any periodic signal with known period T can be
generated by including its generator in the stable closeﬁop [6]. A repetitive control
system generates a high gain at the periodic signal fundamental frequency and its
integer multiple, therefore a periodic signal can be tracked provided the close loop

system is stable. Repetitive controllers have been widely used in applications

including PWM inverterslj?:], PWM rectifiers [34}36], Matrix
Converter 8], robotic manipulat[39], disk drive systemdg§L0-
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1.5 Objectives

For a converter with a 400Hz output frequency, a high bandwidth controller is
required. The reduced ratio between the converter switching frequency and the
fundamental frequency limits the controller bandwidth. In this case periodic errors

and distortiorcanexist.
The main objectives of this project dme

1. Investigate the use of Venturini modulation to enable the control of a 4-Leg
Matrix Converter.

2. Simulate the 4-leg Matrix Converter using the Saber simulation package.

3. Propose control methods that are able to control the output voltages of the
converter with balanced, unbalanced and non-linear loads.

4. Build a 7.5KW experimental rig to verify the validity of the modulation and

the proposed control systems.

1.6 Thesisoutlines

The thesis is organized into 6 chapters. Chapter Il presents the fundamentals of
Matrix Converters. Tis chapter starts by introducing the Matrix Converter structure
including the input and output filters and the bidirectional switches that form the
heart of the power circuit. The chapter also presklatrix Converter commutation
methods followed by modeling. Finally the chapter presents modulation strategies

including the space vector and Venturini modulation methods.

In chapter Ill, the control design for the four-leg Matrix Converter is presented.
Modeling of the four-leg Matrix Converter system is shown and both second order

and repetitive control design methods are presented.

In chapter IV, the power converter modeling and simulation methods are shown.
Simulation results for the power converter during balanced, unbalanced and non-
linear loads are presented. Finally, the switching frequency effect on the converter

waveforms is given.
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Chapter V presents the hardware implementation of a 7.5KW converter prototype
This chapter describes the overall structure of the prototype converter and explains
the design of each circuit such as the input and output filters, power modules, gate
drive circuit, current direction circuit, clamp circuit measuring circuit and control

platform.

Chapter VI presents thexperimental results of prototype converter to demonstrate
the effectiveness of the proposed controller. Experimental results are presented in
this chapter for different load conditions such as balanced, unbalanced and non-linear

loads.

Finally, Chapter VII presents the conclusion of the thesis. This chapter summarizes

the PhD research work findings and introduces future work.
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Chapter 2 Fundamentals of Matrix Converters

2.1 Introduction:

A Matrix Converter is a direct power converter used to convert AC supply voltages

into variable magnitude and frequency output voltages. As sho

vn in gl

re

three phase Matrix Converter consists of array of bi-directional switches that are

switched on and off in order to provide variable sinusoidal voltage and frequency to

the load. In this type of converter there is no need to the intermediate DC link power

circuit and this means no large energy storing capacitors. This will increase the

system reliability and reduce the weight and volume for such converters.
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Input Filter
Rs Bi-Directional
VA W Switch
@ YY)
L5 Ci SAa2 . SAb2 3. SAc2
VB 1 SAal SAbl SAcl
- .
L % SBb2 SBc2
VC SBal ¥ Sgsl ¥ SBcl
Batiinia
SCa2 SCbZ SCc? SCNZ
A X XX
e SCal SCh1 sCcl SCN1
Output Filter Lo § § §
Va ‘CO n
\
Vb ¢
Ve t———
Load

Figure2-1 Four-leg Matrix Converter system

2.2 Matrix Converter structure

In this section, the main components of the Matrix Converter will be described. First,
the input filter structure and design is investigated. After that the bidirectional power
switches are presented. Then the output filter design is discussed. Finally, the clamp

circuit that is used to ensure safe operation of the Matrix Converter is also described.

2.2.1 Input filter

In power converters input filters are used in order to improve the input current
guality and to reduce the input voltage distortion. It acts as an interface between the

input power supply and the converter. There are several important features for using
the input filter such a :4]

- it helps to avoid the significant changes of the input supply voltage during

each PWM cycle.

10
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it helps to prevent the unwanted harmonics from flowing into the input power
supply.

it helps to satisfy the electromagnetic interference requirements.

it helps to protect the converter from transients that appear in the input supply

side.

The design of the input filter has to accomplish the follo ; [45]:

the cut-off frequency of the input filter should be at least one decade above
the supply frequency and one decade bellow the switching frequency.
minimize the voltage drop on the filter inductance at the rated current in order
to provide the highest converter voltage transfer ratio.

minimization of the displacement factor between the supply voltage and the
voltages applied to the matrix converter.

minimization of the ripples in the supply current and the capacitors voltage.

control the power losses in the damping resistor.

There are a number of different filter topologies can be used for th@C [46]. Among

these is the second order LC filter shown in Fi@ it is a common practice to

use this topology in many MC applications in view of the low number of components

and the satisfactory frequency response that can be act‘ieved [#5-50]. ZRure

shows the single phase LCR filter used in this work.

Input filter
Rs
Ls
Y'Y Y
. SAa2 SAN2
ase
Input |_‘:'—| SAal SANL
Voltage i
= SBal
Y Y Y

%

CaZ CN
~Cs
Scal SCNZT

Figure2-2 Input filter circuit.

The transfer function of the single phase diagram shoyn in F@G}ef the input
filter can be described 1]:

11
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1 r 1 2.1
TF = Vout _ (RS.CS) S+ (RS.LS.CS + LS.CS)
T Ve o2 T 1 r 1
SR S KR v

The resonant frequency of the output filter can be calculated as:

f(HZ) 1 2-2
z)=———
2nvVL.C
s
Ib
—  An—rrrm .
is ’ r Ls
Vin —Cs Vout

Figure2-3 Input filter Single phase equivalent circuit.
2.2.2 Output filter

AC power supplies require a low pass filter (LC filter) at the output side of the
converter. The main purpose of the output filter is attenuating voltage ripple from the
converter switching. For power supply design, the output impedance of the converter
must be close to zero to enable operating as an ideal voltage source. To achieve this,
the inductor value is minimizet almost zero and the value of the capacitor should

be maximized to keep the same cut-off frequency. Howevegh capacitor value is

not recommended since the system may face a high inrush current. Also, the power
rating of the converter will increase as the capacitor value is increased due to the

increment in the filter reactive power. Therefore the inductor value should be chosen
as a compromise between these two condit.

Figure 2-4 shows the three phase circuit of the Matrix Converter. The equivalent

circuit of the LC output filter is shown jn Figu&5, In this figure 4 represents the

internal resistance of the output inductor, Lo and Co are the output inductor and

12
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capacitor values. The transfer function of the output filter is important in the design
of the control system of the converter and can be calculated from Eigillré' he

neutral inductor Ln is small compared with the value of filter inductgr# is used
to reduce switching frequency rippl54].

,,,,,,,,,,,,,,,,,, R S
Lo R L.
Ls a—+"N——— A~
T A loa
AANA T L ce . N b —Yym ’ AN Y
l :_r; :‘ c— AAA—YY Y]
T C C
o S TTT™
Input filter Four-Leg Matrix Output filter Load
Converter

Figure2-4 Three phase matrix converter citculi

lo Lo
0_—'W\'—NYY" °
lo
Vin =—Co Vout
. °

Figure2-5 Output filter single phase equivalent circuit.
The transfer function of the output filter is given [51]:

1 2-3
Lo.Co

TF =
s24leg4 1
Lo

Lo.Co

2.2.3 Bidirectional switches

The construction of Matrix Converter requires bidirectional swst¢hat are able to
block voltage and conduct current in both directions. However, till now a true single
bidirectional switch is still not availabl5]. Realization of bidirectional switches

13
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are therefore based on a combination of discrete devices as &h

Different bidirectional switch arrangements have been proposed in the litgrat
53

2.2.3.1 Diode bridge arrangement

re [15

It is possible to build a bidirectional switch using one switching device such as an
IGBT, MCT or IGCT, as shown i|n Figur2-6| (A). The main advantages of this
configuration are that only one gate drive circuit is required to switch the device on

and off. However, because there are three devices conducting at the same time

conduction losses will be large.

iy iy = L
— 0 b R T
iy A \ 7 . L

L
A B C D

Figure2-6 Bidirectional switches configuration

2.2.3.2 Common emitter configuration

The common emitter configuration is shown in Fig@ré| (B). This arrangement

consists of two diodes and two IGBT’s connected in anti-parallel configuration. One
diode and one IGBT are conducting at any time. These diodes are included to
provide reverse blocking capabilities. The advantages of this configuration are lower

conduction losses and independent control of positive and negative currents.

2.2.3.3 Common collector configuration

The common collector configuration is shown in Fig@ré| (C). The conduction

losses are similar to the common emitter configuration. However, this configuration
is not feasible in very large practical systems since the inductance between
commutation cells causes a probl [55]

14



Chapter 2: Fundamentals of matrix converters

2.2.3.4 Anti-parallel reverseblocking IGBTs

It is possible to build a bidirectional switch by simply connecting two reverse

blocking devices in anti-parallel as shown in Fi (D). In this configuration the

efficiency may be improved and a compact converter size is possible to build.
However, to date IGBTs showed poor reverse blocking capabilities and this
prevented wide spread use of this configuration.

The common emitter configuration is the preferred solution as it is possible to control
the direction of the current and conduction losses are lower since only two devices
carry the current at any one time. One disadvantage of this configuration is that eac

bidirectional switch requires an isolated power supply for the gate drivit [55].

2.3 Matrix Converter Current Commutation

Current transfer from one phase into another is difficult to achieve in Matrix
Converters due to the fact that there is no a natural freewheeling path for the current
Therefore, controlling the current commutation between bidirectional switches is an
important task. Two important rules need to be considered in the commutation:
e [For each output phase, do not switch two switches at the same time. Because
this will result in a high short circuit that will destroy the converter.
¢ Do not switch off two switches in the output phase at the same time, this will
cause an over-voltage. Always allow a path for the inductive load current to

flow.

There is several commutation techniques proposed in the literature such as simple
and advanced commutation meth, 57].

2.3.1 Simple Commutation Methods

Simple commutation methods such as overlap, dead time and semi soft commutation
are discussed belown the overlap current commutation method the incoming
switch is turned on before the outgoing switch is turned off. This will result in a short

circuit between the supply phases. Extra supply inductance must be used to limit the

15
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current but, this method is rarely usEI[lG]. In the dead time current commutation
method the outgoing switch is turned off before the incoming switch is turned on.
This method will introduce a dead time in which there is no a path for the inductive
load current. Therefore a snubber circuit is required to provide a path for the current.

This method is poor due to the wasted energy in the snubber circuit.
2.3.2 Soft switching techniques

Soft switching technique such as resonant switch cirlISlS, 59] and auxiliary
resonant circuitO], have been introduced in order to reduce switching losses and
improve efficiency in power converters. However, in Matrix Converters resonant
techniques have extra benefit of solving commutation problem. All these circuits
increase the number of components being used in Matrix Converter and this also

leads to additional conduction losses.
2.3.3 Advanced commutation methods

For a reliable safe commutation a specific sequence must be adopted without short
circuiting the input voltages or breaking the inductive load current. The first current
commutation method that does not break the previous rules was propd in [15] and
named semi-soft commutation method or four-step commutation methode The
advanced commutation methods are based on the measurement of the load current
direction or on the input voltage magnitude or b [57]. In this project current

commutation based on the output current direction was adopted.
2.3.4 Output current direction based commutation method.

This commutation method is based on the load current direction. The load current
direction is assumed to be in the direction shown in Figajﬂe switch SA is

assumed to be switched on.

16
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SA SAr

Input filter

SAf

VA
Load
SBr
SB T
Input filter
VB

Figure2-7 Current direction based commutation.

If commutation from switch Sto switch $ is required then:

1. The current direction signal used to determine which device in the active
switch is not conducting,sS( Sa,=> OFF ).

2. The device that is going to conduct in the incoming switghisSSss, (
Sgr>ON ). Load current transfers to the incoming switghe®her at this
point or when the §is switched off completely, depending on the polarity of
the input voltages.

3. The device of & in the incoming switch §is switched ON to allow the

current to reverse. This process is shown in Figergand Figure-8{

SAr

SBf

SAf

SBr

Figure2-8 Four step current commutation.

17



Chapter 2: Fundamentals of matrix converters

Figure2-9[ shows the state diagram of the current commutation according to the load

current direction.

i >0 SAr =0 SAr =0 SAr =0
L = — —
SBf =0 SBf =1 SBf =1
SAf=1 SAf =1 SAf =0
SBr =0 SBr =0 SBr =0
SAr =1
SBf =0
SAf =1
SBr =0
SAr =1 SAr=1 SAr =0
SBf =0 SBf =0 SBf =0
i, <0 SAf =0 SAf =0 SAf =0
SBr =0 SBr=1 SBr =1
‘Steady Sta?[e = Transitional state g ‘Steady Stz;te

Figure2-9 Four step current commutation

2.4 Matrix Converter modulation strategies

There are a number of possible modulation techniques that can be used for Matrix
Converter control. The optimal modulation strategy should minimise the input
current and output voltage harmonic distortion and device poweasl.

The most relevant control and modulation methods developed for the MCs are the
Venturini method, the scalar method developed by Roy and the space-vector
modulation (SVM) ,|:1|2]. In the Venturini method the output voltage is
obtained by the product of the input voltage and the transfer matrix. While in the Roy
scalar modulation the instantaneous voltage ratio of specific input phase voltages is
used to generate the active and zero states of therea’s switches. Comparisons
between the SVM and the Venturini modulation methods show that switching losses
are lower for the SVM method; however the Venturini modulation method shows
better performance in terms of input current and output voltage harmonics. In this
work the Venturini method is preferred because it deals with scalar quantities rather

than vectors, and this is important when controlling unbalanced or non-linear loads
[
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2.4.1 Space Vector Modulation for 3x3 Matrix Converter

Space Vector Modulation had previously been used for inverter control. In 1989
Huber and Borojevic proposed the use of Space Vector Modulation methods for
Matrix Convertes. In 2002 Casadei at 3] propose a full Space Vector
Modulation strategy that controlled both the output voltage and input power factor.
Space Vector Modulation for Matrix Converters is based on the space vector
representation of the input currents and output voltages atiraayThese vectors

are a result of the set of switching states that the Matrix Converter produced. For
example, to create the switching state labelled “+1” in Table2-1, output phase “a”

has to be connected to input phase “A”, and output phases “b, ¢, and n” have to be
connected to input “B”. For the standard 3 x 3 MC, there are 27 (3°) switching states

. However inafour-legMC, due to the addition of the forth leg, the total number
of switching states is 81 ”(B For a set of three phase line to neutral voltages can
be represented by:

2-4
(Voa + aVob + azvoc)

wl N

Vo(t) =

. 2 . . 2-5
i;(t) = 3 (iy; + aiy; + a’iz;)

2T
3

Wherea = e’=, Voa ,Von, Voc are the output phase voltages, i, iz are the input

currents. Using an Argand diagram the three vectors can be plotted as shown in

Figure2-10. This diagram shows a set of three vectors spaced BwitB0/(t) on

the same diagram produce a vector of constant length and angle o, rotating at

frequency ofm,. The output voltage )t), which is expressed in equatj@rd, can be

generated by switching between the adjacent space vectors and producing a time
averaged value over a switching period that is equal to the required output space

vector.
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";’;i!

Figure2-10 SVM Vectors for a Balanced 3-Phase

2.4.1.1 Matrix Converter switching states

For Matrix Converters not all of the switching states have to be used to implement
SVM, only the switching states that produce a vector with a constant direction within
the output space are normatlyed and these are called “stationary vectors” and are

listed ir] Table2-1}

+4, £5.46

41, 42,43

K\,-': 6

=3 _
+3, 46,49 +1, +4.47

+7, 48,49

Figure2-11 Output voltage and input current space vectors

According tqg Table-1]a, is the angle of the output voltage vector and B; is the angle

of the input current vectoThe operation of the Matrix Converter requires one and
only one switch in each output phase must be conducting. This leads to twenty seven

possible switching states. By applying equa‘\i’eﬂ and2-5| to determine the output
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voltage and the input current vectors, the magnitude and the phase of these vectors
for all possible combinations are giverli in Tabig

Table2-1 Switching states of three phase Matrix Converter[57] .

Switching Converter Uy ay, i 3
Configuration State
+1 St FU19i 0 ~5i1o —%
¢ ; 2 =
—1 5oy __'jflj 0 — 3t —8
+2 Soag 023 0 ilo 5
=2 S390 — 303 0 — o 5
[ Y i f o . T
+3 Sar Va1 0 lio B
0 T ] Ao im
-3 2133 —g VAt u ——5?]-: &
B =T J'll— '_I' - T
+4 Sa19 V12 = 732 =
= F o LB i
—4 5121 —3V12i T — %0 -5
5 Saas . L = {9 z
+'_' 323 }-' 23 ,;_ ‘*'1." 20 :;-
1 e T il - . i
=3 Sog —3 Va3 e — 3% 9
) 2 2T P (i3
+6 2131 s 5 A2 5
= 2] 7T 2 i
—6 5313 —3 U315 T — 73l 5
o . am 2 w
+ 0991 FU12 Y Ao =
= I 1% T T
=i 519 —3Y12 3 — =l —%
o 3 I & T
+8 47.’339 308 E \TEF'?.'_JTU 3
—& Snag — 23 o — 530 T
T 5" REG o T
+9 5113 U314 T 75130 2
'- - dm i T
-8 Saay —3 Va1 a3 — a3 tan 7
0, R 0 = 0 0
I:?g ,"_;"r_::-_)g 0 — 0 u
Uy Sgaa 0 - 0 0
FR1 Sia3 vartable | variable | variable | variable
FR2 Sonq vartable | variable | variable | variable
FR3 Satg variable | variable | variable | variable
BR1 S1a0 variable | variable | variable | variable
BR2 Sa1g variable | variable | variable | variable
BR3 Sgay vartable | variable | variable | variable

Group 1 vectors are split into three sub-groups as shown in table 2.1. These six states
produce a vector in a defined direction. For the three sub-groups the directions are
displaced by 120

2.4.1.2 Switching state selection

Using the eighteen fixed direction and three null vector combinations, it is possible

to generate the required output voltage vector and the required input current
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direction.| Figure2-11| shows the output line to neutral voltage vector and input

current vector direction generated by the fixed eighteen direction configurns [13].
As shown irli Figur@-11, Kv is the sector that contains the output voltage vectors. Ki

is the sector that contains the input current vector. Using table 2.2 and 2.3 it can be

seen that for any combination of output voltage and input current sectors, four
configurations can be identified that produce output voltage vectors and input current

vectors laying adjacent to the desired vectors.

Table2-2 Selection of switching configuration according to output voltage and input current

sector].

Ky
1 2 3 :
149 -7 3| +1]-6 |+ +9]-T)+3|-1|-6]+4]9|[+7[+3]-11+6]-4]|-9|+7]-3]|+1]|+6]| -4
2181 +9 42| 31 +5]-6 | -8 | +9)+2 -3 [+5] -6 +8| 9|2 |+3]-5|+0|+8| -9 -2 [+3]|-5]+6
K 3P+7 -8 [ -1 |42 -4 [ 45| +7 [ -8 -1 [ 42 -4 [4+5) -7 [+8|+1 | -2 +4|-5]|-T[+8)+1|-2|+4]-5
alol+7[3{afsolalofs7)la|rifsefafrol7]3]+1]-6]+a]s0]7)+3]-1]-6]+4
SE4+81 -9 -2 |43 -5[+6[+8| 92 [43[-5|+6] 8 [+9|+2[-3|+5]|-6|-8|49)+2| -3 |+5]|-6
Of -7 |48 |41 | -2 0 +4 ] -5 (-7 | +8)+1[-2[+4|-5|+7[-8 -1 [+2)-4[+5|+7]-8)-1[+2]-4[+5
Ll fmfvio o v fofufwvfirfofmfvioofm[viofofmfv
The required modulation duty cycles for the switching configurations |, Il, 1l and IV
are giving by equatigg-6/tq2-10
, 2 cos (do —g) cos(f; — g) 2-6
6'=—.q.
V3 1 cos®;
g 2 cos (do — g) cos(B; + g) 2-7
6" =—.q.
V3 a cos®;
w2 cos (do + g) cos(B; — g) 2-8
6 =—.q.
NE 4 cos®;
2 cos (do + E) cos(B, + ) 2-9
5IV=_ 3 3

V3 . cos®;

Where &, and f3; are the angles of the output voltage and input current vectors

measured from the bisecting line of the corresponding se@pisthe input phase

displacement angle.
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For unity input power factor operatié + 5/ + §™ + 5§V <1
8o =1— (8" + 8" + 8 + §1V) 2-10

If double sided modulation is used th&nis distributed in the modulation period by
two equal part@l}.

2.4.2 Space Vector Modulation for 3x4 Matrix Converter

Matrix Converter modulation is based on the space vector representation of the input
and output voltages and currents at any one instant. This section will present a brief
summery on the space vector modulation for the three phase four-leg matrix

converter.

2.4.2.1 Input voltage and current plane

From the basic layout of the four-leg Matrix Convesgystem shown iEigure there

are three input voltagesayYVs and &, these input voltage are defineg
VA+ VB+ VC:0 2-11

Where each input phase voltage is defined by:

Va = Vimcos ( 6) 2-12
Va = Vimcos (6;-2n/3) 2-13
Va = Vimcos (8- 41/3) 2-14

Where \f;, is the maximum value of the phase input voltage and 0; is the phase angle.

These input voltage quantity can be presented in a, B plane as shown below:

. -1 1 1 2-15
V] _ 2| 'VA
1% .]—_ VC
B_in 3 V3 \/§ v,

0 3 2
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B

Figure2-12 Input voltage space.

As shown in Figure2-12 the input currentsallg,lc, canbe transformed into o,

space using the equation.

[1 _1 —1 ] 2-16

The Matrix Converter can be designed to achieve a unity input displacement factor
which means that the fundamental input voltage should be in phase with the
fundamental input current. In this case the phase angle of the input voltage vector
always matches that of the input current vector. Therefore, at any instant of time, the

input currents must form balanced 3 phase set such that:

IA+IB+IC:O 2-17
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2.4.2.2 Switching Statesfor the Four-Leg Matrix Converter

The switching states are the states which obey the fundamental rules of the Matrix
Converter which are that the input phases cannot be shorted together and no output
leg can be open circuit. For the standard 3x3 Matrix Converter there aré)27 (3
possible switching states [4]. However, using the four-leg Matrix Converter the total
number of the switching states increases to 8} 8l of these switching states are
shown in Table2-3 and Tabl@-4. As shown in a 3x3 Matrix Convert13], not all

of the switching states are normally used for space vector modulation. So only th
states that produce a vector with constant direction within the output space are to be
used and these are called the stationary vectors. For the Matrix Converter systems

there are 3 switching state categories:

Rotating vectors states: in this category all the three input phases are connected to
the output. This means that two different line to line voltages are present between the
output phases and in this case the resultant vectors change in magnitude and

direction. This category is presenteg in T@.

Stationary vectors states: any two phases of the input voltages are connected to the
output legs at any moment in time. This category is the one of interest as the output
voltage generated are either zero or the line to line voltage between the two

connected phases. This category is shown in Ta#dle

Zero vector states: in this category all the four output phases are connected to a
single input phase. When the four output phases are connected to one single input
phase the voltage between the output phases becomes zero. These vectors are
important as they allow a zero state to be applied to the output without disconnecting

the output legs from the input phases. This category can be seen at the top of

Table2-4

25



Chapter 2: Fundamentals of matrix converters

Table2-3 Rotating vector states for four-leg Matrix Converter.

Out

put Leg Switching

J
V vector

L-N Output Voltage

I

Input Current

vectar
Lega|Legb|Legc|Leg Van | Vin Ven I4 Iz I-
A A B C Veal-Vea|l Vae Lo+ I -la-I-1c
A B A C Veal Vac | Vea L+1: I -lo-Tp-1e
B A A C Vae |-Veal -Vea I+1- I; -Ia-Ip-1;
B B A C Vac | Ve | Vea I L+l |-le-Ip-Lc
B A B C Vac [-Vcal Vac I L+ |-L-L-L.
A B B C Veal Vae | Vae L L+ |-L-L-L:
A A C B Vap | Vag | Vac | PR ) P PR I,
A C A B Vag |-Vec| Vas L+ -1 I
C A A B Vec| Vap| Vas L+ |-L-I-L: I,
C C A B Vac |-Vec| Vasp I R P S I P
C A C B Vec| Var | Vac I S P T R Y B I
A C C B Vag |-Vac| Vae L, S P P P B P
B B C A -Vap|-Vag| Vca Tl 1o | L+ L
B C B A -Vag| Vea | -Vas Ll | I+ Iy
C B B A Vea |-Vag| -Vas L1 | T+l I,
C C B A Vea | Vea | -Vas a1 I L+],
C B C A Vea |-Vag| Vea a1 I L+
Rotating B C C A Vag| Vea| Vea LTI I; I+
Vectors | A | B | C | A 0 |-Vag| Vea AL Iy I
B A C A Vagl| 0 Vea P Iy I
B C A A “Vap| Vea 0 L1, I Iy
C B A A Vea [-Vag 0 -Ip-1p I I,
C A B A Vea| O -Vag I 1e Ic I
A C B A 0 [Vea| -Vag 11 I I
A B C B Vag| O Vg I, 171 L
B A C B 0 |Vag!| -Vae I 1L I
B C A B 0 |-Vge| Vag I, Ip-Le I,
C B A B Vge| O Vag I, 171, I,
C A B B Vgc| Vag 0 I 11 I,
A C B B Vag |-Vac 0 I, S P I
A B C C Veal Vac 0 L, I -I-1
B A C C Vac |-Vea 0 Iy I, -1
B C A C Vg | O Vea I I P
C B A C 0 | Ve | Vea I I -Ip-1
C A B C 0 |-Ve Vge I; I -Ip-1c
A C B C Veal 0O Vie L, I -Ia-1e
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Table2-4 zero vectors and stationary states for four-leg Matrix Converter.

Switching| Output Leg Switching | Voecrar | L-N Output Voltage | Inecror Input Current
State  |Lega|legb|Legc|legn Van | Vi Ven Ia Ip I-
Oa A A A A ZA 0 0 0 0 0 0
V‘Ejr;is 05 B B | B B | ZB [0 ]| 0 0 0 0 0
Oc C C C C ZC 0 0 0 0 0 0
+1 A B B B V8 |Vap| O 0 I6 Ig -Ia 0
-1 B A A A 7 |Vag| O 0 3 I Iz 0
+2 B C C C V8 |Vpe| O 0 12 0 Iz -Ia
-2 C B B B '7 |-Vpc| O 0 I5 0 -Ia Ia
+3 C A A A V8 |Vea| O ] 14 -Ia 0 Ia
-3 A C C C 7 |-VNea| O ] I1 Ig 0 -Ig
+4 B A B B V4 0 | Vag 0 I6 I -1y 0
-4 A B A A V11 0 [-Vag ] 3 -1y Iy 0
+5 C B C C V4 0 | Vgc 0 12 0 Iy -I
-5 B C B B V11 0 |Vac 0 I5 0 -1y I
+6 A C A A V4 0 | Veca ] H -Ip 0 In
-6 C A C C V11 0 |[-Veca 0 I1 I ] -Iy
+7 B B A B V2 0 0 Var I& I -1, 0
-7 A A B A Viz | 0 0 | Vap 3 -I; I 0
+8 C C B C V2 0 0 Vac 12 0 I -I;
-8 B B C B Viz | 0 0 | -Vac I5 0 -1, I
+9 A A C A V2 0 0 Vea 14 -I; 0 I
-9 C C A C Viz | 0 0 | -Vca I1 I 0 -I:
+10 A A B B V12 | Vap [ Vap 0 Ie L+ly | I~y 0
-10 B B A A V3 | -Vap|-Vaz 0 3| -l | L+l 0
Stationary +11 B B C C V12 | Vpe | Vae 0 12 0 Lo+l | -Lelp
Vectors -11 C C B B V3 |-Vac| -Vac 0 I5 0 Ty | Tl
+12 C C A A V12 | Vea | Vea 0 4 | -l ] La+lp
-12 A A C C V3 |-Veal-Vea 0 I g+l 0 -Ip-Iy
+13 B A A B Vé 0 (Vag| Vag I6 L+l | -Ip-lc 0
-13 A B B A Vo D [-Vag| Vs 3| Il Ip+le 0
+14 C B B C V6 0 | Vpe| Ve I2 0 I+l | -Iple
-14 B C C B V9 0 |[Vpc| Vec I5 0 Ip-le | TpHle
+15 A C C A V6 0 [Vea| Vea 4| Il 0 Ip+l;
-15 C A A C Vo 0 |[-Vea| -Vea il Ip+l; ] -Ip-1;
+16 A B A B V10 | Vap| O Var I6 L+l | Il 0
-16 B A B A V5 | -Vag| 0 | Vap 3 | Ie-le Ig+1c 0
+17 B C B C V10 | Ve | O Vac 12 0 | PR R I P P
-17 C B C B V5 |-Vec| 0 | -Vac I5 0 I-le | Ll
+18 C A C A V10 | Vea| O Vea | N [ ) 0 Lo+l
-18 A C A C V5 |-Vea| 0 | Vea I1 I+l 0 -Ig-Ie
+19 A A A B V14 | Vap | Var | Vap Ie | L+Ip+Le | -Ip-Tp-1c 0
-19 B B B A V1 | Vap|-Vag!| Vaz 3| L lp-le | Tp+lp+l, 0
+20 B B B C V14 | Ve | Vic Vac 12 0 Lo+ Ip+l | -Ta-Tp-1c
-20 C C C B V1 |-Vac|-Vee!| Vac I5 0 B P [ P P [
+21 C C C A V14 | Vea | Vea | Vea | C I P 0 Ta+1p+1;
-21 A A A C V1 |-Vea|-Veal -Vea 1T | L+lp+l: 0 I Ip-1:

27




Chapter 2: Fundamentals of matrix converters

2.4.2.3 Output voltage space

The four-leg Matrix Converter is able to independently control each of the three
phase output voltages with respect to the neutral line of the forth leg. Hence, the two
dimensionab., 3 space used for the input voltage is not able to define the space vector
resulting from the four-leg converter, athree dimensional output space is required.

In this case, instead of describing the space vector in two dimensi@nghne, a

three dimensional a,,y space is used and the output space vector can be described as

shown in equati(12-18 :

(1 Z1 71 9] 2-18
y 2 2 v,
vl 3 2 2 Ve
v 1 1 1 =3]|ly,

2V2 207 242 2V2]

Equation|2-18 takes the instantaneous output voltages Va, Vb, Vc and Vn and

generate a space vector that can be plotted in the three dimensional space as shown in

Figure2-13

Figure2-13a.,B,y space vector for four-leg Matrix Converter.

According td Figure2-14{ there are six triangular prisms with six vectors in each

prism. For instance, in prism 5, the vectors are 1, 14, 2, 3 11, and 10. The vectors in

each prism can be combined into four tetrahedrons im [y space, each of them

28



Chapter 2: Fundamentals of matrix converters

bounded by three vectors at its vertices. The tetrahedrons are aligned with one on top
of the other in the direction ‘fﬁ'

0.6 | e e e Y
N 187.%
04 —‘A Prism 2 12 1
{ ] - I | h e T T
i | Hrism 3 Frismi
e
o 0 o L A 8 -
T / 9
0.2 Prism4 —Prisi G
04 ~ Pritm S e
@ h2/5 \Q,
0.6 A R I—— ) T
08 06 04 02 0 02 04 06 08
B

(B)

Prism6 |

Figure2-14 (A) Three dimensional view of the vectors in a,f plane, (B) in 3 dimensional

plan.

To generate a given voltage at the Matrix Converter output two steps are required.
First, identify the prism where the output voltage is located. This is realized by using
the phase angle of the output voltage in the 3 plane. The second step is to
identify the tetrahedron where the vector is located inside the prism. As reported in
[27], this can be achieved by using the polarity of the demandedotmeutral
output voltages, this is shown in Table B-1 in appendix B, whexg, W &y, and

V" cn are the demanded lite-neutral output voltages.
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2.4.3 Principles of the Venturini modulation method

Matrix Converter modulation strategy was first introduced by Venturini and Alesina
,@]. The purpose of this modulation is to produce a train of pulses that
controls Matrix Converter bidirectional switches to convert the fixed amplitude and
frequency input voltage into variable amplitude and frequency sinusoidal voltage.
The voltage transfer ratio is the ratio between the target output voltage and the input
voltage, initially this ratio was limited to 0.5 in the basic Venturini modula

as shownn|Figure2-15|.

2.4.3.1 Basic Venturini modulation method

The modulation problem assumes that a set of sinusoidal output voltages and input

currentsasshown in equatiovl@-lg angR-20. The input voltage can be expressed as:

V4 (1) Vlm cos(w;t+ 0 )
Vi(t)=| Vs (t) |[=| Vim cos(w;t + 21/3)
Ve(®)| | Vimcos(w;t + 41/3)

While the output current is represented by:
cos(wit+ @, )

lo(t)=I,y, | cos(w;t + @, + 21/3)
cos(w;t+ @, + 4m/3)

The main objective now is to find a modulation matrix, M(t), such that eql@
and2-20 are satisfied, as well as the Matrix Converter constraints in equation .

cos(w,t+ 0 ) 2-19
VoN(t)=q.V;, | cos(w,t + 21/3)
cos(w,t + 4m/3)

cos(wit+0;+ 0 ) 2-20
li()=q C"sz’;’ I, | cos(w;t+ @; + 21t/3)
cos(wit + @; + 4m/3)

Where q is the voltage transfer rati@;and w, are the input and the output

frequencies an@; and@, are the input and output displacement angles respectively.
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there are two solutions to this modulation problem which were found by Venturini
. These solutions are represented by:

[M1(t)] 2-21
[ 1+ 2q cos(wy,t)
41

_> 1+2 t
3 q cos(wm )411 1+ 2q cos wm

?) 1+ 2q cos(wmt)

2m
1+2qcos(a)mt 3)1+2qcos wmt—— ]

1 1+ 2q cos (wmt—
3

2m
1+ 2qcos (a)mt - ?> 1+ 2qcos (a)mt

Wherewm=(y,-w))

[M1(t)] 2-22

142 t 21
[ qeos(wmt) 2qcos (wmt - ?) 1+ 2qcos wmt - ]
4m 1+2 t
|+ 2 cos (wmt— ? q cos(wp, ) |

1 2T
_ _|1 + 2q cos (a)mt—?>

3| 41
ll + 2qcos (wmt—

?> 1+ 2qcos(wpt) 1+ 2qcos (wmt — —)

W|th a)mz(wo +w;)

According to the solution in equatif21], the phase displacement of the input and

the output are the same beca@se- @,whereas the solution in equatj@gr22 yields

®; = —@, which give a negative phase displacement at the input. Combining the two

solutions provides the means for input displacement factor control.
M(t)=a;[M;(t)] + a,[M,(t)] wherea; + a, =1 2-23

Setting a; = a, gives unity input displacement factor regardless of the load
displacement factor. Other possibilities exist, through the choieg @hda, , to

have a leading displacement factor (capacitive) at the input with a lagging (inductive)
load at the output and vice versa.

Fora; = a, the modulation functions can be expressed in the compact form:

Mg = 11+ ZVLZVJ for K=A,B,C and j=a,b,c,N 2-24
J 3 1%

im
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The modulation algorithm defined by equatj@f24 operates such that, over the

switching sequence the averaged output voltages equal to the target output voltages.
However, this requires that the target output voltagges ¥n, Vo) must fit with in
the input voltage envelop for all operating conditions. The maximum value of the

voltage transfer ratio (gq) using this method is limited to 50% as shown in

Figure2-15.

150

inA VinB VinC oa ob oc

100

50

-100

-1500 0.005 0.01 0.015 0.02 0.025

Time
Figure2-15 Target output and input voltage

2.4.3.2 Optimized Venturini modulation method:

One way to increase the voltage transfer ratio (q) is by the inclusion of the common

mode third harmonics on the input frequency in the target output voltage as in

equation2-25, this will utilize more area under the input voltage envelop. The

optimum amplitude of the input voltage third harmonics is found to be \Af/{2
and this will increase the voltage transfer ratio to [55].

Va (D) Cos(w,t— 0) [Cos(3.w;t)] 2-25
V(O _ V. Cos(w,t — 120) + - Vim [ Cos(3. w;t) |

V.|~ ™ cos(w,t—240) | T 293 lCOS(3. wit)J

Vn (B 0 Cos(3. w;t)
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Further utilization can be made by subtracting the third harmonics of the output

frequency from the target output voltage and the amplitude of the third harmonics if

found to be V»/6, and this will increase g to 0.866, this is known as the optimized

Venturini modulation methods shown|in Figw#-16. The target output voltage can

be described as shown in equa@:

- 1 1 1 2-26
Cos(w,t— 0)— 3 Cos(3.w,t) + ﬁ Cos(3.w;t)
1 1
[Va(t)] Cos(w,t—120) —=Cos(3.w,t) + ——=~Cos(3. w;t
lv.co| = 9 Vim 1 1
an(t)J Cos(w,t — 240) — 3 Cos(3.w,t) + m Cos(3. w;t)
1 1
0 - ECOS(B. w,t) + m Cos(3. ool-t)_
inA inB inC VtrgA trgB trgC
100 — —
WEVavae
50 / 7/ \ 1 /_\’i / \“\7 /
S / \ | \ f ,w’/
> AN ‘x\ f
-50 W
2100 / N
0 0.005 0.01 0.015 0.02 0.025
Time (S)
Figure 2-16 Target output voltage using optimized Venturini modulation.
Assuming unity displacement factor, the duty cycle can be expressed as:
1 2.V;(©).V;(  4.q 2-27
(D ==.1 in(w; k)Sin(3. w;
m;(t) 3 + V2 33 Sin(w;t + PK)Sin(3. w;t)
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where
i=A,B,Candj=a,b,cN

21 4n

k = 01_1_
b 33

During unbalanced load condition the value of g will be different for each phase.
Where g=Va/Vin, »=Vu/Vin and g=Vd/Vim.

2.4.4 Switching Sequence of the Four-Leg Matrix Converter

The basic switching sequence for a Matrix Converter is shown in F?gm?F This

switching sequence can be changed to achieve lower converter losses and to reduce

the amount of harmonics in the output voltage and input current waveforms.

2.4.4.1 Basic Switching Sequence:

According to the four-leg Matrix Converter circuit showrli in Fighr# each output
phase is connected to the input phases for specific time. The switching sequence is

fixed to A-B-C in a single side switching. For example output phase a is connected to
input phase A fora, and to phase B fogf and to phase C fog4 to produce the
output voltage VY.
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m @) 0
$ 3 § 7 s B 8 8 3
< < = ) ) ) O O O
OhUtpUtN mln m2n m3n
phase
(?]utput m13 m23 m33
phase G
;?ll;ltSpQUtB ml2 m22 m32
Output m11 m21 ma1
phase Al
do1i di dil dii do2 div dv dvi do3
Ts :

Figure2-17 Switching sequence for output phase a.

The output phase to neutral and line to line output voltage of Matrix Converter using

basic Venturini modulation method with 50Hz input frequency and 400Hz output

frequency is shown

n Figua18 and Figure-19

. L canbe seen frovlg Figurg-19

that there are spikes in the line to line output voltages, and the spikes can be removed

by modifying the switching sequence using the cyclic Venturini me@d [61].

Volt

-3004

300+

2004
100 4

0 -
100+
2004

I
10m

L T
15m 20m
Time (sec)

Figure2-18 Output phase voltage (a) using basic Venturini modulation.

35



Chapter 2: Fundamentals of matrix converters

400 1

200 B ------ T - ------ B - - - - - - ([ ......

Volt

200 - N | .

-400 T T T T
7.5m 10m 12.5m 15m 17.5m 20m
Time (sec)

Figure2-19 Output line voltage ) using basic Venturini modulation.

2.4.4.2 Cyclic Venturini Modulation:

In the basic Venturini modulation the each output phase is connected to the input
phases for a fixed timg in a single sided fixed switching sequence for example
output phase a is connected to input phase A then B then C during each switching
sequence. Cyclic Venturini can be implemented using the same duty cycles that is
calculated earlier but with a double sided symmetrical switching say A-B-C-C-B-A,

that change cyclically according to the input voltage vector position as shown in

Figure 2-20 ]. Using cyclic Venturini method it is possible to minimize the

amount of harmonic distortion in the output voltages and input currents, as shown in

Figure 2-21. In Venturini modulation method the duty cycles are calculated and

according to the input voltage sector the sequence will be chosen. For the practical
experiments the calculated duty cycles using Venturini modulation needs to be
converter to vector and times to be compatible with the existing DSP/FPGA

controller that is been used in the PEMC group at the university of Nottingham. The

conversion from Venturini duty cycles to Space Vector Modulation can be seen in

appendix B, Table B-2 to B-13.
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2
o Rotating Ve
Output phase A
mil mll
§ m21 m2
5 3
Sequence m31 m31

1.4 C-A-B-B-A-C

N Tsl2 Ts/2
2.5 B-C-A-A-C-B
3.6 A-B-C-C-B-A s

switching sequence for output phase (a)

Figure2-20 Switching sequence according to input voltage vector position.
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Volt
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-400% ; ; ; ; .
7.5m 10m 12.5m 15m 17.5m 20m
Time (sec)

Figure2-21 Line to line output voltage using cyclic Venturini

2.5 Summary

This chapter has presented an overview of the fundamentals of the four-leg Matrix
Converter system. The chapter started by presenting the structure of the Matrix
Converter and provide detail description for all of the components such as the input
filter, the output filter and the bi-directional switches ...etc. After that, the Matrix
Converter commutation strategies were introduced. After that, the modelling and the
basic modulation techniques such as Venturini and space vector modulation for the
Matrix Converter were presented. Finally, the modulation strategy of the four-leg
Matrix Converter using Venturini modulation was explored. The next chapter is
going to present the control techniques used and the design of the converter

controller.
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Chapter 3 Control design for the four-leg

Matrix Converter power supply

3.1 Introduction

The aim of this chapter is to present the modelling of the Matrix Converter and to
design a suitable control system to regulate the output voltage of the four-leg Matrix
Converter power supply. The chapter starts by introducing the model of the
converter, then it presents the design of the second order linear controller that
stabilises the output voltage and finally, repetitive control is investigated carefully in
the usual plug-in mode and detail of the design procedures involved is discussed. In

addition, the stability of the plug-in type repetitive control system is analysed.

A simple closed-loop voltage tracking control system is used here as an application
example to verify the effectiveness of the proposed design theory.
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3.2 Modeling and control of four-leg Matrix Converter system

A modelling of the power supply uni an important step to select and design the
appropriate control approach for the system. In addition, it is essential for the system

performance analysis and evaluation.
3.2.1 Averaged model of thefour-leg Matrix Converter

An averaged system model enables us to describe the converter dynamics as a
function of the modulating signal. For control system design and dynamic analysis
purposes, knowledge about the high-frequency details of variables is often not
necessary, as the filters and the compensatora ¢fosed-loop control system
typically has low-pass characteristics and do not react to high-frequency components.
In power converter control we are often interested in the dynamics of the average

values of variables, rather than in the dynamics of the instantaneous switching values

The output voltage of the Matrix Converter consists of a periodic pulse train with a
repeating frequency {required output frequency). This output pulse train has plenty

of harmonics. A low pass output filter is required at the output of the converter to
filter out the high frequency components and produce a sinusoidal waveform. The
cut-off frequency of the low pass LC filter is selected to be far below the converter

switching frequency.

As visible inl Figure3-1}, assuming that the Matrix Converter can be represented as a

unity gain and a one sample delay unit. The system to be controlled (Plant) can be
considered as the second order output filter and the load. However, for control design
purposes, the worst case scenario is represented by the no-load condition, since the
output filter will have virtually no damping. Therefore, the plant to be controlled can

be represented as an output filter, whose transfer function can be described in ABC
reference frame by equati@r2.

The ideal output filter has an infinite gain at the resonant frequency and in this case

the control of such system becomes difficult. In practise the output inductor and
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capacitor has an internal resistanger(j also there are a conduction losses in the bi-
directional switches determined by devices internal resistance. All of these values are
grouped together in an inductor equivalent series resigjorQutput filter transfer

function can be written as:

w2 31

F =
S?2+2(w, S+ w?

1 3-2
Lo.C
TF — 0-~0
sz24legq 2
Lo Lo.Co
Plant G(z)
Va i LC VA
— Controller G(z)— Matrix > . ;
converter Output filter

|
,,,,,,

Figure3-1 Simplified single phase close loop system of the converter.
3.2.2 GPU based four-leg Matrix Converter control in ABC referenceframe

Ground power units (GPU) are designed to provide a quality three-phase supply,
400Hz to the aircraft. The standard ratings are up to 90 kVA perl]rlﬂA, 67]
Ideally power supply units should provide a clean sinusoidal output voltage with
fixed magnitude and frequency with low harmonic distortion. Howewereality,

the main problem is to maintain low total harmonic distortion contents in presence of
non-linear, unbalanced or single phase loads. In recent years, many control
approaches have been proposed to improve the performance of power supply systems
such as sliding mode control, dead beat control, selective harmonic control and
repetitive control. Most of the previously mentioned control techniques are for back
to back VS| based ground power u [3, 68-71].

In Matrix Converter based power supply application, power is transferred to the load

through the LC output filter to supply unbalanced and non-linear loads. For
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unbalanced load condition, the currents drawn from the converter are not balanced,
and due to the uneven voltage drop on the filter impedance zero sequence current
will flow in the system and this will cause a distortion in the output voltage. In
addition, when supplying non-linear loads, harmonic content of non-linear currents
causes distortion on the output voltages of the converter. According to that, the
output voltage needs to be controlled to guarantee a regulated stable, fixed voltage

and frequency with low harmonic distortion.

Output voltage control for a 400Hz output frequency requires a high bandwidth
controller. However, the controller bandwidth is limited due to the reduced ratio
between the converter switching frequency and the fundamental frequevI\cynB?], [
this case undesirable, periodic errors and distortion will exist in the output voltage

waveform |[7:F]. A single voltage control loop operating in the ABC reference frame

as shown in Figur8-1| is implemented in this work. The use of an internal current

loop is not attractive in this application due to bandwidth limitation of the digital
controller. If an internal current loop was included, it should be much faster than the
external voltage one. However, to be able to meet the very strict transient
specifications on the output voltage required for this application, the external voltage
loop needs to be as fast as possible. Therefore the implementation of a faster internal

current loop beconsmpractical.
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3.23Linear second order control design example for the four-leg Matrix
Converter

A simple case study is presented her as a design example for second order linear
controller for four-leg Matrix Converters. The design procedure of the second order
linear controller is demonstrated. System stability analysis and MATLAB simulation
results are also provided to validate the control design. The design of the second
order linear controller is carried-out using the root locus method. The pole zero
cancellation method is used to cancel the two undesired oscillatory poles of the

output filter and replace them with desired poles in order to suppress the resonant

peak as shown |n FiguB2 and 3.5. The general form of the plant (LC filter) is :

v 1 1 3-3
=0 _ LC _ LC
Vin SZ+§S+% (S+Pp)(S + Pyp)

According to the system parameters in chapter 5, the plant parameters are, C=35uF,

L= 583uH and#=0.2Q. Consequently, the plant transfer function in S domain is:

4.901e007 3-4
S2 4+ 233.3S +4.901e007

Gp(s) =

And using 12.8KHz sampling frequency, the discrete plant transfer function using
zero-order-hold method is shown in equ:

0.1457Z + 0.1441 3-5
2 -1.6937Z+0.9819

Gp(Z) = 7

Using direct controller design approach, the controller parameters can be found. As

can be seen |n FiguB1, The open loop transfer functior(8 Gy(z) can described

in equation3-6{

01452401441 7216937 + 0.9819 3-6
2_-16932+09819 P AZ2 +BZ+C

Gp(Z)Ge(Z) = 7

Where, Kp, A, B, C are the controller parameters that needs to be found. The second

order linear controller transfer function is given in equa8eof
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o 01457+ 01441 3-7
Pz ¥BZ+C

By solving the characteristics equation in the denominator of eqyatigrthe

controller coefficients can be found. The solution of this equation is a pair of poles,

which can be chosen to be on the real axes inside the unit circle.
AZ?> +BZ+ C= (Z+Pcl) (Z+ Pc2) 3-8

The required controller bandwidth is around 150-200Hz to stabilize the system, and
by using MATLAB SISOtool as shown|in Figude2, the poles are found to be, Pcl1=

- 0.5 and Pc2= 0.99, and the controller is shown in eqyat@mith A=1, B=-0.495

and C=0.49. According to Matlab SISOtool, the gain value Kp can be chosen

between 0.05 and 0.4 that keep the close loop poles inside the unit circle. And in this

paper Kp is selected as 0.15.

Z?—1.693Z + 0.9819 3-9

Ge(z) =015 * — 55 7~ 0.49

The root locus of the open loop system is plottgd in Fi§e@ewhere the dominant

poles of the system has been compensated.
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Root Locus

Imaginary Axis

Real Axis

X LC filter poles O Controller zeros X Controller poles

Figure3-2 Root locus of Gp(z)*Gc(z)

The Bode plot of the plant with and without the second order linear controller is

shown in Figure3-3| Asit can be seen from the figure, the blue line is the plant

response while the red line shows the open loop response of the system. It can be
seen that the system is stable; however, by exanfining FgBjieis clear that there

is a phase shift between the reference and the output voltage signal of about 95°. In

addition] Figure3-4{ shows the converter output voltage of phase (a) compared with

the reference, it can be noticed that there is a phase and amplitude error.
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Gm = 33.9 dB (at 4.28e+003 Hz) , Pm =103 deg (at 80.2 Hz)

Bode Diagram
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Figure3-3 Bode plot of the Gp(z) and Gp(2)*Gc(z)
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Figure3-4 Output voltage response of the converter using second order linear controller.

In such application where the controller bandwidth cannot be high due to the

limitation of the switching frequency, different approaches can be used to overcome

this problem. One of the interesting approaches is the dqO controller, where three
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controllers are needed for the d, g and O components. Another approach is to use
resonant controllers, where a high gain peak can be generated at the fundamental
frequency. To be able to control the harmonics, multiple resonant controllers need to
be adopted. To overcome this problamepetitive controller can be used to regulate

the output voltage and achieve good tracking to reference signal.

3.3 Repetitive Control

Nowadays, many control systems required to handle repetitive tasks to track periodic
reference signals or reject a periodic disturbance. Along with more demanding
necessities for high precision tracking and steady state control quality and
performance, the use of conventional control approaches is not sufficient to meet the
often strict specifications and requirements. Hence, new control methods have been
investigated in literaturdo fulfil and meet these requirements. The concept of
repetitive control was originally developed by Inoue et al. in 1980 for a SISO plants
in continuous time domain to track a periodic repetitive signal with defined period T
, and was applied successfully to control proton synchrotron magnet power
supply in 1981]. Based on the internal model principle (IMP) proposed by
Francis and Wonham in 1975, any periodic reference signal with known period T can
be tracked by including their generator in the stable closecEPop[G]. In addition,
Repetitive Controller generates a high gain at the periodic signal fundamental
frequency and its integer multiples, therefore a periodic reference signal for example

can be tracked provided the close loop system is stable.

Repetitive controllers have been widely used in applications including PWM

inverters , PWM rectifiers [34-36], Matrix Convert[38],

robotic manipulator9], disk drive systems [4Q-42]. Repetitive controllers have

good steady state performance; however, its transient performance, ianbtrat is

why the second order linear controller is used in conjunction with repetitive
controller to guarantee a good system performance in transients and steady state
conditions. It is worth mentioning that repetitive controller is not intended to stabilize

the plant, but to enhance an existing controller to remove periodic error signals.
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3.3.1 Repetitive control classification

According to literatures, repetitive controllers can be divided into three main
categories, direct, parallel and plug-in structure repetitive cm 3.9
shows the different repetitive control types, where R(z) is the reference signal, E(z) is
the error signal, ¢z) is the second order linear controlleR(Z is the plant model

and finally Y(z) is the measured output voltage signal.

As shown in| Figure3-5 In direct structure repetitive controller the repetitive

controller is connected directly with the plang(©and it is required that the plant

Gp(2) to be stable and non-minimum ph,

R(z),  E@ Repetitive Gy(2) Y(2)
controller P

\

Figure3-5 Direct structure repetitive control

For the parallel structure type, the repetitive controller is employed in paralleh with
traditional controller &z), for example Pl or PID controller as iﬂ74]. In this
structure, the dynamic performance of the whole system is improved where the
traditional controller enhance the dynamic response while the repetitive controller

improves the steady state performance of the system.

R(2) 4 Y(2)

Gp(2)

Figure3-6 Parallel structure repetitive control.
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On the other hand, the plug-in structure repetitive controller is placed between the
error signal E(z) and traditional.Gr'he input signal to the traditional controllef i€

the sum of error E(z) and the repetitive controller output. This kind of controller is
attractive as it is a plug-in type, where it can be implemented without disturbing the
existing controller. In addition, comparing the plug-in structure with the parallel
type, the plug-in structure generally has a fast learning speed and quick convergence,
due to its direct modification on the error sigmatomparison to the previous types.
Hence, based on the previously mentioned merits, the plug-in type repetitive

controller is adopted and studied for this work.

E(2)

+ Y
Ry G42) o) |

Y+

Y

Figure3-7 plug-in type repetitive control.

3.3.2 Fundamentals of repetitive control

3.3.2.1 Periodic signal generator

In discrete time domain, any periodic signal with period T can be generated using

time delay chain. As shown n Figu®8| a delay line 2! is employed in the

forward path of a positive unity feedback loop and the transfer function of the basic
repetitive control system can be represented in eq@l

7—M 3-10
Gre(2) =T

Where M is the number of sample points during one period and in other word it is the
ratio between the sampling and fundamental frequency equation 3.11 .
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- 12800 3-11
M = fsamplmg — — 32

a ffundamantal 400

Reference signal
A

v

Figure3-8 Periodic signal generator

According to the above equation and FigBF% the frequency response of the basic
repetitive controller is shown |n Figu®9l As seen in the figure the gain at the

fundamental and the harmonics frequencies are very high, therefore the output

voltage error of the repetitive controller converges to zero at steady state.

150

=

o

o
T

16 10

Frequency (Hz)

Magnitude (dB)

SOfvntt

Figure3-9 Bode plot of periodic generator.

3.3.2.2 Delay compensation

Measurement delay, computation delay and LC filter delay of the GPU results in a
phase lag in the whole system. If there is a’J@tase lag between the carler’s

signal and the converter voltage signal the system becomes unstable. Therefore, to

49



Chapter 3Control design for the four-leg Matrix Converter power supply

compensate for the previously mentioned delays, a phase advance unit should be
used.

3.3.3 Plug-in Discrete Repetitive Controller

3.3.3.1 Transfer function of the system

In section3.2.3 the linear second order controller is designed first to stabilize the
plant and to provide the basic regulation. Next, the repetitive controller is applied to
the system to enhance the performance and reduce the periodic error.

Figure 3-10 shows the block diagram of the complete plug-in repetitive controller.
Where R(z) is the reference signal, E(z) is the error signal(zizis the plug-in
repetitive controller, &z) is the traditional linear second order controller ap)G

is the transfer function of the plant. Regarding the plug-in repetitive controfler, Z

and Z" is the delay line, Q(z) is the robustness filter,i&the repetitive controller

gain.
R(z Y(z
)+ — G2 2
Figure3-10 Block diagram of the overall system.
There are various repetitive control configurations. For example [75] the

repetitive controller structure shown|in Figell is used. The low pass filter is

placed outside the loop. Here, Q(z) still attenuates the high frequency components
but it will face difficulties in tracking high frequency eleme, 76]. The number
of samples 2 is used to compensate the phase lag caused by low pass output filters.
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Grc(z)

Urc(Z)

3

v

Figure3-11 Different repetitive controller struct76].

Q@ H

H
-t

As shown in Figur@-10, the system transfer function without the plug-in repetitive

controller can be expressed as in equ#ddr!:

Y(z) _ Ge(2)Gy(2) 3-12
R DT 16060

The transfer function of the plug-in repetitive controllesc@) can be derived as
in(3-13.

Urc(2)  Kr.Q(2).Z7" 3-13
E(z) 1-0Q(2).Z7M

Gre(2) =

Where M = L+N.

Taking the plug-in repetitive controller into account, the transfer function of the close

loop system can be described 3844

Y(2) _ (1 + GRC(Z)) Ge(2) Gy (2)
R(Z) 1+ (14 Gre(2)) Ge(2) Gy(2)

Kr.Q(z).z™N
) 66,

Kr.Q(z).Z—N
) GGy (2)

(1+

Ty (1+

B (1-0Q2).ZM+Kr.Q(2).Z7V)G.(2)G,(2)
T 1-Q@).ZM+ (1-Q(2).Z7M+Kr.Q(2).Z7V )G.(2)G,(2) 3.14

Similarly, the error transfer function for the whole system is sho:
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E(z) 1 3-15
R(z) 1+ (14 Gre(2))Ge(2). Gy (2)

Now by substituting equati¢8-13 into equatio%-lS the following equation can be

derived:

E(z) 1-Q@Z™™ 1 3-16
R(z) 1+ Gc(z)Gp(z)'1—2"M(Q(z) —kr ZL Q(z) H(2))

Based on equati¢8-16, the equivalent system block diagram can be drawn as in

A B C

. 1 _ Q( )Z_M -i-llb 1 H
Z i 1|1+ Ge(z) Gp(@) | |

)

: »
T L
i

15,

+

kr Zt Q(2) Ge(z) Gp(z)
1+ Ge(z)Gp(z)

Qz) -

Figure3-12 Equivalent system block diagram of equa8elt

3.3.4 Stability Analysis

During the design procedure of the repetitive controller, the stability of the system
needs to be carefully analysed, since the open loop poles introduced by the periodic
signal generator are located on the stability boundary as shown in Bigﬁ.eé\ny

inconsiderate design in the plug-in repetitive controller will affect the system
stability. Due to the complex form of the system transfer function, it is difficult to
utilize the traditional stability criteria for stability analysis, and in order to overcome
this problem, the small gain theorem is used to derive stability conditions for

repetitive control systems [77-79].

52



Chapter 3Control design for the four-leg Matrix Converter power supply
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Figure3-13 Pole zero map of the systern in Fi@

3.3.4.1 Small Gain Theorem

The concept of the small gain theorem was initially suggested by Zames in 1966.

Regarding a typical negative feedback control system shoyn in Fiylde the

small gain theorem states that the closed-loop system is bounded input, bounded
output stable if both R(z) and D(z) are bounded and the loop ga@m@E&(z)| is less

than unity].

D(2)

R(z) E(2)
+
G.(2)

+ Y(Z)
4‘3_' Gp(2)

Figure3-14 Negative feedback system
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3.3.4.2 Stability Conditions

To simplify the analysis, the equivalent block diagram showln in Figutd to
analyse the stability conditions of the plug-in repetitive control system based on

equation3-16. The block diagram contains three main blocks A, B and C, so, for the

system to be stable theses three blocks needs to be stable. The first block, block A
consists of the robustness filter Q(z) and the delay IheJsually, Q(z) is chosen to

be a low pass filter, which passes the low and medium frequencies with unity gain
and attenuates high order frequencies. On the other hand, Q(z) can be a close to unity
constant, e.g. 0.95. Under these two conditions, the first block is always stable, and
the selection of Q(z) will be discussed later. The second block, block B has transfer
function with a denominator of 1+@&)Gp(z), which is the characteristic equation of

the closed loop feedback system without the repetitive controller and this is stable as
discussed earlier. The last block, which is block C has a complex transfer function in
the feedback loop, and the small gain theorem, can be used to simplify the analysis.
According to the small gain theorem, block C will be stable if the entire loop gain is

smaller than unity when the frequency changes from zero to the Nyquest frequency.
5@ =|(Q@ —krZ: Q(z) H@))| < 1 3-17
,forall Z = &l°T,w € [0,/T]

Where

_ Ge(2)Gy(2)
14 Ge(2)Gy(2)

H(z)

S(z) is plotted with MATLAB as shown |n Figu®15. In the figure, the locus of

S(z) is always in the unity circle, which satisfy the stability condition. Hence, the

system is stable.
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Nyquist Diagram
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Figure3-15 The Nyquist diagram of S(z).
3.3.5 Design of therobustnessfilter Q(z2)

In the discrete periodic signal generator give RH& a perfect reference
tracking or/and complete disturbance rejecting can be achieved in steady state.
However, the open loop poles of the repetitive controller are on the stability
boundary, and the overall stability of the system is sensitive to the un-modelled
dynamics as shown |@ In order to enhance the system stability
robustness filter Q(z) is employed in the system as shown in RBgl@e This filter

can be as a constant or a low pass filter. The simplest choice of Q(z) is a close to
unity constant typically 0.91], as it can be implemented and adjusted easily in
digital control system. On the other hand, the low pass filter is more complicated
than a constant, but the low pass filter holds the system with larger stability margin
than a constant. Because of that, Q(z) is set as a notch zero phase shift filter in this

work, and Q(z)=(z+2+z-1)/4. From the bode plot of Q(z) in Fig®€6| it can be
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seen that Q(z) degrade the high order harmonic severely, and it has a close to unit
gain at low and medium frequencies. So the control system will has faster
convergence of the periodic error, more larger system stability margins with this
value of Q(z). Comparing of the two choiges, Figsu®7] shows the bode plot of the
repetitive controller @c(z) using Q(z) as a close to unity constant and as a low pass

filter.

Bode Diagram

Magnitude (dB)

Y6 SRR 0 P B P SO P E

-80

Phase (deg)

Ll R

2 3 4
10 10 10 10
Frequency (Hz)

Figure3-16 Bode plot of Q(z).
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ok [-o-eens Q=0.95 —— Q=LFF ||

Magnitude(dB)

£)

Phasei
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Frequency (Hz)

Figure3-17 Bode plot of &(z) using Q(z) as a constant and as a low pass filter.

By adding the low pass filter Q(z) as shown in Figdu®g, the pole location of the
repetitive controller Gc(z) are moved inside the unit circle and this improves the
stability and the robustness of the system.

Pole-Zero Map

Imaginary Axis

Il L X

-1 -08 -06 -04 -02 O 0.2 04 06 038 1
Real Axis

Figure3-18 Pole zero map ofgg(z) using Q(z) as a low pass filter, (z+2}/2
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3.3.6 Time advance unit (Z") design

The value of time advance unit & added to the system to compensate for the phase

delay introduced by the plant,@) and the controller &). When an input voltage

is applied to the system showr] in Fig@44, that consists of plant and the second

order controller only, the output voltage will be reduced and phase shifted with

respect to the input voltage as showp in FiggwEd and Figure-20. According to

these figures, at 400Hz frequency there is a phase shift in the output voltade of 95
with respect to the reference. The stability of the repetitive controller has been shown
to greatly improve if a phase lead compensator of L samples is added to the repetitive

controller to compensate for this delay. And this will increase the system phase

margin. The value of L can be calculated from FigguEd and Figur&-2Q It can be

seen that using 12800Hz switching frequency and 400Hz output frequency, the

voltage waveform cycle consists of 32 points, and a phase shiff o @guivalent

to 8.4 steps which is rounded to 8 delay samples according to eq@tpn

Number of delay points per cycle 3-18
L = Phase angle *
360°
95° 32 8.4 del int
= * = .
360° elay points
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Bode Diagram
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Figure3-19 Bode plot of Ge¢(z) Gp(2).
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Figure3-20 Reference and output voltage using second order linear controller only.
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3.3.7 Design example of four-leg Matrix Converter using second order linear
controller and plug-in repetitive controller

In order to verify the effectiveness of the proposed design theory, a simple case study
is analysed as design example. The design procedure and parameter selection of the
repetitive controller are shown. System stability analysis and MATLAB simulation
results are also provided to validate the control design.

3.3.7.1 Repetitive Control Design

A plug-in type repetitive controller is to improve the performance of system.

Figure 3-22 shows the complete plug-in repetitive control system, wheetz)ais

the plug-in repetitive controller; ks the repetitive gain; % is the delay line; Q(z) is
the robustness filter and'as the time advance unit. All of the previously mentioned

parameters need to be found.

3.3.7.1.1Periodic Signal Generator

The periodic signal model needs to be included in the stable closed loop control
system in order to ensure perfect reference tracking. And this can be achieved in
discrete time domain by employing the delay terth in the forward path of a

positive unity feedback loop as discussed in se[3i@2.1. The value of M can be
determined by solving equati@

_ fsampling _ 12800 - 32
ffundamantal 400

3.3.7.1.2Time advance unit L

As can be seen fin FiguB19 and Figur8-2Q the value of time advance unit L can

be found. By carefully examining the figures, we can see that the output voltage of

the converter lags the reference signal §. @&cording to equatid3-18, the value

of L is equivalent to 8 points.
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3.3.7.1.3Robustness Filter Q(2)

As discussed in sectig® 3.5, Q(z) filter can be selected as a gain less than unity or

as a low pass filter to provide more stability to the system. As the converter is
sensitive to the un-modelled dynamics and because of the fact that the dominant
poles of the plant, that has been compensated for using pole zero cancellation
method, are very close to the unit circle. Because of that, Q(z) is chosen to be a low
pass filter in order to improve the robustness of the system.

@) = 77142471
Q(z) = 7

7% —1.693Z + 0.9819
Ge(z) = 0.15 *

Z? —0.495Z - 0.49

And the transfer function of the repetitive controller can be written in the form of:

Kr.Q(z).Z7¥ 0.2.(0.25Z' +0.5 +0.25271).Z7%*
1-0(2).Z27M 1—0Q(z2).Z2-32

Gre(2) =

Y(2)

—  Gy(2)

Figure3-21 Proposed plug-in repetitive controller.
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It can be seen frovln Figura-22 ang Figure3-23 that with the proposed plug-in

repetitive controller is stable and the output voltage tracks the reference signal.

300
200
100 | |
-100
2200

Qutput Voltage (V)

30 i i
8.2 0.205 0.21 0.215

Figure3-22 Output voltage compared with the reference using plug-in repetitive controller.
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Figure3-23 proposed repetitive controller.
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3.4 Summary

This chapter has discussed the modeling, design and analysis of the control system
for the four-leg Matrix Converter for power supply applications. MATLAB/Simulink
package have been used to model, design and simulate the power supply system. In
this chapter, a second order controller is used in conjunction with a plug-in repetitive
controller to control the converter. The second order controller used to improve
system dynamics in transient conditions, while the repetitive controller serves to
eliminate any periodic error and improve the steady state response of the system. In
addition, the stability of the proposed controller has also been discussed in the

chapter and a good stability margin has been found.

In the following chapters, the simulation and the experimental results will be
presented to test the effectiveness of the proposed controller to control the four-leg
Matrix Converter for different load conditions.
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Chapter 4 Power converter ssmulation

4.1 Introduction

Simulation is the imitation of a real system or process through a series of equations
that represent the relations between the input and the output. The act of simulating a
system generally entails considering a limited number of key characteristics and

behaviours within the physical system of interest, which is otherwise infinitely

complex and detailed.

Power converter simulation allows us to examine the behaviour of the system under
different scenarios. Power converter simulation can provide a safe and relatively

cheaper test bed to operate, evaluate and optimize the performance of the system
before realizingt in the physical Worl].

This chapter describing the modelling and simulation of the GPU system shown in

Figure4-1] and the associated controller for a range of load conditions. The purpose

of the simulation is to verify the effectiveness of the proposed controller and the use
of four-leg Matrix Converter as GPU for aircraft applications. Modelling and

simulation of the GPU system is required before the real implementation to
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understand the operation of the system as well as testing the performance and

stability of the proposed controller.

The chapter starts by introducing the concept of modelling levels. This section is
followed by an introduction to the SABER simulation model for this GPU
application. Next there is a description of the proposed tracking and repetitive control
simulation. Simulation results and discussions are then presented for a range of
different load conditions such as a balanced loaal,unbalanced load, load
connection/disconnection aranon-linear load. Finally the effect of the switching

frequency on output voltage qualis/analysed and discussed.

Protection
circuit

Matrix converter

Input supply_> Ipput > switches O'utput _» Load
voltage filter filter
Gate drive circuit ‘

f

DSP/FPGA
Controller

Figure4-1 GPU structure

4.2 Power converter modeling and simulation

Power converter modelling can be categorized into four main levels depending on
the required accuracy and simulation time of the mI [83]:

Starting from the bottom pf Figure-2|, component level modelling is used to model

each component in the system including high frequencies, electromagnetic fields and
EMC behaviour. Using this detailed device modelling requires very small simulation

step sizes, thus the simulatitome will be long.
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Architectural

Functional

Eeha% ural

Component

Sirmlation Time Increase
Complexity Increase

Figure4-2 Modelling levels.

The next level is the behavioural level. This level of modelling has relatively short
simulation times compared with the detailed device modelling level. The behaviour
modelling level includes lumped parameter subsystem models with frequencies up to

100’s of KHz, including the converter switching frequency.

The following level is the functional level in which the system components are
modelled to show only the main system dynamic frequenciesy frequency
transient behaviour up to 100-150HZ his mentioned modelling level is targeted at
power system dynamics, stability, response to loads and starbh@imis to model

the power system either in its entirety or in sections sufficiently large to obtain a

holistic generatote-load dynamic overview in this GPU applicatiEI[84].

The last modelling level is the architectural level. These models compute steady state

power flow and is used for cost, weight, cabling studies and, most significantly,
event modelling and power system reconfigur , 85].

4.3 GPU smulation

GPU simulation is important to test the effectiveness of the proposed controller.
Referring back to the different modelling levels, the main system frequency is 400Hz
and using repetitive control with integer multiple of the harmonics frequency up to

the 7".Therefore the behavioural model level is adopted to simulate the system and
get a result as close as possible to the practical results whilst maintaining a

reasonably short simulation time.
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Saber is a powerful simulation package which can be used to model different
physical systems. The Saber simulation package has been selected to simulate the

GPU based Matrix Converter in this work.

Using Saber, varying degrees of model complexity can be achieved by combining the
predefined parts in the device model library with the functional description blocks
written usingSaber’s internal scripting language, MAST modelling language. The
MAST modelling language is a Hardware Description Language (HDL) from
Synopsys, released in 1986. MASTaisadvanced modelling language available for
analogue, mixed-signal and mixed-technology applications, it gives the programmer

a way to describe and model both analogue and digital circuits.
5.1.1. Saber simulation of four-leg Matrix Converter

Schematic of the four-leg Matrix Converter model is showh in Figu% The

converter system consists of 5 main parts that needs to be modelled. These parts are:

e Input power supply.

e Input filter.

e Bidirectional switches.
e Output filter and load.

e Modulation and control.

The subsystems such as input power supply, input filter, bidirectional switches,
output filter and three phase load are modelled using the existing components in
Saber standard library. The input voltages must be measured at each cycle period, in
order to correct the duty cycles necessary to generate balanced and sinusoidal output
voltages. It is possible to increase the system stability by filtering the measured input

voltage and using the filtered signals for duty cycle calculations of Matrix Converter

switching configuratio].
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The last block in the GPU model is the modulation and controller block. It consists
of controller routine, modulation routine and PWM generator routine. This
modulation and control block is programmed using MAST programming language in

SABER.
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Figure4-3 Matrix Converter system.
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4.3.1 Simulation flowchart

As shown irﬁ Figurd-4, the MAST code consists of three main subroutines executed

in series theses routine are: control routine, Modulation routine, and PWM waveform

generator routine. First, the control routine starts by measuring the three phase output
voltages () and compare them with the reference and calculate the command signal
that is fed into the modulator. Then, in the modulation stage, both the controller
output and the three phase input voltage signals will be processed using Venturini
modulation algorithm to calculate the required duty cycles. After that, the calculated
duty cycles passed to the PWM generator routine to generate the required pulses to
switch the bidirectional switches ON/OFF using schedule events function in the
MAST language.
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simulation
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Figure4-4 Modulation and control simulation flow aha
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4.3.2 System parameters

The main system parameters are shown below as follows:

e |Input supply voltage: three phase supply, 50Hz, 294Mline to ling.
e Output power: 7.5KW.

e Output voltage: Three phase, 115\ (line to neutral)

e Output frequency: 400 Hz.

e Switching frequency: 12800Hz

e Output filter: L,=583uH, G=35uF.

e Input filter: Ls=600uH, Cs=2uF

The above listed parameters have been selected to test the GPU based Matrix
Converter. The converter output voltage and frequency is set to 115V and 400Hz
respectively. In practical testing a total output power of 4.5KVA was chosen

according to the available test facilities.

The selection of the switching frequency is a trade-off between efficiency,
component size and transient response. Higher switching frequency is desirable and
it will reduce the inductors and capacitors size and increase the transient response of
the voltage regulation by having larger control bandwidth. However, converter
efficiency will be lower due to increased conduction and switching losses. A12800
Hz switching frequency is selected, although this switching frequency can be
increased up to 20kHz. However, huge calculations associated with the repetitive
control and the modulation algorithms are required. The maximum time required to
run all the calculations is around 77uS, and according to that, a 12.8 kHz is selected
which give 78.125us.

4.3.3 Matrix Converter operation under balanced load

The simulation results of the converter connectealialanced load for steady state

operation are shown in Figude5 to Figure 4.13.
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Figure 4-5| shows the line to neutral output voltage for phase (a) before the output

filter. The figure shows chopped segments of the input voltage with high dv/dt. The
high dv/dt will be filtered out using the LC output filter. As discussed in chapter 2, a
low pass output filter with cut-off frequency of 1.1 kHz is used to supress all the high

order harmonics and produce a clean sinusoidal waveform as shjown in4=@ure

600 r r

1
| H

Unfiltered output voltagga()(/)

-l HH | HHH ffffffff HHHH \HHH ffffffff HHH
LR U RN
085 0.205 me (5 0.21 0.215

Figure4-5 Phase A unfiltered output voltage.

The results ip Figurd-6| and Figure 4.7 shows that the output voltage is sinusoidal

with low THD (1%). It can be seen that the output voltage THD less than 5%, which
is the limits imposed by the standards BS 2G 219.
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Figure4-6 Three-phase output voltage for a balanced load.
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Fundamental (400Hz) = 162 V , THD= 0.89%
10

Lr i
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Figure4-7 Filtered output voltage spectra for a balanced load

Figure4-8| shows the simulation results of the output voltage r.m.s value, this values

are calculated by dividing the maximum three phase output voltages by the square

root of 2 (V,.,s = V,,/V2). As can be seen from the figure, the controller is able to

keep the r.m.s value of the output voltage between + 3V, as stated in standards BS

2G 21] and MIL-STD-704ﬂ5].
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Figure4-8 R.M.S output voltage for a balanced load phase A.
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Figure 4-9| shows the simulation results of the output voltage compared with the

reference. It can be seen that the output voltage is tracking the reference and error

between the reference and the measured voltage is less than £7 volt.
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Figure4-9 Output voltage tracking for a balanced load phase A.

The simulation results of the output currents of four-leg Matrix Converter are shown

in |Figure 4-10. It can be seen that all the three phase current are balanced and

sinusoidal due to the balanced load.
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Figure4-10 Three phase output currents for a balanced load.

Figure 4-11 to 4.13 show the Matrix Converter input current for a balanced load.

Figure4-11

shows the unfiltered input current. This input current needs to be filtered

using a RLC low pass filter to prevent the high frequency harmonics from being

injected back to the supply.

Unfiltered input current,|l (A)

Figure4-12
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Figure4-11 Unfiltered input current in phase A.

show the three phases filtered input currents. It can be seen that the input

currents are sinusoidal with 3.71% THD. The distortion in the input currents are due
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to the effect of the switching frequency and the nonlinearities of the converter, this
non-linearity exists because of the commutation delay, the voltage drop and turn-on

and turn-off of the switching devices.
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Figure4-12 Filtered three phase input currents for a balanced load.
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4.3.4 Unbalanced load conditions

Unbalanced load conditions can occur for a variety of reasons, for example if the
user connects a several single phase loads with different power on each phase. For an
unbalanced load conditions, zero sequence components will flow in the neutral wire
of a three phase four wire systems. As a result of the unbalance the output voltages
will be distorted. It is the controller responsibility to ensure that the output voltages
will be supplied with the minimum of distortion. In this section simulation result of

the four-leg Matrix Converter are shown to test the proposed contsdaleitity to

regulate the output voltage under unbalanced loading.

Figure4-14to Figure 4.23 show the output of the Matrix Converter for unbalanced
loading. The percentage of unbalance was about +40%. The load in phase A is
5Q+5.5mH, while in phase B 10Q2+6.2mH and in phase C 20Q2+7.5mH respectively.

The total load power is about 1.83 KVA.

Figure 4-14f shows the three phase output voltages of the Matrix Converter under

40% unbalanced load condition. It can be seen that the output voltage is sinusoidal

with low distortion as shown by the spectra in FigdwESto Figure 4.17.

- Voa r 'Vob | Voc
N 200

IVaVallaVaV avs
B XX \/
AR

3 N N4
-200

_308.3 0.301 0.302 0.303 0.304 0.305
Time (s)

Figure4-14 The three phase output voltages for an unbalanced load.
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Figure4-15 to Figure 4-17shows the spectra of the three phase output voltages V

VpnVen Of the Matrix Converter obtained from simulation results. It can be seen that
the spectra has a fundamental component at 400Hz in addition to some harmonics
around 1200 Hz due to zero sequence components that are flowing in the neutral
wire. It is important to note that even for such unbalance condition the controller was

able to provide sinusoidal output voltage with THD between 1.31% and 1.43%.

Fundamental (400Hz) = 166.4 V, THD= 1.33%

Mag (% of the output voltage fundame

O0 2000 4000 6000 8000 10000 12000 1400C

Frequency (Hz)

Figure4-15 FFT of output phase voltage A for an unbalanced load.
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Figure4-16 FFT of output phase voltage B for an unbalanced load.
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Fundamental (400Hz) = 168.5V , THD= 1.44%
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Figure4-17 FFT of output phase voltage C for an unbalanced load.

Figure4-18 to 4-20 shows the simulation results of the output voltage of the Matrix

Converter under unbalanced loading for phase a, b and c. It is clear that the output

voltage tracks the reference with a tracking error around +10V.
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Figure4-18 Output voltage tracking of phase (a) for an unbalanced load.
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Figure4-19 Output voltage tracking of phase (b) for an unbalanced load.
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Figure4-20 Output voltage tracking of phase (c) for an unbalanced load.

The output currents waveform of four-leg Matrix Converter supplying unbalanced

load is shown i

N Figuré-21

. As can be seen from the figure, the output currents are

sinusoidal. It can be noted also that the output neutral line provides a path for the

zero sequence components for the unbalance conditions.

82



Chapter 4Power converter simulation

~ 20

< | |
" oa ob oc
= 10

o

= are

£ -10

O

_28.3 0.301 0302 0.303 0.304 0.305

Time (8)
10
<
2 5
3 /
3 0
T \
5 5
prd

_18.3 0.301 0.302 0.303 0.304 0.305
Time (S)

Figure4-21 Output currents for the unbalance load condition.

Figure 4-22 and 4.23 show the simulation results @ itiput current waveform of

the Matrix Converter. Matrix Converters are direct power converters, and any
unbalance in the load side will affect the input side. It can be seen that the input

current is distorted due to the unbalanced load.

The current spectra |in Figu#e23 show a fundamental component at the 50Hz and

some harmonics with THD of 38as can be seen frgm Figute23 there are high

frequency harmonics due to the switching frequency and also there are low

frequency harmonics. These harmonics generated at frequencies that depends on both

the output frequency and the input frequency. As can be seen in egidticlue to

the power pulsation in the output side, twice output frequency will reflect on the

input side].

Harmonics= 2¢:futputi finput 4-1
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Figure4-22 Three phase input currents for an unbalanced load.
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Figure4-23 Input current spectra of phase A, for an unbalanced load
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4.3.5Non Linear Load

The nature of the load has profound impact on the performance Métrix
Converter and the input current. In most of the cases, Matrix Converters are designed
under the assumption of a balanced load, while in reality unbalanced and non-linear

loading are always present.

This section presents the simulation resultsafilmur-leg Matrix Converter supplying
a nonlinear load. In this test, a three phase non-linear load is connected to the
balanced three phase load of the Matrix Converter.A three phase diode bridge
rectifier circuit with a 30 Ohm load resistor was employed to produce a non-linear
load effect, as shown |@ The rectifier currentyl. is shown in

Figure4-25.

L=582 uH 12 Ohm=6.25mH
— AAN—— Y
loa
Y'Y Y Py AN Y Y Y \—]
Y p— AW A~
L L Lc=ssuF
70uH
o TTT
AN AN AN
INLL L
\ §3o ohm
/N N/ \

Non-Linear Load

Figure4-24 Three phase non-linear load circuit.
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Figure4-25 Non-linear load current

Figure 4-26 to 4.33 shows the simulation results of the four-leg Matrix Converter

when non-linear load is connected. As can be sgen in Mgk the output voltage

is nearly sinusoidal.
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Figure4-26 Three phase output voltages for a non-linear load

Figure 4-27 to 4.29 show the spectra of the output voltages with the non-linear
loading. It can be seen that the controller is able to maintain good control over the
three phase output voltages waffHD of about 2%.
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Figure4-27 Output voltage spectrum with non-linear load (phase A).
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Figure4-28 Output voltage spectrum with non-linear load (phase B).
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Fundamental (400Hz) = 164.6 V, THD= 2.02%
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Figure4-29 Output voltage spectrum with non-linear load (phase C).

Figure 4-30 shows the simulation results of the output voltage of the Matrix

Converter under non-linear loading. It is clear that the output voltage tracks the

reference voltage with a tracking error less than £10V. .
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Figure4-30 Output voltage tracking for a Non-linear load.

Figure4-31 shows the sum of the currents for the non-linear and the linear load. The

waveform ir] Figure4-31|(a) is the sum of the waveform shown in Figdr81 (b)
and Figure4-31 (c).
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Figure4-31 Three phase output currents with non-linear load.
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Figure4-32 and 4.31 shows the simulation results of the input currents waveforms.

It can be seen that the input currents are nearly sinusoidal with a THD of 3.92% as
can be seen |n Figure33.
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Figure4-32 Three phase input currents with non-linear load.
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Figure4-33 Input current spectra of phase A,daon-linear load.
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4.3.6 Load disconnection and connection

Power converters, regardless of their application, may be used under very light or no
load condition and the controller must be able to maintain proper operation under
these conditions. In this section the simulation results for the four-leg Matrix

Converter is shown during load connection and disconnection.

Figure 4-34 and Figure 4.33 shows the simulation results for the Matrix Converter
during load disconnection and connection. The load is disconnected and reconnected
to test the performance of the converter for a step change in output in output current.
As can be seen from these results, the controller was able to provide good waveform
quality with only a less than 23% output voltage overshoot / under shoot for each

transient.
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4.4 Switching frequency effect on power converter performance

Selecting the appropriate switching frequency for the Matrix Converter is a trade-off
between performance and devices switching losses. Increasing the switching
frequency will reduce the output voltages total harmonic distortion (THD) and
reduce the size of the output filter. However, as the switching frequency increases the

losses in the devices increa ﬁ [88].

In the practical implementation of Matrix Converters, the input voltage and the

output currents have some ripple due to the switching frequency. The modulation
process is not continuous and this will have the potential to generate low frequency
components in the input current and in the output voltage s@tra[SQ]. The following
simulation results show the effect of changing the switching frequency on the output

voltage and input current waveforms.

Figure 4-36 shows the simulation results of the effect of changing the switching

frequency to the output voltage specths expected, increasing the switching

frequency has significant impact on output voltage quality.

T

2.5 | \r [ i
, I Fs=25600Hz
2~ [ |Fs=12800Hz

I Fs=800Hz

Mag (% of the output voltage fundamel
H
a1
]

Frequency (Hz)

Figure4-36 Theeffect of increasing the switching frequency on output voltage’s quality.
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Low and high frequency components are normally exist in the input current and the
output voltage waveforms. The low frequency components are due to several reasons
such as the modulation method, the switching ripples in the input current and voltage
waveforms, because of the digital implementation of the controller and modulation
algorithms and due to the nonlinearities of the Matrix Converter itself. All of the
above have the potential to generate low frequency components in the output voltage

and input current spectra.

The high frequency components are normally generated due to the switching
frequencies and it can be seen very clearly in the input current waveform. This high
switching frequency can be minimized by using an input filter at the input side to

provide a path to the high frequency components

The lower the switching frequency the more the distortion of the output voltage and
input current waveforms, and the bigger the filters and it becomes more difficult to
control the converter especially at 400Hz applications where the controller
bandwidth cannot be made high.

Circuit setup shown i‘n Figuré-3| is used throughout the study of the effect of the
switching frequency on the Matrix Converter performance. The input filter the output
filter, the modulation and the controller details are all fixed during the study. The
following sections will present the simulation results of the four-leg Matrix
Converter for different switching frequency starting from 8kHz to 12.8kHz and
finally with 25.6kHz.

4.4.1 Simulation resultsusing 8kHz switching frequency

Figure 4-37| to Figure 4.41 shows the simulation results of the four-leg Matrix

Converter using 8 kHz switching frequency. As showh in Figui| the output

voltage waveforms are nearly sinusoidal with some ripples. Fi¢p3& shows the

spectrum of the output voltage with THD of 1.13%.
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Figure4-37 Three phase output voltage waveforms uaim@kHz switching frequency.

Fundamental (400Hz) = 161.2 V, THD= 1.13%
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Figure4-38 Output voltage spectra usiag8kHz switching frequency.

Figure 4-39 shows the simulation results of the output voltage for the Matrix

Converter using 8 kHz switching frequendtycan be seen that there is a phase shift

between the reference and the output voltage waveforms, and the tracking error of
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+20 Volt due to the limited controller bandwidth when using the 8 kHz switching

frequency.
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Figure4-39 Output voltage tracking of phase A &w8kHz switching frequency.

Figure 4-4Q and 4.41 shows the simulation results of the three phase filtered input

current for the four-leg Matrix Converter using 8 kHz switching frequency. As
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shown in Figure4-4(Q the input current is distorted. As can be se¢n in Figudrg

there is a high frequency harmonics around the switching frequency and the total
harmonic distortion is 9.3%.
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Figure4-40 Three phase input current waveforms uaimgkHz switching frequency.

Fundamental (50Hz) = 13.5 A, THD= 9.34%

1 {HW

odMH‘MMMMI Lf[rl“f[rﬂﬂ[ “M H [ HHMH& S

0 2000 4000 6000 8000 10000 12000 14000
Frequency (Hz)

Mag (% of the input current fundamental)
w

Figure4-41 Filtered input current spectra for an 8kHz switching frequency.
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4.4.2 Simulation results using 12.8kHz switching frequency

The effect of increasing the switching frequency on the output voltage and input

current waveforms for the four-leNlatrix Converter using 12.8 kHz switching

frequency are shown jin Figu#e42 to Figure 46. It can be seen from the figures

that the output voltage and the input current waveforms quality is better compared

with the previous results in section 5.4.1.

Figure 4-421 and Figure 4.43 shows the simulation results of the output voltage

waveforms for the four-leg Matrix Converter. It can be seen from the figures that the
output voltage is sinusoidal with a THD of 0.89%

%0 ;Voa;Vob : Voc
% VNN
£ NANANA AN AN
gm/\\//\ PV VY
8:20 (VAVAVAV AVAVAVAVANAVAV

A 0.102 0.104 O.

106

Time (s)
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Figure4-42 Three phase output voltage waveforms uaih®.8kHz switching frequency.
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Fundamental (400Hz) = 162 V , THD= 0.89%
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Figure4-43 Output voltage spectra usia@2.8 kHz switching frequency

Figure 4-44 shows the simulation results of the output voltage compared with the

reference required voltage. It can be seen that the output voltage tracks the reference

with a relatively good tracking, with a tracing error of +6V.
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Figure4-44 Output voltage tracking of phase A for a 12.8kHz switching frequency.

Figure 4-45 and 4.46 shows the simulation results of the three phase filtered input

current for the four-leg Matrix Converter using 12.8kHz switching frequency. As

shown in Figure4-45 and 4.46 the input current is still distorted with a THD of

5.02%. It is very clear that using higher switching frequency the waveform quality of

the output voltage and the input current are much b

otter. Fda

b shows the

harmonic components around the switching frequency and around the cut-off

frequency of the input filter which is about 2.455kHz.
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Figure4-45 Three phase input current waveforms usihg.8kHz switching frequency.
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Figure4-46 Input current spectra for a 12.8kHz switching frequency.
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4.4.3 Simulation results using 25.6kHz switching frequency

Simulation results of the four-leg Matrix Converter using 25.6 kHz switching
frequency is shown iE Figuré-47] to Figure 4.51. It can be seen that the output

voltage and current waveforms quality are much better than the previous results in

section 5.4.1 and 5.42. Figude47| and 4.48 shows the output voltage waveforms

and spectra. It can be seen that the output voltage waveform in sinusoidal with THD
of 0.52%. And the low and high order harmonic components are significantly
reduced, and the output voltage ripples are minimized with the use of 25.6kHz

switching frequency.
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Figure4-47 Three phase output voltage waveforms using a 25.6kHz switching frequency.
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Fundamental (400Hz) = 162.6 V , THD= 0.52%
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Figure4-48 Output voltage spectra using a 25.6 kHz switching frequency

Figure 4-49 shows the simulation results of the output voltage compared with the

reference voltage. It can be seen that the output voltage tracks the reference voltage,

with a tracking error less than ¥4
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Figure4-49 Output voltage tracking of phase A &25.6kHz switching frequency.

Figure 4-50

and 4.51 shows the simulation results of the three phase filtered input

current for the four-leg Matrix Converter using 25.6 kHz switching frequency. As

shown in Figuret-50

and 4.51 the input current is still distorted with a THD of 4.3%.

It is very clear that by increasing the switching frequency to 25.6kHz the waveform
quality of the output voltage and the input current are impr @shows

that there are harmonic components around the switching frequency and around the
cut-off frequency of the input filter which is about 2.455kHz.
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4.5 Summery

In this chapter, a simulation study for Matrix Converter system was carried out using
the Saber simulation package. A second order controller was used in conjunction
with a plug-in repetitive controller to control the output voltage of the Matrix
Converter in ABC reference frame. Extensive simulations of the converteedhow
that the proposed controllés able to offer good tracking accuracy, fast transient

response and is able to regulate the output voltage for unbalanced load conditions,

non-linear load conditions and for a load disconnection/reconneftion. Zahle

present a summary of the results.

Table4-1 Summary of the simulation results for four-leg Matrix Converter system.

Balanced load

Output voltage THD 0.89%
Tracking error +7V
Input current THD 3.71%
Unbalanced load
Output voltage THD 1.33%, 1.39%, 1.449
Tracking error + 10V
Input current THD 5.9%
Non-linear load
Output voltage THD 2.02%
Tracking error + 10V
Input current THD 3.89%
Load connection/disconnection
Overshoot 23%
Undershoot 17%

The effect of changing the switching frequency on the converter performance has
also been presented and the results show that increasing the switching frequency
tends to reduce both of the input current and the output voltage THD and the

associated low frequency ripples in the waveforms.
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Table 4-2| shows the effect of increasing the switching frequency on Matrix

Converter performance.

Table4-2 The effect of increasing the switching frequency on Matrix Converter

performance.

Switching frequency

8000Hz 12800Hz 25600Hz
Output voltage THD 1.13% 0.89% 0.52%
Input current THD 9.34% 5.02% 4.3%
Output voltage tracking erro 122 6 +3.5
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Chapter 5 Hardware I mplementation

5.1 Introduction

Simulation results for four-leg Matrix Converter were presented in chapter 5. It is
important to validate these findings experimentally. Therefore, the hardware
implementation of the four-leg Matrix Converter is presented in this chapter using a
7.5KW prototype. The aim of this chapter is to describe the equipment that was used
in the experimental rig to verify both the performance of the proposed controller. The

design parameters of this prototype are similar to those from the simulation chapter.

This chapter starts by introducing the overall structure of the experimental rig. This
is followed by the detail design of various circuits and components including the
input filter, power modules, gate drive circuit, current direction detection circuit,

measurement circuit, output filter circuit, and finally, the control platform that is used

in this work is described.
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5.2 Experimental rig

The 7.5KW four-leg Matrix Converter experimental prototype can be seen in

Figure5-1, In practical testing a total output power of 4.5KVA was chosen according

to the available test facilities. This prototype, as shown in Fisplrang Figuré-2

consists of input supply, input filter, power board, isolated gate drive circuit, output

current direction detection circuits, output filter and control platform. These

components are presented in details in the following sections.

Figure5-1- Laboratory prototype of the four-leg Matrix Converter.

Clamp circuit

Load

Current
Direction

HETe

Gate Drive Board

RN EEERER

Sensors
FPGA Board
Voltage
Sensor
< EMIF ( External Memory Interface ) >
§ q DSP Board

S
\ Digital Controller

Figure5-2 Overall layout of the experimental prototype.
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5.3 Input filter

The function of the input filter iso minimize the effect of power converter in the

grid and to limit current harmonics emissions, and this will reduce the ripples in the
input current waveform. There are number of different topologies that were
discussed in chapter 2. Among these is the second order low pass LC filter shown in

Figure5-3 @], is especially relevant as discussed in sdeétidri]. This LC low

pass filter topology consists of an input inductqf, linput capacitors & and

damping resistor Ras shown ip Figurg-3{

Input filter

SAa2 SAb2 SAc2 SAN2
3P h ase I—:}—I SAal SAb1 SAcl SAN1
Input AN

V0|tage SBaj SBbg sBc2] SBNZ
I—:l—l SBal sBb1 sBcl SBN1
Y YY)

L Lcg sCag SCh3 SCc2 SCN3
sCal SCb1 sCel SCN1

Figure5-3 Input filter circuit.

Damping resistors Rs - k] Inputinductors Ls

Figure5-4 Input filter photograph.
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Input filter design has to accomplish the foIIo[91]:

e The cut-off frequency of the filter must be lower that the switching

frequency.
e Minimize the input filter volume and weight.

¢ Minimize the amount of voltage drop on filter inductance.

The input power factor is improves when selecting a small input capacitor value,
however, when the value of input capacitor is reduced the value of the input inductor
must be increased in order to maintain the same cut-off frequency. Consequently, the
voltage drop produced in the filter increased. The resisias Raced in parallel to

the inductor to provide the appropriate dam@.[As shown irE Figur&-5{asmall
value of R will result in a high degree of damping, but higher energy dissipation. For

7.5KW converter and when the value qfiR10 Q, 0.5 damping is achieved and the
associated power loss in the resistor is 2.4 W. On the other hand, wiseegRal to

500 Q, 0.01 damping is achieved and the associated power loss in the resistor iS
48mW. For this converter a damping resistay dR 56 ohm was used for this
application to provide 0.089 damping and 428 mW power. The value of the input
inductor and capacitor are chosen to be Ls=600uH and Cs=2uF, accordingly the cut-
off frequency is 2.45 kHz. Choosing cut-off frequency far below the switching
frequency means that the input filter will be able to effectively filter out any high
frequency harmonics, and keep the phase shift of the filter as close as possible to

zero. As can be seen from Figuel, the input capacitors are directly mounted on

the converter board in order to minimize the stray inductance between the input

capacitors and the power modules.
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Figure5-5 Input filter bode plot.

5.4 Power modules (Bidirectional switches)

As shown in| Figureb-2, the Matrix Converter consists of 12 IGBT Modules

(SK60GM123) from Semikron, each output phase consists of three power modules.
The IGBT rating is 1200V, 60Amp. As shown|in Figli&| B) the IGBT module

consists of 2 anti-parallel IGBTs connected in common emitter configuon[92].
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Figure5-6 IGBT power circulit.

5.5 Gatedrivecircuit

The function of the gate drive circuit is to convert the low power FPGA signal of O-
5V to the voltage and current required to switch On/Off the IGBT module and to
provide galvanic isolation between control circuit and power circuit.

The IGBT module from Semikron (SK60GM123) requires at least 5.5V between the
gate and emitter to switch the IGBT ON. However, the IGBT gate capacitance needs
to be charged in order for the gate to emitter voltage to rise. Therefore, a higher
voltage (+15V) can be applied to the IGBT between the gate and emitter to switch
the IGBT on as quick as possible. On the other hand, to be able to switch the IGBT
module off quickly the gate to emitter capacitance needs to be discharged as fast as
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possible. This can be done by Appling negative voltage (-15V) to the IGBT gate with
respect to the emitter. Accordingly, the gate drive circuit is required to provide +15V
or -15 V between the gate and the emitter of the IGBT to switch the IGBT On or Off.
A Texas instrument floating DC/DC converter (DCP020515DU) is used to provide
the gate drive circuit with 15V an isolated supply. As sho@a the
signal from FPGA passes through an open drain buffer (SN74LVC1GO07) that is used

to protect FPGA and supply the required current to opt-coupler together with the pull
up resistor R9. The buffer output is connected to the opt-coupler (HCPL-315J) which
provides galvanic isolation between control and power circuits. The opt-coupler
output is connected to a push pull transistor circuit implemented using NPN and PNP
transistors (FZT790A and FTZ690B) to provide the required current and voltage to
switch IGBT through a gate drive resistor;{Rr Rig) The choice of R or Ry
affects the On/Off switching times and switching Io [57].
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Figure5-7 Gate drive circuit for one bi-directional switch module.

5.6 Current direction circuit

Current direction information of the output currents are required to perform the 4
step commutation described in chapter 2. The current direction information used by

FPGA board to ensure safe commutation between IGBT switches.
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Current direction data is derived by measuring the voltage across two anti-parallel
Shottkey diodes (30CTQO045S), these diodes are connected in series with the output

of each phase of MC, as shown in Figtr8| Each pair of anti-parallel diodes will

provide a voltage signal according to the current direction in that particular phase.
The voltages across these diodes are connected to comparators that provide a logic
signal of 0-5V which depends on the current direction. This signal then fed into the
FPGA to perform the required commutation sequence. By using this circuit it is
possible to detect the current direction even during a very low current. The output
currents in each phase are being measured by current transducer (LAH-25NP) made

by LEM company to protect the converter against any over currents.

Current transeducer

Va Phase a To Load
r;t.. 4 5 4
(2),, 13 LAH-25NP
VB D:l 3
D2
ve oV sy
+5V
1K u19 _”j
0.1uF (8) HCPL-06IN 0.1uF
AIN. O @ ©
[€)

+5V
(U]
3 [;]_(e) 210k To FPGA Board
5V ©) e

GND

Figure5-8 Current direction detection circuit

o L L N T N TR e
Current direction |
detection circuit

"g transducer |
I ) g

Clamp
capacitors

Figure5-9 Photograph of the current direction circuit
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5.7 Voltage clamp circuit

A clamp circuit is used as simple protection circuit to protect the converter against

any over voltage or currents that might occur during operation as shown in

Figure 5-9| and 5.10. It can be seen that the clamp circuit consists of two diode

rectifier with a clamp capacitor in parallel with bleed resistors. A 14 (8EWF12S) fast
recovery diodes are employed to construct the two rectifier circuits which are
mounted on the bottom layer of the power board. The fast recovery diodes are rated
at 1200V and 8A.

If there is a fault in the operation of the Matrix Converter such as commutation or
open circuit faults, the clamp circuit will provide a path for the currents and all the
energy can be transferred to the clamp capacitor and then dissipated in the parallel
resistor. A voltage transducer (LEM LV25-P) is used to measure the voltage across
the clamp capacitor. If the clamp voltage increases above a set level then the Matrix
Converter will be shut down by turning off the entire gate signal to the bi-directional

switches.

A proper selection of the clamp capacitor is important to protect the Matrix
Converter from dangerous overvoltage under fault conditions. The maximum energy
stored in the inductive load and the maximum peak to peak input supply voltage is

used to calculate the required clamp capacitor size.

The total energy stored in the three phase load is calculated as:

3
— LIZ 5-1
¢ 4

Where Q is the total energy stored in the load inductors L is the load inductance and
| is the RMS value of the load curr93].

The clamp capacitance can be calculated as

3 2
co_ 2 _ 3 Lol 5-2
Vi—Vs  Vi— Vg
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Where VO is the initial clamp voltage and v1 is the maximum clamp voltage. The
output filter inductance is 0.583mH and the nominal load RMS current is 40A. And

the initial clamp voltage 588V (which is approximately the peak amplitude of the

line-to line input voltage.) and the maximum clamp voltage 600V. For safety, the
value of the required clamp capacitor will be calculated assuming a 150% of nominal
load current. According to equati@, the value of the clamp capacitor is 136uF.

In practical circuits a larger capacitor is needed because the initial voltage vO is
higher than the theoretical value due to the switching harmonics. In this application

two series capacitors rated as 450V, 150uF are used as clamp capacitors.

The stored energy in the clamp capacitors can be discharged by parallel resistors (R
R2). The power of the shunt resistors can be calculated using ec@iae

pV 5-3
"R
In practical the value of the shunt resistors are selected at the nominal clamp voltage

as 7watt, 47kQ.
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Figure5-10 Voltage clamp circuit
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5.8 M easurement circuit

Measurements are a very important in any control system. As shown in Ei@'.Jre
the controller relies on the knowledge of the output and input voltages, the protection

circuit depends on the clamp voltages and the output cufrents. Biddrand 5.12

show a photograph and the circuit diagram of the voltage and current transducers that
are used in the rig. There are six LV25 voltages transducers and four current
transducers LAH25-NP. Three voltage transducers are used to measure the three
phase output voltages {VV,, V.), two are used to measure the input line to line
voltages (Mg, Vsc) and the last one is used for the clamp voltage measurement.

4 Clamp voltage
transducers

Voltage
transducer

Figure5-11 The voltage and current transducers.

The four LAH25-NP current measurement transducers are used to measure output
phase currents. To get accurate measurements sensor calibration is required to
correct the gain and the offset for each ser [94].
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Figure5-12 Circuit diagram of the measurement circuit.
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5.9 Output filter

AC power supplies require an L-C, low pass filter at the output side of the converter
to reduce the harmonics generated by the modulation and to attenuate the high
switching frequency harmonics that is exists in the output voltage waveforms. The
selection of the output filter inductor and capacitors are dependent on the required

cut-off frequency of the filter, as shown in equat[ﬁm However, the cut-off

frequency of the filter depends on the controller bandwidth.

Rs
Lo RL LL
i S a —rynm — . Y aaaas
A |oa
AAA % e CS . b L LY YY) ® IVV\,_FY‘VY\_
J_ B {\:zl—::l— c — ANA— Y Y
T c C
A - b TTT™
Input filter Four-L eg Matrix Output filter Load

Converter

Figure5-13 three phase matrix converter showing the input and output filters.

In order to attenuate the switching frequency and the low order harmonics to meet
the requirements imposed in the output voltage, also according to the available match
of capacitors and inductors, the cut-off frequency of the output filter is chosen to be
1100Hz. A good compromise solution between output power quality, filter size,
weight and losses is represented by this cut-off frequency. According to the
standards, the ripples in the output voltage waveforms must not exceed £3V of the

nominal output voltage and the voltage THD must be less than 5%. The resonant

frequency of the output LC filter can be given approximately by equatén

1 -
wres:ﬁ 5-4

The value of the capacitor can be calculated as a function of the inductor value as in

equation
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VL.C = — 5-5

Wres

=t 5-6
(z-n-fres)z L
The value of the inductor must be small in order to reduce the output impedance of
the Matrix Converter because it is operating as a voltage ce[95]. Considering an

output inductor value of 0.58mH with an internal resistor of 0.8Q the value of the

output capacitor can be calculated using equs:

c= 1 5-7
(2.1.1100)2.0.58.10~3

The value of the capacitor is selected to be 35uF that gives a cut-off frequency of
1117 Hz. The value of the neutral inductgris very small compared with the value

of L, andit can be neglected in the previous calculations. The values of the LC
output filter are: k=0.58mH, R=0. 8Q, C,=35uF. From these values the output

filter transfer function can be given by equajog

4.901.107 5-8
S§2+41372.5 +4.901.107

The Bode plot of equati¢gh-8| is shown in Figur&-14. It can be seen that the cut-off

frequency of the output filter is 1117Hz. The filter will provide an attenuation of -
43dB at the switching frequency (12.8kHz).
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Figure5-14 Output filter Bode plot

5.10 Control platform

Matrix Converter operation requires mathematical calculations to be performed in

both the control and modulation algorithms every single switching cycle. A fast

control platform is required to perform these operations in a short time. The control

platform that has been used in this project is based on a Texas Instrument
TMS320C6713 floating point digital signal processor (DSP) operating at 225MHz

and an Actel ProAsic3 field programmable gate array (FPGA) as shown in

Figure 5-15

. This is a standard control platform design within the PEMC research

group at the University of Nottingham.
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{

12bit A/D converter DSP board

Figure5-15 DSP/FPGA control platform.
5.10.1 Digital signal processor DSP

The DSP has a powerful set of peripherals, including a 32 bit general purpose timer,
two multi-channel buffered serial ports (McBSPs), a 32 bit external memory

interface (EMIF) that can be interfaced to SDRAM or asynchronous peripherals and
a 16 bit host port interface (HP1). The HPI is a high speed data port which allows the
host computer to access the internal memory of the C6713 without interrupting the

operation of the DSP.

The main function of the DSP board is to perform all the calculations for the
modulation and the close loop control algorithm. This process is performed every
interrupt cycle 78.125us, which corresponds to a sampling frequency of 12.8 KHz.
The output of the control algorithm is stored in a memory register that can be
accessed by the FPGA.

5.10.2 Field Programmable Gate Array (FPGA) board

The FPGA board has been designed and developed by the University of Nottingham
to control Matrix Converters for aerospace applications Fi@kﬁﬁ. The use of this
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FPGA is firstly, expands the functionality of the DSP using the memory mapping
interface. Secondly, provides the DSP board with 10 dedicated A2D converters to
measure any analogue signals. Furthermore, it provides fast and reliable hardware
protection of the system to be controlled. The main function of the FPGA is to
process the duty cycle signals received from the DSP board and perform the four step
commutation and send the correct PWM switching signals to the gate drive circuit.
The four step commutation is required to correctly commutate the current between

the bidirectional switches depending on the direction of the load current.

The host PC is used to program the DSP board and to define the different parameters
used in the DSP code such as controller gains and digital filter values. The HPI

daughter card provides a real time interface between the DSP and the host PC using
MatLab as shown |n Figure16.

Figure5-16 HPI daughter board

The FPGA runs with a 50MHz clock. As shown in Figbré&7), at the start of each

switching cycle all the converter variables, such as input voltages, output voltages
output currents, DC clamp voltage and current direction, are measured by the FPGA.
This data is compared with reference values in the FPGA for protection purpose and
trip signals sent to shut the converter down if there are any problems. If normal
operation is detected then this data is passed to the DSP at the start of every
switching cycle in order to perform all the control and modulation calculations. Near
the end of the controller cycle period the DSP stores all the demanded switching

times and vectors in a first in first out (FIFO) memory to be used in the next
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switching cycle. At the start of every switching cycle, the FPGA gets the stored times
and vectors from the FIFO and uses the current direction information to perform the
four step current commutation giving the required gate pulses. These gate pulses are

then buffered and sent to the gate drive circuits to switch the IGBTs On and Off.

FPGA

4 step commutation <¢—ADC Value

<«—Current directio

i i <«——Clamp Voltage——
A g
3 2 \ 4 S a
=] © E
25 FIFO  |Ss
E > A 8 S E—
\4 A &€ | - -—-I

HPI T
DSP Daughter

Card

A
A 4

t(k-1)  t(k) kD)

Switching cycle g

Sample ADC(Kk) _ Controller output t(k—l)‘

Figure5-17 FPGA simple block diagram

5.10.3 DSP softwar e overview

The software used to control the Matrix Converter is written in the C programming
language using Code Composer Studio cor[96]. This compiler is part of the
DSP development environment from Texas Instruments.

As shown in Figuré-18, the flow chart summarizes the operation of the control and

modulation code in the DSP. There are three main routine, an initialization routine, a
main loop routine and an Interrupt service routine (ISR). The initialization routine
starts by initializing the host parameters, the timer, the FPGA and the controller
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parameters. Next, the program enters to the main loop in which there is an endless
loop running. In this endless loop the program keeps processing and displaying a
massage signal, that describes the health condition of the converter, until an interrupt
signal from the FPGA is detected. Once the interrupt signal has been detected the
program jumps to the Interrupt Service Routine (ISR) loop. In the ISR, the program
starts by resetting the timer and send a signal to the FPGA to start the ADC process.
The ISR then waits for a handshaking signal from the FPGA to acknowledge that the
ADC conversion process endadd the transducer’s data are ready in the ADC

buffer. Next, the software protection code will compare the measured voltages and
the currents with respect to pre-set trip values and a command signal will be sent to
shut the converter down if there are any problems.

If there are no faults, the program will process the control subroutine and calculate
the control commands based on both second order controller and repetitive
controllers. After that, the program calculates the duty cycles using Venturini

modulation, and converts them to time and vectors. Finally, the program places the

calculated times and the vectors to the FPGA first in first out (FIFO) register to be
used in the next sampling period as shown in Fi@utﬁ.
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Figure5-18 DSP controller flow chart
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5.11 Summery

The experimental setup and the implementation of a 7.5KW four-leg Matrix
Converter laboratory prototype have been presented in this chapter. The design,
construction and assembly have been described in details. The four-leg Matrix
Converter prototype consists of the input filter, the power modules, the gate drive
circuit, current direction circuit, voltage clamp circuit, measurement circuit, the
output filter and the control platform. The explanation of the functionality and

construction of these components has been given.

The next chapter will present the experimental results for the four-leg Matrix
Converter prototype for a range of load conditions, and transients to verify the
effectiveness of the proposed controller and to enable the validation of the simulation

results.
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Chapter 6 Experimental Results

6.1 Introduction

The initial design of the prototype of the four-leg Matrix Coreeprototype has

been investigated through a series of simulation tests using SABER and MatLab
simulation packages as showed in chapter 4. The implementation and the setup of the
four-leg Matrix Converter prototype for GPU application has been presented in

chapter 5.

In this chapter experimental results of four-leg Matrix Converter using repetitive and
second order controller is presented to demonstrate the effectiveness of the proposed
controller, and to validate the simulation results presented in chapter 4. In order to do
that a series of experimental tests have been done to test the converter response for

different loading.

The chapter starts by introducing the system parameters. Then, the experimental
results of the four-leg Matrix Converter are presented for a balanced, an unbalanced
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and a non-linear load conditions. Next, the converter response to a load connection

and disconnection is presented. Finally, a chapter summery of the findings are given.

6.2 System parameters

Figure 6-1| shows the experimental prototype of the four-leg Matrix Converter and

the system parameters are shown| in Tabl#® A programmable AC source

manufactured by Chroma was used to provide the input power for the prype[97].
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Figure6-1 Experimental prototype of four-leg Matrix Converter.

Table6-1 Matrix Converter parameters.

Supply voltage 294Vrms, 50Hz.
Input filter inductor Lg 600uH
Input filter capacitor ¢ 2uF
Input filter damping resistor R 56 Q
Output filter inductor I, 583uH
Output filter capacitor £ 35uF
Output inductor internal resistance R 0.20
Diode bridge load resistor R R=30
Linearload 1 R and L, 12Q, 6.25mH
Linear load 2 R 19.70
Sampling/Switching frequency 12800Hz
Output voltage 115Vrms, 400Hz
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The experimental results were captured using LeCroy waveSurfer 5060 oscilloscope.
The ADP300 high voltage differential voltage probe were used to capture the input
and output voltages, while the LeCroy CP150 current probe were used to measure
the converter currents. To be able to compare the experimental and the simulation
results, MatLab software is used to plot all the captured data from the oscilloscope
and the structure of the experimental chapter will be similar to the one in the

simulation chapter.

6.3 Matrix Converter operation for a balanced load

The experimental results of the Matrix Converter connected to a balanced load for

steady state operation are shown in Figi@td Figures-9| In this test, the four-leg

Matrix Converter is connected to balanced load as shgwn in Fagljre

Figure 6-2 shows the line to neutral output voltage for phase (a) before the output

filter. It can be seen that the output voltage is made of chopped segments of the input
voltage with high dVv/dt due to the switching frequency. A low pass filter will be

used to filter out all the high frequency signal and produce a clean waveform as

shown in Figures-3,

600
\'HH | H | '
sl nm

o
E T

Output Voltage (V)

|

-400¢

-6000 0.005 0.01 0.015 0.02

Time (s)

Figure6-2 Output phase to neutral voltage measured before the output filter
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It can be seen from Figu&3 and Figureés-4] that the three phase output voltage is

sinusoidal, and the amplitude is maintained with low THD of 1.6%.
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Figure6-3 Output voltage for a balanced load.

10 Fundamental (400Hz) = 162 V , THD= 1.6%

Mag (% of the output voltage fundamen
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Frequency (Hz)

Figure6-4 FFT of output phase a balanced load.

The r.m.s output voltage is shown in Fig@r&| it can be seen that the controller is

able to keep the r.m.s value of the output voltage between + 3V as stated in the
standards BS 2G ZE[S].
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Figure6-5 R.M.S output voltage for a balanced load.

The experimental results of the output voltage waveform of the four-leg Matrix
Converter with respect to reference voltage are shown in Fgy6rdt can be seen
that the output voltage is tracking the reference and the error between the reference

and the measured voltages is less thaw .+ 8
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Figure6-6 Output voltage tracking for a balanced load.

The experimental results of the output currents of the four-leg Matrix Converter, for

balanced load condition, are shown

in Figer&| It can be seen that the output

currents are sinusoidal and balanced.
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Figure6-8
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Figure6-7 Output currents balanced load. Add captions

- 6.9 shows the filtered input current for phase (A). It can be seen that the

input currents are sinusoidal with 4.71% THD. The distortion of the input currents is

due to the effects of both the switching frequency and the nonlinearities of the

converter.

These non-linarites are because of the commutation delay, the voltage

drop, the turn-on and turn-off of the IGBT modules.
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Figure6-8 Three phase input currents balanced load

138



Chapter 6 Experimental Results

10 Fundamental (50Hz) = 12.53 A, THD= 4.71%
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Figure6-9 Input current spectra of phase A, for a balanced load condition.

6.4 Unbalanced load conditions

In this section the experimental results of the four-leg Matrix Converter is presented
to demonstrate the ability of the proposed controller to regulate the output voltage of

the converter under unbalanced loading.

For an unbalanced load conditions, negative and zero sequence components will flow
in the neutral wire of a three phase four wire systems. As a result of the unbalance
the output voltages will be distorted. It is the controller responsibility to ensure that
the output voltages will be supplied with the minimum of distortion. In this section
the experimental results of the four-leg Matrix Converter are shown to test the
proposed controller’s ability to regulate the output voltage under unbalanced loading.

The use of the repetitive and second order controller in ABC reference frame has the

privilege to control the output voltage of the four-leg Matrix Converter individually.

For this test, the balanced loadl was replaced by unbalanced load as bellow as shown

in|Figure6-10Q;:

139



Chapter 6 Experimental Results
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Figure6-10 Three phase unbalanced load circuit.

Figure6-11 to 6.18 show the output of the Matrix Converter for unbalanced loading.

The percentage of unbalance was about +40%. As shqwn in Bigifethe load in
phase A is 5Q+5.5mH, while in phase B 10Q+6.2mH and in phase C 20Q+7.5mH

respectively. The total load power is about 1K8BA . According to that, the input

current will be more distorted and the THD will be much higher compared with the
balanced and the non-linear load conditions. The Total Harmonic Distortion (THD)
is defined as the ratio of the rms value of the input current harmonics (not including
the fundamental), to the rms value of the fundamental, because of that the THD will

be reduced when the load increased.

Figure 6-11f shows the three phase output voltages of the Matrix Converter under

40% unbalanced load condition. It can be seen that the output voltage amplitude is
maintained and the waveforms are nearly sinusoidal with low distortion as shown by
the spectra u@ It is important to note that even for the unbalance
condition the controller was able to keep the output voltage THD below 5%.

As can be seen in the figures, tH8 Barmonic component is exist in the output
voltage spectra due to the unbalanced condition. The amplitude of the output voltage
is about 163.5V and the biggest harmonic components occur af"tharfonic
(1.2kHz) with a value of 5.5V which compared to the fundamental component is
only 3.36%

140



Chapter 6 Experimental Results

30
Ve Ve Vo
~ 20
ANEP RPN
b )
g 1 / \ \/
BN AN A AN PN
20
30

A 0.101 0.102 0.103 0.104 0.105
Time (S)

Figure6-11 Three phase output voltages for an unbalanced load.

Fundamental (400Hz) = 160.9 V, THD= 3.67%

=
o

00 2000 4000 6000 8000 10000 12000 1400(

Frequency (Hz)

Mag (% of the output voltage fundamu

Figure6-12 FFT of output phase (a) for an unbalanced load.
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Fundamental (400Hz) = 163.5V , THD= 5.42%
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Figure6-13 FFT of output phase b for an unbalanced load.

Fundamental (400Hz) = 166.8 V , THD= 4.82%
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Figure6-14 FFT of output phase c for an unbalanced load.

Figure 6-15 shows the experimental results of the output voltage of the Matrix
Converter compared with the reference under an unbalanced load condition. As can
be seen from the figure, the output voltage tracks the reference with a little tracking

error of + 10V. The tracking error her is greater than the tracking error in the
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balanced load condition due to the zero sequence components that flowing in the

neutral wire.
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Figure6-15 Output voltage tracking for an unbalanced load.

The output current waveforms of the four-leg Matrix Converter supplying
unbalanced load is shown in Figug€l6.As can be seen from the figure, the output
currents are nearly sinusoidal. It can be noted also that the neutral line provides a

path for the zero sequence components for the unbalance conditions.
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Figure6-16 Output currents for an unbalance conditions.

Figure6-17) and 6.18 are obtained when the converter is connected to an unbalanced

load, the figures show the experimental results of the three phase input currents and
the input current spectra of phase A. Matrix Converters are direct power converter,
and any unbalance in the load side will affect the input side. It can be seen that the

input current is distorted due to the unbalanced load. The current spectra in

Figure 6-18 show a fundamental component at the 50Hz and some harmonics with

THD of 13.5%. As can be seen, there are high frequency harmonics due to the
switching frequency and also there are low frequency harmonics. These harmonics
generated at frequencies dependent on both the output frequency and the input

frequency. These harmonics lead to the distortion of input current waveform.

The value of the THD of the input current are quite high because of the converter is
working with light unbalanced load. And as we all know that the value of the THD is

inversely proportional to the value of the fundamental current or voltage.
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Figure6-17 Three phase input currents for an unbalanced load.
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Figure6-18 Input current spectra of phase A, for unbalanced load condition.

145



Chapter 6 Experimental Results

6.5 Non Linear Load

This section presents the experimental results of the four-leg Matrix Converter
system connected #®non-linear load. In this test, thieree phase non-linear load is

connected to the balanced three phase loadl of the Matrix Converter. The parameters

of the non-linear load and the balanced load are shoyn in Figlige The three

phase diode bridge rectifier circuit with a 30 Ohm load resistor was employed to

reproduce a non-linear load effect.

L=582 uH 12 Ohrh=6.25mH
o S — AAA—— Y
loa
—AWV Y Y Y \—
C=35uF
g TTT
[nLL N AN AN
yL— §30 ohm
/N N\

Non-Linear Load

Figure6-19 Three phase non-linear load circuit.

Figure 6-20 to Figure 6.27 shows the experimental results of the four-leg Matrix
Converter whera non-linear load is connected. As can be seen in Figi2@, the
output voltage g nearly sinusoidal, and the proposed controller in ABC reference

frame is able to regulate the output voltage.
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Figure6-20 Three phase output voltages for a non-linear load

Figure 6-21) to 6.23 show the spectra of the output voltages with the non-linear

loading. It can be seen that the controller is able to maintain good control over the
three phase output voltages with a THD less than 5%. As can be seen in the figures,
the 39 5" and the 7 harmonics are exists in the output voltage spectra due to the
non-linear load. The amplitude of the output voltage is about 164.8V and the biggest
harmonic components occur at th® Barmonic (2kHz) with a value of 4V which

compared to the fundamental component is only 2.42%
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Fundamental (400Hz) = 164.8 V, THD= 4.61%
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Figure6-21 Output voltage spectrum with non-linear load (phase A).

Fundamental (400Hz) = 163.2 V, THD= 4.67%
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Figure6-22 Output voltage spectrum with non-linear load (phase B).

148



Chapter 6 Experimental Results

Fundamental (400Hz) = 163.5V, THD= 4.72%
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Figure6-23 Output voltage spectrum with non-linear load (phase C).

The experimental result of the output voltage compared with the reference is shown

in|Figure 6-24,. It can be seen that the output voltage tracks the reference with a

tracking error less than £%3

149



Chapter 6 Experimental Results

Output Voltage (V)

Voltage tracking error (V) Output voltage (V)

300 — v

igg AN AT I AN VAN A N AN VAN A
TAWANAN ANIAWANAWA

N ERYRVRVRVRYRVEAYE
VARV ERRVIEERVA RV, \J

-200

-300

) 0 /005 Ti%g%s)- obrs\g.oz

00-

W/

-10

20 8.5 @ 95 10 105
%0 ime (s) % 10
ol
T T A 0 T A G W
o WML Wl L L W Yy gl
e LA A A
3% 0.005 0.01 0.015 0.02

Time (s)

Figure6-24 The output voltage tracking for a Non-linear load.
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Figure6-25 shows the output currents of the Matrix Converter for the non-linear load

condition. The waveform in figure (a) is the sum of the linear and the nonlinear
currents, while figure (b) shows the nonlinear load current. The results show that,
although the output current is heavily distorted, the proposed controller is still able to

maintain a good control over the output voltage.
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Figure6-25 Three phase output currents with non-linear load.

The input current waveforms obtained from the Matrix Converter when connected to
a non-linear load are shown in FiguBe26 and 6.27. As can be seen from these
experimental results that the input currents are nearly sinusoidal with a minimal THD
of 6%.
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6.6 L oad connection and disconnection

Power converters, regardless of their application, may be used under very light or no
load condition and the controller must be able to maintain proper operation under
these conditions. In this section the experimental results for the four-leg Matrix

Converter is shown during load connection and disconnection.

Figure 6-28 aml Figure 6.29 shows the experimental results for the four-leg Matrix

Converter during load disconnection and connection. The load is disconnected and
reconnected to test the performance of the converter for a step change in the output
current. As can be seen from these results, the controller was able to provide good
waveform quality with only a less than 28% output voltage overshoot / undershoot

for each transient.
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Figure6-28 Output voltage response due to load connection.
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6.7 Summery

This chapter has presented the experimental results of the four-leg Matrix Converter
for power supply applications. The experimental prototype was described in
chapter6. Extensive experimental results have been provided to confirm the operation

of the converter prototype and to test the validity of the proposed controller. The
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repetitive controller discussed in chapter 3 has been used to test the converter
prototype during different load conditions. It can be seen that the experimental
results showed in this chapter matches the simulation results provided in chapter 4.

The use of the repetitive and second order controller in ABC reference frame has the
privilege to control the output voltage of the four-leg Matrix Converter individually.

In the first part of this chapter, experimental results of the lEguMatrix Converter
supplying balanced load has been presented and it can be seen that the output voltage
is tracking the reference with a tracking error less than = 8V in both simulation and
experimental results. Next, the experimental results of the converter prototype
supplying an unbalanced load are presented to demonstrate the ability of the
proposed controller to regulate the output voltage. It can be seen that the tracking
error between the reference and the output voltage is less than + 10V for the
simulation results while it is £ 20V for the experimental results. Then, the
experimental results of the converter prototype connected to a non-linear load are
showed. It can be clearly seen that the controller able is able to contr8lahel she

7™ harmonics and again a good match between the simulation and the experimental

results was obtained.

Finally, to test the stability of the proposed controller to a sudden change in the
output current from zero to full load, by connecting and disconnecting the load
completely. As can be seen from these results, the controller was able to provide
good waveform quality with only 28% output voltage overshoot / undershoot for
each transient.The performance of the Matrix Converter system employing repetitive
and tracking controller in ABC reference frame is presented in BaPle

As can be seen in Tab&2, there are some considerable differences between the
simulation and experimental results. Thses differences are due to many factors that
we do not consider during the simulations such as the voltage drop across the

switches, commutation delay, non-linear magnetic component, for example.
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Table6-2 Summary of the simulation and experemintal results for four-leg Matrix Converter

system.

Balanced load

Simulation results Experimental resultg

Output voltage THD 0.89% 1.6%
Tracking error 7V + 8V
Input current THD 3.71% 4.71%
Unbalanced load
Output voltage THD 1.33%, 1.39%, 1.44%  3.67%, 5.4%, 4.8%
Tracking error + 10V + 20V
Input current THD 5.9% 13.4%
Non-linear load
Output voltage THD 2.02% 4.47%
Tracking error + 10V + 23V
Input current THD 3.89% 6.1%
Load connection/disconnection
Overshoot 23% 28%
Undershoot 17% 17%
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Chapter 7 Conclusion

7.1 Conclusion

This thesis has investigated the suitability of four-leg matrix converter for
400Hz ground power unit applications. For aircraft ground power unit applications,
where different loads needs to be supplied, ranging from single phase to three phase
balanced and unbalanced and also non-linear loads, 3x3 matrix converters will not
deliver high performance because the converter needs to be able to deal with zero
sequence current in the system. Therefore, four-leg Matrix Converters, featuring a
neutral connection, is used to produce a balanced output voltage even under

unbalanced or non-linear load conditions.

Ground power units (GPU) are designed to provide a high quality power supply to
the aircraft at airports with 400Hz, 115V. A 400 Hz system is used in application
where space and weight are important factors. Due to the high fundamental

frequency, passive components in 400Hz frequency are much smaller; this means
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that the system will be lighter and the take less volume. For regulation of a converter
output voltage with a 400Hz output frequency, a high bandwidth controller is
required. However, the controller bandwidth is limited due to the reduced ratio
between the converter switching frequency and the fundamental frequency. To avoid
this problem a digital repetitive controller is proposed in a single voltage loop

configuration operating in the ABC reference frame.

Repetitive control (RC) provides a possible control solution for systems, like this
one, presenting a repetitive behaviour, to minimize or eliminate periodic waveform
errors and to improve output power quality. The use of an internal current loop is not
attractive in this application due to bandwidth limitations. If an internal current loop
was included, it should be much faster than the external voltage loop, which needs to
be very fast itself, to be able to meet the very strict transient specifications on the
output voltage required for this application. Therefore the implementation of a faster
internal current loop becomes impractical with the use of standard control platforms
and with the limitations on the converter switching frequency.

A repetitive control is therefore used in conjunction with a conventional linear
controller to regulate the output voltage during different load conditions, such as
balanced and un-balanced linear loads, non-linear loads and during load connection

and disconnection.

The first objective of this work was to develop a four-leg Matrix Converter model to
be used in the control design and simulation work. This model is required to test the
performance of the proposed controller under steady state and transients. The details
of converter model and modulation methods were discussed in chapter 2. In this
chapter, a relationship between Venturini and Space vector modulation for four-leg
Matrix Converter has been developed and it becomes easy to convert the duty cycles

to time and vectors.

The second objective was to devebopontrol strategy to regulate the output voltage
of the converter, presented in chapter 3; the controller consistssefond order
linear controller combined wita plug-in type repetitive controller. The second order

linear controller serves to improve system dynamics in transient conditions, while the
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repetitive controller serves to eliminate any periodic error and improve the steady
state response of the system. This is achieved using a single voltage control loop

implemented in the ABC reference frame.

The third aim of the work was to simulate the four-leg Matrix Converter and the
proposed controller to evaluate the performance of the plug-in repetitive controller
during different load conditions presented in chapter 4. In this context MATLAB

Simulink package is used to design the controller while SABER simulation package

have been used to simulate the whole system during steady state and transients.

The fourth objective was to develop, build and test a reduced scale experimental rig
to validate the simulation results, presented in chapter 5. The system consists of input
filter, output filter, bidirectional switches, gate drive unit, and the control platform.
The control algorithm was programmed in the DSP/FPGA control platform that has
been developed in the PEMC research group at the University of Nottingham. In
addition, experimental results were presented in chapter 6. The converter prototype
has been shown to operate successfully and excellent agreement between simulation
results and practical data has been shown. In chapter 6 experimental results of the
four-leg Matrix Converter supplying balanced load has been presented and it can be
seen that the output voltage tracks the reference with an error less than + 8V. Next,
the experimental results of the converter prototype supplying an unbalanced load are
presented to demonstrate the ability of the proposed controller to regulate the output
voltage. It can be seen that the tracking error between the reference and the output
voltage is less than + 10V. Then, experimental results wheegonverter prototype

is connected to a non-linear load are shown. It can be clearly seen that the controller
able is able to control thé"@nd the  harmonics and again a good match between

the simulation and experimental results was obtained.

Finally, the stability and performance of the proposed system to a sudden change in
the output current from zero to full load has been tested by connecting and
disconnecting the load completely. Ag€an be seen from these results, the controller
was able to provide good waveform quality with only 28% output voltage overshoot /

undershoot for each transient. The results showed that the use of the repetitive and
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second order controller in ABC reference frame has the advantage to control the

output voltage of the four-leg Matrix Converter individually.

7.2 Futurework

The following are some interesting topics in which further research can be carried
out in order to improve the four-leg Matrix Converter for 400Hz power supply

applications.

e Efficiency analysis. In this work the converter losses have not been evaluated
nor compared with traditional configurations. This is definitely one of the
most important next steps of this research.

e Useof high switching frequency. If high switching frequency is used higher
control bandwidth can be obtained; input and output filter size will be smaller
and high power density can be achieved. This may be possible by using
power modules with fast switching frequency, low losses and high power
such as SiC JFETSs.

e EMI (Electro Magnetic Interference). EMI has also not been analysed in this
thesis. Proper measurement and input/output EMI filter design will be needed

in order to pursue an industrialization of this solution.
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Appendix B :Duty cyclesto space vector transfor mation

The transformation between duty cycles and complex vectors are bidirectional. The
duty cycles calculated using Venturini modulation method can be converted to time
and vector using Table B1® Table B-13. The relationship between duty cycles and
space vectors are found by comparing the duty cycles and the input current sector
(Ki), output voltage sector (KV) and tetrahedron (TH) values. For example, as shown

in FigureB1 the dO1 value is equal to m22 and the corresponding vector is (BBBB)
means that all the output phases are connected to input phase B to get a zero voltage

in the output.

m O < < O m
2 388 338 3 2= $ $ 335 0868 8 2
m o o O O O < < O OO @ & m
8 2 83 033 2 b < $ 308 008 @ o
OUtpUt mén ‘ ‘ m3n‘ ‘ rﬁln mlﬁ ‘ m3n‘ rﬁZn
phase N
Output m23 m33 m13 m13 m33 m23
phase G
OUtpUt m22 m32 mil2 mil2 m32 m22
phase B
Output m21 m3 m11 m11 m31 m21
phase Al
dol ' di : dil ‘dill'do2: dIV: dV ' dVI! d03 do3 dvi: dVv dIV :d02:dlll :dil |dl : doil
Ts/2 - Ts/2
Ts -

FigureB1: Cyclic Venturini switching sequence where kv=1, ki=1, Tetrahedron=2.

The value of Ki, Kv and TH must be calculated to be able to convert from Venturini

to time and vectors. The value of Ki can be calculated using equation B-1 and B-2.

-~

-1 in ﬁ B-l

wit = tan

=

mna
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(wit + g) B-2
Ki=——7—2"
3

where Ki <7 and >=1

Similarly The value of Kv can be found from equation B-3, and B-4.

V B-3
wot = tan~1 -2
Vo«

(wot + g) B-4
Ky = ——3°

where Kv< 7 and >=1

Finally, the value of tetrahedron can be found by comparing the sign of the three
phases demand voltages, as shown in Table B-1.

Table B-1: Tetrahedron selection according to the demand voltage polarity and prism

number.
Tetrahedron
1 2 3 4

V* AN V* BN V* CN V* AN V* BN V* CN V* AN V* BN V* CN V* AN V* BNV* CN

1 + + + + + - - + - - - -

2 + + + + + - - + - - - -

2 3 + o+ o+ -+ o+ -+ - - - -
0

o 4 + + + - + + - - + - - -

5 + + + + - + - - + - - -

6 + + + + - + + - - - - -
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Table B-2: Ki=1, Tetrahedron = 2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t31 t32 t32 t33 t33 t31
do2 t13 t13 t11 t11 t12 t12
do3 t21 t22 t22 t23 t23 t21

dl t32—t31 | t31-t32 | t33-t32 | t32-1t33 | t31-t33 t33 - 31

dil t3n—-t32 | t3n-t31 | t3n—t33 | t3n—-t32 | t3n-t31 | t3n-t33

dlil t33—-t3n | t33-t3n | t31-t3n | t31-t3n t32-t3n t32—t3n

div t23—-t2n | t23-t2n | t21-t2n | t21-t2n | t22-t2n | t22-t2n

dv t2n—t22 | t2n-t21 | t2n-t23 | t2n-t22 | t2n-t21 | t2n-1t23

avi t22-121 | t21-t22 | t23-122 t22-123 t21 - 23 t23- 121
Table B-3: Ki = 1, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t31 t32 t32 t33 t33 t31
do2 t13 t13 t11 t11 t12 t12
do3 t21 t22 t22 t23 t23 t21

dl t3n—-t31 | t3n-t32 | t3n—t32 | t3n—-t33 | t3n-t33 | t3n-1t31
dil t32—-t3n | t31-t3n | t33-t3n | t32-t3n | t31-t3n | t33-1t3n
dlil t33-132 | t33-t31 | t31-t33 | t31-t32 | t32-t31 | t32-1t33
div t23-122 | t23-121 | t21-t23 | t21-t22 | t22-t21 | t22-123
dv t22—t2n | t21-t2n | t23-t2n | t22-t2n | t21-t2n | t23-t2n
dvi t2n—-121 | t2n-t22 | t2n-t22 t2n-123 t2n-t23 t2n—t21
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Table B-4: Ki =2, Tetrahedron = 2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t23 t23 t21 t21 t22 t22
do2 t31 t32 t32 t33 t33 t31
do3 t13 t13 t11 t11 t12 t12

dl t2n-t23 t2n-123 | t2n-t21 | t2n-t21 | t2n-t22 | t2n-t22

dil t22—-t2n | t21-t2n | t23-t2n | t22-t2n | t21-t2n | t23-t2n

dill t21-t22 | t22—-t21 | t22-t23 | t23-t22 | t23-1t21 | t21-123

div t11-t12 t12—-t11 | t12-t13 | t13-t12 | t13-t11 | t11-t13

dv t12—tiln | t11-tin | t13-tln | t12—-tln | t11-tln | t13-tln

avi tln t13 tin—-t13 | tln—-t11 | tln—-t11 | tln-t12 | tln-t12
Table B-5: Ki = 2, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t23 t23 t21 t21 t22 t22
do2 t31 t32 t32 t33 t33 t31
do3 t13 t13 t11 t11 t12 t12

dl t22—-t23 | t21-t23 | t23-t21 | t22-t21 | t21-t22 | t23-122
dil t2n-122 | t2n-t21 | t2n-t23 | t2n-t22 | t2n-t21 | t2n-t23
dlll t21-t2n | t22—-t2n | t22-t2n | t23-t2n | t23-t2n | t21-t2n
div t11-tln | t12-tln | t12-tln | t13-tln | t13-tln | t11-tln
av tln—t12 tln—111 tln—t13 tIn—t12 tln—t11 tln—t13
dvi t12-t13 | t11-t13 | t13-t11 | t12-t11 | t11-t12 | t13-t12
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Table B-6 Ki = 3, Tetrahedron = 2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t11 t12 t12 t13 t13 t11
do2 t23 t23 t21 t21 t22 t22
do3 t31 t32 t32 t33 t33 t31

Di t12—-t11 | t11-t12 | t13-t12 | t12-t13 | t11-t13 | t13-t11

dil tin—-t12 | tln-t11 | tln—-t13 | tln-t12 | tin-t11 | tin-t13

dill t13—tln | t13-tin | t11-tln | t11-tln | t12—tln | t12-tln

div t33-t3n | t33-t3n | t31-t3n | t31-t3n | t32-t3n | t32-1t3n

dv t3n—-t32 | t3n-t31 | t3n—-t33 | t3n-t32 | t3n-t31 | t3n-1t33

avi t32—-1t31 | t31-t32 | t33-t32 | t32-t33 | t31-t33 | t33-1t31
Table B-7 Ki = 3, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t11 t12 t12 t13 t13 t11
do2 t23 t23 t21 t21 t22 t22
do3 t31 t32 t32 t33 t33 t31

dl tIn-t11 tln—t12 tin—t12 tln—113 tln—t13 tin—-t11
dil t12—tln | t11-tln | t13-tln | t12-tln | t11-tln | t13-tln
dill t13-112 t13-111 t11-1t13 t11-1t12 t12—t11 t12—-113
div t33-132 | t33-t31 | t31-t33 | t31-t32 | t32-t31 | t32-1t33
dv t32—t3n | t31-t3n | t33-t3n | t32-t3n | t31-t3n | t33-1t3n
dvi t3n—-t31 | t3n-t32 | t3n—-t32 | t3n-t33 | t3n-t33 | t3n-t31
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Table B-8 Ki =4, Tetrahedron =2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t33 t33 t31 t31 t32 t32
do2 t11 t12 t12 t13 t13 t11
do3 t23 t23 t21 t21 t22 t22

di t3n—t33 | t3n—-t33 | t3n—-t31 | t3n-t31 | t3n—-t32 | t3n-132

dil t32—-t3n | t31-t3n t33—-t3n | t32-t3n | t31-t3n | t33-1t3n

dlil t31-t32 | t32-t31 | t32-t33 | t33-t32 | t33-t31 | t31-t33

div t21-122 | t22-t21 | t22-t23 | t23-t22 | t23-t21 | t21-1t23

dv t22—t2n | t21-t2n | t23-t2n | t22-t2n | t21-t2n | t23-t2n

avi t2n-t23 t2n-t23 t2n—-t21 | t2n-t21 | t2n-t22 | t2n-t22
Table B-9 Ki = 4, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t33 t33 t31 t31 t32 t32
do2 t11 t12 t12 t13 t13 t11
do3 t23 t23 t21 t21 t22 t22

dl t32-t33 | t31-1t33 t33-31 t32—-t31 | t31-t32 | t33-1t32
dil t3n—-1t32 | t3n-t31 | t3n-t33 | t3n-t32 | t3n-t31 | t3n-t33
dlil t31-t3n t32-t3n t32—t3n | t33-t3n | t33-t3n | t31-1t3n
div t21-t2n | t22-t2n | t22-t2n | t23-t2n | t23-t2n | t21-1t2n
dv t2n—-t22 | t2n-t21 | t2n-t23 | t2n-t22 t2n—-t21 | t2n-t23
dvi t22-123 t21 - 23 t23-121 | t22-t21 | t21-t22 | t23-122
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Table B-10Ki =5, Tetrahedron = 2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t21 t22 t22 t23 t23 t21
do2 t33 t33 t31 t31 t32 t32
do3 t11 t12 t12 t13 t13 t11

dl t22-121 | t21-t22 | t23-t22 | t22-t23 | t21-1t23 | t23-t21

dil t2n-122 | t2n-t21 | t2n-t23 | t2n-t22 | t2n-t21 | t2n-t23

dill t23—t2n | t23-t2n | t21-t2n | t21-t2n | t22-t2n | t22-t2n

div t13—-tln | t13-tln | t11-tln | t11-tln | t12-tln | t12-—tln

dv tin—-t12 | tin-t11 | tln-t13 | tln-t12 | tln-t11 | tln-t13

avi t12—-t11 | t11-t12 | t13-t12 | t12-t13 | t11-t13 | t13-t11
Table B-11Ki =5, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t21 t22 t22 t23 t23 t21
do2 t33 t33 t31 t31 t32 t32
do3 t11 t12 t12 t13 t13 t11

dl t2n—t21 | t2n-t22 | t2n-t22 | t2n-t23 | t2n-1t23 | t2n-t21
dil t22—t2n | t21-t2n | t23-t2n | t22-t2n | t21-t2n | t23-1t2n
dlll t23-t22 | t23-t21 | t21-t23 | t21-t22 | t22-t21 | t22-123
div t13-t12 t13-1t11 | t11-t13 t11-t12 t12—-t11 | t12-t13
av t12—tln t11-tln t13—-tln t12—tln t11-tln t13—tln
dvi tin—-t11 | tln-t12 | tln-t12 tln t13 tin—-t13 | tln-t11
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Table B-12Ki =6, Tetrahedron = 2

Kv=1 Kv =2 Kv =3 Kv=4 Kv=5 Kv =06
do1 t13 t13 t11 t11 t12 t12
do2 t21 t22 t22 t23 t23 t21
do3 t33 t33 t31 t31 t32 t32

dl tin-t13 | tln-t13 | tln-t11 | tln-t11 | tin-t12 | tln-t12

dil t12—tln | t11-tln | t13-tln | t12-tln | t11-tln | t13-tln

dill t11-t12 | t12-t11 | t12-1t13 t13—-t12 | t13-t11 | t11-t13

div t31-1t32 | t32-t31 | t32-t33 | t33-t32 | t33-1t31 | t31-t33

dv t32—t3n | t31-t3n | t33-t3n | t32-t3n | t31-t3n | t33-1t3n

avi t3n—-t33 | t3n-t33 | t3n—t31 | t3n-t31 | t3n-t32 | t3n-1t32
Table B-13 Ki =6, Tetrahedron = 3

Kv=1 Kv =2 Kv =3 Kv=4 Kv =5 Kv =06
do1 t13 t13 t11 t11 t12 t12
do2 t21 t22 t22 t23 t23 t21
do3 t33 t33 t31 t31 t32 t32

dl t12—-113 t11-113 t13-1t11 t12—-111 t11-t12 t13-1t12
dil tin—-t12 | tln-t11 | tln-t13 | tln-t12 | tln-t11 tin—113
dill t11-tin t12—tln t12—tln t13—tln t13—tln t11-tin
div t31-t3n | t32-t3n | t32-t3n | t33-t3n | t33-t3n | t31-1t3n
dv t3n—-t32 | t3n—-t31 | t3n—t33 | t3n—-t32 | t3n-t31 | t3n-1t33
dvi t32-1t33 | t31-t33 | t33-t31 | t32-t31 | t31-t32 | t33-132
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