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Abstract

Power transformers are an integral part of power systems. In many applications, like
wind energy conversion and electric ship, the large weight and volume of present 60 Hz
power transformer is a limitation. The size of transformers can be reduced by replacing
the power transformers with high frequency transformers. For use of high frequency
transformer in power systems, first the low frequency voltages are converted to high
frequency by a power electronic converter and then it is stepped up or down by the
high frequency transformer and finally the high frequency voltage is converter to low
frequency by a second power electronic converter. The whole system is termed as power
electronic transformer (PET).

Matrix converter(MC) based power electronic transformers are the focus of this
doctoral research. Direct AC to AC conversion using matrix converters have the major
advantage of absence of storage capacitors over AC-DC-AC based conversion systems.
A matrix converter based PET with open ended primary is described in this thesis.
It has the salient features of controllable output voltage frequency, controllable input
power factor, bi-directional power flow, zero common mode voltage and voltage transfer
ratio of 1.5. The described PET is analyzed and simulation results are presented.

Commutation of current in the leakage inductance is one of the challenges in the
matrix converter based PET. The effect on voltage regulation due to increase in leakage
inductance is studied using extensive simulation. An alternative path is needed for
change of direction of current during commutation time. One of the ways to provide
alternative path is use of clamp circuits. But use of clamp circuits lead to energy loss
unless efficient energy recovery systems are designed.

A source based commutation method is proposed to eliminate the use of clamp
circuits. Depending on the direction of current in the HF transformer, the matrix con-
verters on primary side of the transformer are switched such that natural commutation
takes place in the leakage inductances. The overall efficiency of the PET is significantly

improved.
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The commutation time is dependent on the value of leakage inductance. So, higher
the leakage inductance, larger the commutation time and therefore, lower is the switch-
ing frequency. The nano-crystalline materials used for making HF transformers have
very low core losses at very high frequencies as compared to 60 Hz power transform-
ers. Also, power devices made of SiC devices are available which can operate at very
high switching frequencies with very low switching losses. Therefore, leakage inductance
is the only factor that limits the switching frequency. To solve the above mentioned
problem, three novel PET topologies are proposed in which the switching frequency is
independent of the value of leakage inductance. The first one is sinusoidal input output
three phase HF transformer. It has a three phase low pass filter and a matrix converter
on both primary and secondary side of the HF transformer. Three square wave voltages
at switching frequency, phase shifted by 120° are produced by the primary side MC.
The square wave voltages are filtered by the primary side filter to give three sine waves
at high frequency shifted by 120°. The switched currents at the input of secondary side
MC are filtered by the secondary side low pass filter. The HF transformer works like a
three phase power transformer.

The second topology proposed is sinusoidal input output three winding HF trans-
former. In this topology, the supply voltages are first converted to square wave voltage
at high frequency by a three phase to single phase MC and then filtered to a sine wave
by a low pass filter connected to primary of the HF transformer. Two opposite sine
voltages at high frequency are produced by the three winding transformer, on the sec-
ondary side, which is further connected to two capacitors. The switched currents on the
input of MC, connected to load, are filtered by these two capacitors. The transformer
again sees sinusoidal voltages and currents as in the first topology. Zero common mode
voltage is achieved in this topology by use of a modified pulse density modulation(PDM)
strategy proposed.

The third one proposed is sinusoidal current HF transformer. Unlike the first two,
it does not has a filter on the primary side. A high frequency square wave voltage is
produced by a three phase to single phase MC. A MC is connected between the secondary
terminals and the load. PDM is used for secondary side MC. A low pass filter is formed
with the transformer by connecting a capacitor at the secondary terminals. Both, the

switched currents at input of secondary side MC and the square wave voltages across
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the primary windings are filtered by the low pass filter. Thus, only sinusoidal currents
flow through the HF transformer.

In all the above three mentioned topologies, the leakage inductance is used to form
the low pass filter, minimizing the amount of reactive elements required. As these
low pass filters are required to filter very high frequency voltages, the size of reactive
elements are reduced. For the sinusoidal current HF transformer only one additional
capacitor is needed. Also because of use of PDM, zero voltage switching is possible for
the sinusoidal three winding and sinusoidal current transformers.

All the proposed topologies are analyzed and simulated in MATLAB/ SIMULINK
environment and the simulation results are presented. Mathematical model for filter
design is provided. A laboratory prototype is built for sinusoidal current HF transformer

and the experimental results are presented.



Contents

Acknowledgements
Dedication
Abstract

List of Tables

List of Figures

1 Introduction

1.1 Power Electronic Transformer . . . . . . . ... ... ... .. ......
1.2 Power electronic converters for HF transformers . . . . . . . .. ... ..
1.3 Applications of PET . . . . . . . . ... ...
1.4 Scopeofthisthesis . . . . . .. ... .. ... ... ... ...
1.5 Contribution of this thesis . . . . . . . . . .. ... .. ... ... ....
1.6 Organization of the thesis . . . . . . . .. ... ... ... ... ...

1.7 Conclusion . . . . . . . . e

Matrix converter fed PET with open ended primary

2.1 Circuit description . . . . . . ...
2.2 Synthesis and control of voltage across transformer . . . . . . . ... ..
2.3 Synthesis and control of output voltage . . . . . ... ... ... ...
2.4 Synthesis output voltage from clockwise rotating vectors . . . . . . . ..

2.5 Input power factor control . . . . . . .. ..o

vi

ii

iii

xi

© © 00 N Ut =~ ==



2.6 Simulation results . . . . . ... ... o

2.7 Conclusion . . . . . . . .

Problem of leakage inductance

3.1 Effect of Leakage . . . . . . . .. ... oo
3.2 Simulation Results . . . . . . . ... ... ...

3.3 Conclusion . . . . . . . .

Source Based Commutation

4.1 Principle of source based commutation . . . . ... ... .. ...
4.2 Simulation Results . . . . . ... ... ... ... ... . ...,

4.3 Conclusion . . . . . . . . e

Sinusoidal input output three phase HF transformer

5.1 Circuit description and basic principle . . . . . . ... ... ...
5.2 Filterdesign. . . . . ... ..
5.3 Simulation results . . . . .. ... ... L L

54 Conclusion . . . . . . ..

Sinusoidal input output three winding HF transformer

6.1 Circuit description and basic principle . . . . . . ... ... ...
6.2 Modulation methods . . . . . ... ... oo

6.2.1 Modulation of Primary side converter . . . .. ... ...

6.2.2 Modulation of Secondary side converter . . . . . ... ..
6.3 Common mode voltage . . . . . . . . . ... ...
6.4 Filterdesign. . . . . ... ...
6.5 Simulation results . . . . .. ... o o oL

6.6 Conclusion . . . . . . . .

Sinusoidal current HF transformer

7.1 Circuit description and basic principle . . . . . .. ... ... ..
7.2 Modulation methods . . . . .. .. ...
7.2.1 Modulation of Primary side converter . . . . ... .. ..

7.2.2 Modulation of Secondary side converter . . . ... .. ..

vii

28
28
30
33

34
34
42
45

46
47
49
50
53

54
55
o7
o7
o7
59
60
62
65



7.3 Filterdesign. . . . . . . . L
7.4 Simulation results . . . . ... L o
7.5 Sinusoidal current high frequency transformer with unbalanced load

7.6 Conclusion . . . . . . . e

8 Implementation of sinusoidal current HF transformer
8.0.1 Implementation of hardware . . . . . . . .. ... ... ... ...
8.0.2 Implementation of control algorithm . . . . . ... ... ... ..
8.1 Intermediary tests of hardware setup . . . . . . . ... ... ... ...
8.2 Experimental results . . . . ... ..o

8.3 Conclusion . . . . . . . e

9 Summary and Future work
9.1 Matrix converter based PET with open ended primary . . . . . . .. ..
9.2 Problem of leakage inductance . . . . .. ... ... .00
9.3 Source based commutation . . .. ... ..o
9.4 Sinusoidal HF transformers . . . . . . . .. .. ... ... ...

9.5 Future work . . . . . . e
Bibliography

Appendix A. Matrix converter Input Filter design
A.1 Input impedance of matrix converter . . . . ... ... ... ......
A.2 Mathematical model of input filter . . . . . . ... ... ... ... ...
A.3 Analysis of filter model . . . . . . ... oL
A3 Touu(s) - o o o o
A32 Ti(s) - oo
AB.3 Tui(s) o o o
A34 Tyu(s) o oo
A.4 Design procedure and simulation results . . . . . .. ... ... ... ..

A5 Conclusion . . . . . . . .

Appendix B. Commutation control of Matrix Converters

B.1 Four Step Commutation . . . . . . ... ... ... L

78
78
83
86
89
93

94
94
95
95
96
97

99

108
109
112
114
114
114
114
115
117
122

123



B.2 Two Step Commutation . . . . ... ... ... ... ... ... ...,

Appendix C. Verilog Program

ix



List of Tables

1.1
2.1
2.2
2.3
2.4
2.5
2.6
4.1
6.1
8.1
B.1

Comparison of 60Hz and 20kHz HF power transformer . . . . . . . . .. 2
Anti-clockwise vectors . . . . . ... oL 15
Clockwise vectors . . . . . . . . . .. 17
Input currents . . . . . ... Lo Lo 20
Transformer currents . . . . . . . . ..o 21
Input for anti-clockwise rotating vectors . . . . .. ... ... ... .. 21
Input for clockwise rotating vectors . . . . . . ... ... ... 21
Voltage inequalities for source based commutation . . . ... ... ... 37
Switching combinations in MC2 using PDM . . . . .. ... ... .. .. 59
Transformer parameters . . . . . . . . .. ... 80
Non Hazardous Switching Combinations [1] . . . . .. ... .. ... .. 125



List of Figures

1.1 Power electronic transformer . . . . . . . .. ... ... ...
1.2 Comparison of size of 60Hz and 20kHz HF transformer [2] . . . . . . . .
1.3 Core loss vs frequency plot of FINEMET [3] . . . . ... ... ......
1.4 Power electronic transformer with AC-DC-AC converters . . . ... ..
1.5 Present wind power generation system . . . . . ... ... ... ...
1.6 Wind power generation system based on MC and HF transformer . . . .
2.1 Matrix converter driven high frequency transformer. . . . . . . . .. ..
2.2 Anti-clockwise reference vectors . . . . . . ... ... L.
2.3 Anti-clockwise reference vectors and the opposite vectors . . . . . . . ..
2.4 Clockwise reference vectors . . . . . . .. .. ... L L.
2.5 Clockwise reference vectors and the opposite vectors . . . . . . ... ..
2.6 Anti-clockwise vectors applied to transformer . . . . . . ... ... ...
2.7 Output vector from anticlockwise rotating vectors . . . . . ... . ...
2.8 Diagram to illustrate maximum voltage transfer ratio . . . ... .. ..
2.9 Output vector from clockwise rotating vectors . . . . . .. .. ... ...
2.10 Anti-clockwise reference vectors at input . . . . . ... ...
2.11 Anti-clockwise reference vectors and the opposite vectors at input . . . .
2.12 Clockwise reference vectors at input . . . . . . . ... ... ... ...,
2.13 Clockwise reference vectors and the opposite vectors at input . . . . . .
2.14 Input current vector from anticlockwise rotating vectors . . . . . . . ..
2.15 Input current vector from clockwise rotating vectors . . . . . ... ...
2.16 Average voltage vector . . . . . . . . ...
2.17 Average input current vector . . . . . .. ... L.

2.18 50 Hz output voltage for anti-clockwise vector rotation . . . . . . . . ..

xi

S Ut s W W N



2.19
2.20
3.1
3.2
3.3
3.4
3.5
3.6
3.7
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
5.1
5.2
5.3
5.4
9.5
5.6
5.7
6.1
6.2

50 Hz output voltage for clockwise vector rotation . . . . ... ... .. 26

50 Hz output voltage for power factor control . . . . . .. .. ... ... 27
Transfomer with leakage inductance . . . . .. .. ... .. ... ... 29
Primary and secondary voltage of transformer . . . . . . . ... ... .. 29
Current flowing through secondary of the transformer . . . . .. .. .. 30
Output voltage . . . . . . . . . . 31
Simulation results . . . . . . .. 32
Decrease in output voltage with increase in leakage . . . . . . . . . . .. 32
Decrease in output voltage with increase in frequency . . . . .. .. .. 33
Two phase to single phase matrix converter with source inductance . . . 35
State diagram for source based commutation . . . ... ... ... ... 35
Commutation from SW1toSW2 . . . ... ... ... ... ...... 36
Six voltage inequality conditions in three sine waves . . . .. .. .. .. 38
Voltage across transformer winding and modulation pulses . . . . . . . . 38
Voltage across primary winding of transformer . . . .. ... ... ... 39
MC3 before time instant ¢1 . . . . . . . ... ... L 40
MC3 at time instant t1 . . . . . . ... 41
MC3 at time instant t2 . . . . . . ... 41
MC3 at time instant t3 . . . . . . . ... 42
Waveform without source based commutation . . . . . . ... ... ... 43
Waveform without source based commutation . . . . .. ... ... ... 43
Waveform with source based commutation . . . . . ... ... ... ... 44
Output voltage and current with source based commutation . . . . . . . 44
Matrix converter fed sinusoidal input output high frequency transformer 48

Supply voltage and output voltage of MC1. . . . . . . ... ... ... 49
Mathematical model for filter design of the two low pass filters . . . . . 50
Primary side filter voltages and currents . . . . . . . ... ... ... .. 51
Transformer primary voltages and currents . . . . . ... ... ... .. 51
Transformer secondary voltages and input current of MC2 . . . . . . .. 52
Load voltage and current . . . . . . . ... ... 52

MC fed sinusoidal input output three winding high frequency transformer 56
Supply voltages and output voltage of MC1 . . . . . . .. ... ... .. 57

xii



6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
7.1
7.2
7.3
74
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11

Block diagram of modulation of MC2 . . . . . . ... ... ... ... . 58

Bode plot of Ty(8), Tspi(8), Tsin(8) -« « - v v v v v i i i i oo 61
Input voltage and current of primary side filter . . . . . ... ... ... 62
Transformer primary voltage and current . . . . . . ... ... ... .. 63
Transformer secondary voltage and current . . . . . ... ... ... .. 63
Input voltage and current of matrix converter . . . . . . ... ... ... 64
Load voltages and currents . . . . . . . . . ... ... ... 64
Common mode voltage . . . . . . . . ... Lo 65
Sinusoidal current high frequency transformer . . . . . . . . .. ... .. 68
Equivalent circuit . . . . . . . ... 68
Pulse density modulation . . . . ... ... ... L. 69
Mathematical model of low pass filter . . . . . .. ... .. ... .... 71
Input voltage and current of filter at 20kHz . . . . . . . . ... ... .. 72
Output voltage and current of filter at 20kHz . . . . . . . .. ... ... 72
Load voltage and current at 20kHz . . . . . . .. ... ... ... .... 73
Input voltage and current of filter at 100kHz . . . . . . ... ... ... 73
Output voltage and current of filter at 100kHz . . . . . . ... ... .. 74
Load voltage and current at 100kHz . . . . . . .. .. ... ... .... 74
Transformer results for unbalanced load . . . . . . ... ... ... ... 75
Output voltages for unbalanced load . . . . ... ... ... ... ... .. 76
Unbalanced load current at 20kHz . . . . ... ... ... .. ... ... 76
Implementation diagram of sinsoidal current HF transformer . . . . .. 79
Laboratory prototype of sinusoidal current HF transformer . . . . . .. 80
HF transformer . . . . . . . . ... 81
Xilinx FPGA board . . . . . . . . ... .. 82
Sensor board . . . .. ... 82
Block diagram of primary side verilog control . . . . ... ... ... .. 83
Block diagram of secondary side verilog control . . . . . . .. ... ... 84
Primary side MC . . . . . . . ... L 86
Intermediary test results T . . . . . . . .. ... 87
Intermediary test results I . . . . . . .. ... ... ... L. 87
Secondary side MC . . . . . . .. .. 88

xiii



8.12 Intermediary test results IIT . . . . . . . .. ... ... .. ... ... 88

8.13 Intermediary test results IV . . . . .. ... oo 89
8.14 Experimental results T . . . . . . . . .. ..o 90
8.15 Experimental results IT. . . . . . . . . ... ... . 91
8.16 Experimental results TIT . . . . . . .. ... ... ... ... ... .. 91
8.17 Experimental results IV . . . . . . .. ... 92
8.18 Experimental results V.. . . . . . . ..o 92
A.1 Matrix converter with input filter . . . . . . . .. ... o000 109
A.2 Matrix converter as two separate systems at steady state. . . . . . . .. 109
A.3 Input impedance vs output frequency . . . . ... ... ... ... ... 111
A.4 Input impedance vs voltage transfer ratio . . . . . ... ... ... ... 112
A.5 Equivalent circuit . . . . .. ... Lo 112
A.6 Poles and zeros of input filter . . . . . . .. ... oL 113
A.7 Bode plot of T, (s) and Ty(s) . . . . o oo oo 115
A8 Bodeplot of Ti(s) . . o o oo oo 116
A9 Bodeplot of Tyi(s) - .« o v o o 116
A.10 Load voltage and load current . . . . . .. .. ... ... ........ 118
A.11 Input current of matrix converter . . . . . ... .. ... ... .. .. 119
A.12 Bode plots of T,;(s) for different valuesof C' . . . . .. ... ... ... 119
A.13 Filter current for different valuesof C' . . . . .. . . ... ... .. .. 120
A.14 Bode plots of T;;(s) for different values of cut off frequencies . . . . .. 120
A.15 Filter current for different values of cut off frequencies . . . . . . . . .. 121
A.16 Supply voltage and filter output voltage . . . . . . .. ... .. ... .. 121
B.1 Simple ckt to explain problem of commutation [1] . . . . . ... ... .. 123
B.2 Two phase to Single phase Matrix Converter . . . . .. ... ... ... 124
B.3 Timing diagram for Four Step Commutation [4] . . . . . ... ... ... 125
B.4 State diagram for Four Step Commutation [4] . . . . .. ... ... ... 126
B.5 Timing diagram for Two step Commutation . . . . . ... ... ... .. 127
B.6 Current reversal by threshold [4] . . . ... ... ... ... ....... 127
B.7 State diagram for Two Step Commutation with Current Sensing [4] . . . 127

Xiv



Chapter 1

Introduction

Transformers are one of the most essential parts of a power system. However, present
transformers of 60Hz are very bulky and occupy a large space. Large volume and
weight of transformers are a limitation for several applications like off-shore wind power
generation [5] and electric ships [6], [7]. Also, the transportation, replacement and
maintenance time for present power transformers is high due to large weight and volume.

Transformer core size reduces with frequency. Higher the frequency smaller is the
size of transformer core. So, high frequency (HF) transformers provide a solution for
the problem of large volume and weight of 60H 2z transformers.

In this chapter, a power electronic transformer (PET), its advantages and limitations
are described. The applications of PET are discussed. Present proposals for PET are
based on AC to DC and then DC to AC conversion systems [8-17]. Direct AC to AC
conversion is an alternative for PET.

Matrix converter based high frequency transformers are the main motivation of this
doctoral research. The problem of leakage inductance in PET has been addressed by

proposing several novel topologies described in this thesis.

1.1 Power Electronic Transformer

A power electronic transformer is a system comprising of power electronic converters

and a high frequency transformer. Fig. 1.1 shows a PET. The 60Hz low frequency
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supply is converted to high frequency by a power electronic converter. The high fre-
quency transformer steps or steps down the high frequency voltage. The voltage at
the secondary of HF transformer is converted to low frequency by a power electronic

converter.

Figure 1.1: Power electronic transformer

The core of HF transformer is made up of nano-crystalline material. One of the nano-
crystalline materials is FINEMET which is a promising material in terms of reducing
core loss. Table 1.1 shows a comparison of a power transformer at 60H z and a 20kH z
HF power transformer. Fig. 1.2 shows a pictorial comparison of size. It can be seen from
table 1.1 that for comparable ratings, the core loss of FINEMET built HF transformer
is approximately f—lth of the core loss of 60H z power transformer and the size of HF

transformer is approximately ﬁth of that of 60H z power transformer.

Table 1.1: Comparison of 60H z power transformer and 20k H z HF power transformer [2]

60Hz Power transformer HF transformer
Voltage and frequency rating 100kV, 60Hz 140kV, 20kHz
Current rating 20Amp RMS 20Amp RMS
Power 2MW 1MW
Weight 35 Tons 450 1bs
Loss Approx. 35 KW Approx. 3 KW at 2MW




Typical H.V. Transformer

Figure 1.2: Comparison of size of 60Hz and 20kHz HF transformer [2]

Fig. 1.3 shows the plot of increase in core loss with frequency for three different types
of FINEMET. The plot of fig. 1.3 is provided by the manufacturer of nano-crystalline
material HITACHI [3].
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Figure 1.3: Core loss vs frequency plot of FINEMET (3]

From fig. 1.3 it is clear that the core loss of nano-crystalline materials is less as
compared to 60H z transformers even at very high frequencies such as 100kHz. The
data provided starts at a minimum frequency of 10kH z. Thus, the potential use of HF
transformers is at very high frequencies, which is a desirable characteristics since higher

the frequency smaller is the weight and volume of the transformer.



1.2 Power electronic converters for HF transformers

Present proposals for PET are based on AC to DC and DC to AC conversion. One
such conversion system is shown in fig. 1.4. 60Hz AC is converted to DC and DC
is converted to HF AC on the primary side of the HF transformer. The HF AC at
secondary side of the transformer is converted to DC and then to low frequency AC.

The major limitations of the AC-DC-AC system are:

%%}{%

Figure 1.4: Power electronic transformer with AC-DC-AC converters

1. Need of bulky storage capacitors. The storage capacitors occupy large space,
add to the volume of the total PET, reduce the reliability of the system and are

susceptible to poor performance and failure at high temperatures.

2. Large reactive elements are needed at the input side of the AC-DC-AC based

topologies which further increase the weight and volume of PET.

An alternative to AC-DC-AC conversion is direct AC-AC conversion using matrix
converter (MC) based topologies [18-24]. A review of matrix converters is available
in [25,26]. The advantages of matrix converter based PET over AC-DC-AC conversion

System are:

1. Removal of large storage capacitors, thus reducing weight and volume and increas-

ing reliability.

2. Possibility of zero common mode voltage by use of rotating space vectors in the
modulation scheme and by other novel modulation schemes described in chapter

6.

However in matrix converter based PET, the commutation of current in leakage induc-

tance of HF transformers is a limitation.



1.3 Applications of PET
Following are some of the application areas where PET are needed.

1. Wind power generation - The present wind power generation system is shown
in fig 1.5. Power generation takes place at 690V, 60H 2 and the bulky 60H z
transformers are placed at the bottom the the tower. Low voltage (LV) cables
at 690V are brought to the bottom of 50 to 60m long towers. As LV cables are
much thicker then high voltage (HV) cables, huge amount of cable management

is needed which is a limitation of present wind generation system.

Generator
§{> Gear P

Box

LV cables
at 690V

60 Hz
Transformer

HV cables at 32.5kV

I

Power
electronic
converter

Figure 1.5: Present wind power generation system

Fig. 1.6 shows a wind power generation system based on matrix converters and
high frequency transformers. Because of small size of HF transformers, it can be
put at the nacelle, and therefore voltage can be stepped up in the nacelle. So HV
cables at 2.5kV, which are much thinner then 690V LV cables, need to be brought



down, reducing great amount of cable.

. |_| High - ;
Matrix Matrix
Generator frequency
Converter |— —t Converter

transformer
Gear

Box

HV cables at 32.5kV

Figure 1.6: Wind power generation system based on MC and HF transformer

2. Marine applications - In electric ship applications, large volume and weight of
60H z power transformers is a major limitation. Therefore, HF transformers can

be used to step down voltage from 11kV to 690V [6,7].

3. Power systems - PET can be used to replace the current 60 H z power transformers
and is a research area for micro grids. The frequency at input and output of PET
are independent. As PET are much smaller in size, they can be easily transported,
replaced and back up PET can be kept in any power station. These are not possible

with present power transformers.



1.4 Scope of this thesis

A matrix converter based power electronic transformer with open ended primary is
described in this thesis. It has the salient features of elimination of large storage capac-
itors, voltage transfer ratio of 1.5, controllable input power factor, zero common mode
voltage, bi-directional power flow and controllable output frequency.

When a direct AC to AC converter is connected to the secondary of a transformer,
switched currents flow in the secondary winding of the transformer. Because of the
leakage inductance of the transformer, the direction of current in the transformer cannot
change instantaneously. An alternative path is needed for the commutation of current
in the leakage inductance.

The time needed for the switched current to change its direction is termed as com-
mutation time. It is dependent on the value of leakage inductance. And therefore,
the switching frequency is limited by the value of leakage inductance. The following
solutions are investigated in this thesis to solve the problem of commutation of current

because of leakage inductance.

1. Use of clamp circuit - The current can be commutated with the help of a clamp
circuit connected at the secondary of the transformer. But it leads to power loss

and drop in voltage regulation.

2. Source based commutation - A source based commutation method has been pro-
posed for the matrix converter based PET with open ended primary. It eliminates

the requirement of clamp circuit and therefore power loss.

3. Family of sinusoidal HF transformer - The above two solutions provide an alter-
native path to the current during commutation. But the commutation time and
therefore, the switching frequency is limited by the value of leakage inductance.
But as seen in fig. 1.3 the nano-crystalline materials are capable of working at
very high frequencies with low core loss. With the advancement in semiconductor
technology, SiC devices are also available which can operate the power convert-
ers at high frequencies with low switching losses [27]. The following three novel

sinusoidal HF transformer based PET are proposed, in this thesis, in which the
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switching frequency is independent of the value of leakage inductance. And there-

fore, these can be used at very high frequencies.

(a) Sinusoidal input output three phase HF transformer
(b) Sinusoidal input output three winding HF transformer

(¢) Sinusoidal current HF transformer

In all the above PET, the leakage inductance is used to form a filter by adding a

capacitor at the secondary of the HF transformer.

All the above mentioned commutation methods and topologies are analyzed and simu-

lated. The experimental results are presented for sinusoidal current HF transformer.

1.5 Contribution of this thesis

Following are the contributions of this thesis.

1. Detailed analysis and simulation of matrix converter based PET with open ended

primary.
2. Study of effect of leakage inductance on voltage regulation of PET.

3. A novel source based commutation method for matrix converter based PET with

open ended primary, its analysis and simulation results.

4. A novel sinusoidal input output three phase HF transformer, its filter design pro-

cedure and simulation results.

5. A novel sinusoidal input output three winding HF transformer with zero common

mode voltage and simulation results.

6. A novel pulse density modulation scheme for the sinusoidal input output three

winding HF transformer.

7. A novel sinusoidal current HF transformer, its filter design procedure, simulation

and experimental results.



1.6 Organization of the thesis

Chapter 1 introduces power electronic transformers and its applications. The advantages
of matrix converter based PET are explained and problems are discussed. Chapter 2
presents the matrix converter based PET with open ended primary. The modulation
method is explained and simulation results are presented.

Chapter 3 discusses the problem of leakage inductance and its effects on PET. Source
based commutation method is explained in chapter 4. Simulation results are also pro-
vided.

Chapter 5 introduces the sinusoidal input output three phase HF transformer. Filter
design procedure is discussed and simulation results are presented. Chapter 6 presents
the sinusoidal input output three winding HF transformer with zero common mode
voltage. The PET is simulated with the novel modulation scheme and results are
provided. Chapter 7 explains in detail the sinusoidal current HF transformer. The PET
is simulated and also verified with hardware implementation. The simulation results are
presented in chapter . Chapter 8 explains in detail the hardware implementation of the
sinusoidal current HF transformer and also provides the experimental results. Chapter
8 concludes the thesis.

A detailed mathematical analysis of input filter design of matrix converters is pro-
vided in appendix A. Two step and four step commutation control, used for the commu-
tation control of matrix converters, is explained in appendix B. Appendix C provides
the verilog program used for the hardware implementation of sinusoidal current HF

transformer.

1.7 Conclusion

The context of the thesis is established in this chapter. Power electronic transformer
is introduced and its applications are explained. The advantages of matrix converter
based PET are explained. The problem of leakage inductance in PET is introduced.

The scope and contribution of this thesis are presented.



Chapter 2

Matrix converter fed power
electronic transformer with open

ended primary

A matrix converter fed PET with open ended primary is introduced in this chapter
[21]. The space vector pulse width modulation (SVPWM) used to control the PET is
explained. Due to open ended primary, 1.5 voltage transfer ratio is attained as compared
to 0.866 from single matrix converter. Zero common mode voltage is achieved in the
described PET by use of only rotating space vectors. Control of input power factor is
explained. The described topology is simulated in MATLAB/SIMULINK environment

and the simulation results are presented.

2.1 Circuit description

A power electronic transformer based on matrix converters with open ended primary is
proposed in [21]. The circuit is described with the help of fig. 2.1 . The open ended
primary of the transformer is fed from two power converters MC1 and MC2. These two
converters are matrix converters with three bi-directional switches removed, one from
each leg. The secondary of the transformer is connected to a third matrix converter

MCs3.

10
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The three phase supply voltage at low frequency is first converter to high frequency

by MC1 and MC2. Thus, the transformer sees only high frequency voltages. The

high frequency voltages are stepped up or down by the transformer. These voltages

are then converted to low frequency by MC3. MC1, MC2 and MC3 are switched in

synchronization such that flux balance is maintained in the transformer and voltage
and frequency can be controlled at the output of MC3.

A clamp circuit is connected at the input of MC3. The need and operation of the

clamp circuit is explained in chapter 3.

# I I [N

I
/|
’
;

Clamp Circuit P R B

Figure 2.1: Matrix converter driven high frequency transformer
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2.2 Synthesis and control of voltage across transformer

The supply voltages v,, v, and v, can be written as

2
Vg = ngcos(wit)

B 2 (wit 277)
v = 3 Vincos(wi 3
2 2
Ve = ngcos(wit + g) (2.1)

where %Vm and w; are the amplitude and frequency of the supply voltages respec-

tively. The space vector that can be formed at the output of any thee phase to three

phase converter can be written as
j2m jam
v123 = v1 + vee’ 3 +vze!3 (2.2)

where vy, v9 and vg are the voltages at the output of matrix converter.

There are 27 possible switching combinations in a matrix converter [28]. Out of these
27, 6 switching combinations produce rotating space vectors with zero common mode
voltages [29]. Three out of these 6 are produced by anti-clockwise rotating vectors and
three are produced by clockwise rotating vectors. Fig. 2.2 shows the three anti-clockwise
rotating vectors that can be produced across the output of a matrix converter. The anti-
clockwise reference vectors and the 180° phase shifted vectors are shown together in fig.
2.3.

Similarly, fig. 2.4 shows the three clockwise rotating vectors that can be produced
across the output of a matrix converter. The clockwise reference vectors and the 180°
phase shifted vectors are shown together in fig. 2.5.

Out of the three anti-clockwise rotating space vectors, only space vectors vgp. and
Upea can be produced by MC1 and MC2 (as these are not full matrix converters). MC1
and MC2 are switched such that when space vector vg,. is produced at output of MC1,
then space vector vy, is produced at output of MC2 and vice versa. Thus, the voltage
obtained across the open ended primary winding is the difference of voltages vg. and
Upeq and vice versa. Or in other words it the addition of voltages vg,. and 180° phase
shifted vector of v, and vice versa. The opposite space vectors are represented as
Vo and vy . The space vector diagram of voltage obtained across the open ended

primary winding is shown in fig. 2.6.



\ Vb’ c’a!

/ Vel alb!

/
Ucba/
/

Figure 2.4: Clockwise reference vectors
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/ ’Ub/alcl

Ubca+a’b’c’!
Figure 2.6: Anti-clockwise vectors applied to transformer

As is clear from fig. 2.6, two 180° phase shifted voltages are obtained across the
primary windings. By switching these opposite voltages for equal switching time periods,
the flux balance is maintained in the high frequency transformer.

To obtain zero voltage across the primary winding, both MC1 and MC2 are switched

to provide either space vectors vgp. Or vpe, at their output.

2.3 Synthesis and control of output voltage

The voltage at the secondary terminal of the HF transformer or at the input of MC3 is
represented as v, , vp, and v.,. The synthesis of output voltage of MC3 can be explained

with the following example.
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Table 2.1: Anti-clockwise vectors

MC1 | MC2 | MC3 | Output

Vabe Ubca Vagbict Vabe+b' ¢l a’

Ubca Vabe Vazbict Ubca+a'b' ¢!

Vabe Vbca | Vcparby | Veab+a'b' ¢!

Ubca Vabe Vcrarby Vabe+c'a't!

Vabe Ubca | Vbicrar | VUbcatc'a't!

Ubca Vabe Ubicrar Veab+b'cla’

Suppose the space voltage vector at the terminals of open ended primary winding,
by switching of MC1 and MC2, be vgp. Or vpeq. So, the voltage at the terminals of
primary winding are v,p, vpe and vq-

MC3 can be switched to produce clockwise or anti-clockwise vectors with respect to
Vaybses - Suppose MC3 is switched to obtain anti-clockwise vector vy,c,q,. S0, the voltage
that appears at the output of MC3 is v, veq and wvg,. The space vector produced by
Upes Ueq and vg; can be represented as a combination of space vectors vpe, and vy .

All other space vector combinations resulting from switching of MC1, MC2 and
MC3, using anti-clockwise rotating vectors, are tabulated in table 2.1. The space vector
diagram is shown in fig. 2.7.

The output voltages are synthesized from the space vectors shown in fig. 2.7 using
space vector pulse width modulation. As can be seen from table 2.1, any two adjacent
vectors in fig. 2.7 are obtained by switching combinations in MC1 and MC2, which
produce 180° phase shifted voltages across the high frequency transformer. Therefore,
to maintain flux balance in the HF transformer, any two adjacent vectors need to be
applied for equal time periods.

The output voltage control can be explained with fig.2.8 and the following example.

The inscribed circle is divided in six sectors. At any instant, suppose the output
space vector lies in sector no. 1. And suppose to produce this voltage, vectors marked
as v11 and v12 need to be applied for T and T time intervals respectively. Vectors vq;

and vig are average vectors of vectors veqpipcrar aNd Vgpetpre'er and vectors vVapetrpcral



Veab+b'c’a’

A

! Vabetblcal

Vcab+a’b’c’

Ubca+a’b’c’

Ubca+c’a’b’
Figure 2.7: Output vector from anticlockwise rotating vectors
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Figure 2.8: Diagram to illustrate maximum voltage transfer ratio
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and Vgpetera'py Tespectively.

So, applying vector vegptirerq for %, vector Ugpetie'qr fOr % and vector Vgpetelald!
for % is equal to applying vector vy for T1 and vector vio for T5 intervals. Zero vector
is applied for Ty = Ts — (T1 + T5) interval, where Ty is the switching time period.

The maximum voltage transfer ratio can be explained with help of fig. 2.8. It

is clearly seen from fig. 2.8 the maximum magnitude of space vector obtainable is
V3X L =15,

2.4 Synthesis output voltage from clockwise rotating vec-

tors

The above section explained the synthesis of output voltage with anti-clockwise rotating
vectors. The same output voltage can be synthesized with clockwise rotating vectors.
Table 2.2 shows the vectors needed at MC1, MC2 and MC3 to produce clockwise rotating
vectors at output. It is clear from table 2.2 that the switching vectors needed for MC1
and MC2 remain the same as in table 2.1. Clockwise vectors are used only for switching
MC3. The synthesis of vector diagrams with clockwise rotating vectors is shown in fig

2.9.

Table 2.2: Clockwise vectors

MC1 | MC2 | MC3 | Output

Vabe Ubca Vageiby Vach+b'a'c!

Ubca Vabe Vageiby Ubac+a'c'b!

Vabe Vbca | Ubsaser | Vbac+c'bal

Ubca Vabe Ubiasct Vcba+b'a'c!

Vabe Ubca | Veibrar | Vebatalc'b

Ubca Vabe Verbiay Vacb+c'b a’
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Ubac+c'b’a’

Vbac+a’c'b’
7 Vacb+c'b’a’

Veba+a’c'b’

Veba+b'a’c!

Figure 2.9: Output vector from clockwise rotating vectors

Figure 2.10: Anti-clockwise reference vectors at input

2.5 Input power factor control

Fig. 2.10 shows the anti-clockwise rotating current vectors. The anti-clockwise reference
current vectors and the 180° phase shifted current vectors are shown together in fig.

2.11.
Similarly, fig. 2.12 shows the clockwise rotating current vectors. The clockwise



\ 1BICT Al

iA/Blcl

iC/A/B/

/.
/ 1BCA

Figure 2.11: Anti-clockwise reference vectors and the opposite vectors at input

iA’C’B’

iB’A’C’

Figure 2.13: Clockwise reference vectors and the opposite vectors at input
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reference current vectors and the 180° phase shifted current vectors are shown together
in fig. 2.13.

Table 2.3 shows the input current, with respect to the transformer current, that
flows because of the switching of MC1 and MC2. The current flowing in the transformer
winding is assumed as I,,, Iy, and I.,. As the input current is the difference of currents
in two phases of the transformer windings, it can be represented as the addition of
current vector I,,p,., and 180° phase shifted current vector of I, or current vector
Ie,a,b, and 180° phase shifted current vector of I,,p,c, -

Table 2.4 shows the transformer currents, with respect to the output currents 14, Ip
and I, for anti-clockwise and clockwise switching of matrix converter MC3. The current
space vectors formed at the input of the PET because of anti-clockwise switching of MC3
are listed in table 2.5. Fig. 2.14 shows the corresponding vector diagram. Similarly, the
current space vectors formed at the input of the PET because of clockwise switching of

MC3 are listed in table 2.6. Fig. 2.15 shows the corresponding vector diagram.

Table 2.3: Input currents

MC1 | MC2 I, I, I,
I, | L, — I,

Vabe Vbca Iy, — I, Ibt t

t Ibt - ICt

Vbca Vabe Ict - Iat Iat -1

Suppose the output voltages of the PET are given by

vA = Vomeos(wit)

2
vp = Vomeos(wot — g)
2
ve = Vomeos(wot + ?ﬂ-) (2.3)

where V,,,, and w, are amplitude of output voltage and output frequency respectively.

Corresponding to equations 2.3 the output voltage space vector is given by

vapc = Vapee? ™! (2.4)



Table 2.4: Transformer currents

MC3 | I, | Ip, | I,

t

Uatbtct IA IB IC

Ubyerae | I | 1a | IB

Verarhe | IB | Lo | 1a

Vasedy | La | Ic | IB

Ubtatct IB IA IC

Uctbtat IC IB IA

Table 2.5: Input for anti-clockwise rotating vectors

MC1 | MC2 | MC3 Input

Vabe | Ubca | Vagbier | LABC+CIA'B!

Vbea | Vabe | Vasbier | 1CAB+A'B/CY

Vabe | Ubca | Verashy | LBCA+A'B/C!

Ubca | Vabe | Vesarhe | LABC+B/CA!

Ugbe | Ubca | Ubierar | Y\CAB+B/CI A

Ubca | Vabe | Uberar | LBCA+CIA'B!

Table 2.6: Input for clockwise rotating vectors

MC1 | MC2 | MC3 Input

Vabe | Ubca | Vageshy | LACB+B/A'C!

Vbea | Vabe | Vareshy | BAC+A'C' B

Vabe | Ubca | Ubase, | LBAC+C' B/ A’

Ubca | Vabe | Ubaze: | LCBA+B/A'C!

Ugbe | Ubca | Verbrar | 1CBA+A'C' B

Ubca | Vabe | Vesbrar | LACB+C'B/ A




LCAB+B/C’ A/

7 LABC+B'C! A

IBCA+C!A' B

Figure 2.14: Input current vector from anticlockwise rotating vectors

IBAC+C'B' A

/ \
/ \ . \
. - / \
IBAC+A/C'B’ iBAC, Jtorsrar

7 LACB+C'B' A’

LCBA+B'A/CY

Figure 2.15: Input current vector from clockwise rotating vectors
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where, V4pc is the magnitude of the output voltage space vector. The exact magnitudes
of space vectors have been neglected in the following analysis for simplicity. Similarly,

the input voltage space vector can be written as
Vabe = abcejWit (25)

The synthesis of average output voltage space vector from input voltage space vector,

using anti-clockwise rotating vectors, can be represented by a space vector equation

ot it
Vapce’™" = Vypee! " Rsv

anti

el (womwit (2.6)

where RSVM

anti

is the magnitude of the average space vector modulated(SVM) vector.

Please note that the Rgy s

anti

is equivalent to the voltage transfer ratio. The output

currents can be given by

ioA = Iomcos(wot — @)
2

ioB = Lomcos(wot — ¢ — ?)
2
o0 = Iomcos(wot — ¢ + ?ﬂ) (2.7)

where I,,, is the amplitude of output current. Corresponding to equations 2.7 the

output voltage space vector is given by
iapc = Iapce? =7 (2.8)

where I 4p¢ is the magnitude of the output current space vector and ¢ is the load power
factor angle. Using equation 2.6 and 2.8, the average input current space vector is given
by

iabe = Lapce @t Rgyyy, e Womwilt

= Ippee?@it=9) (2.9)

where 1. is the magnitude of the input current space vector. From equation 2.9 it
can be seen that when the output voltage is synthesized using anti-clockwise rotating
vectors, the input power factor is the same as the load power factor i.e. a lagging power

factor.
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Using clockwise rotating vectors, the average output voltage space vector can be
written as

Vapce!™! = Vapee 7" Ry ag, @00 (2.10)

clock

where Rgy s is the voltage transfer ratio. Using equation 2.10 and 2.8, the average

clock

input current space vector is given by

iabe = Iapce? ) Rgyar,, et

= [p.e witte) (2.11)

Thus, using clockwise rotating vectors, the input power factor is the equal and opposite
of the load power factor i.e. a leading power factor. Input power factor can be controlled
by using both anti-clockwise rotating vectors and clockwise rotating vectors. This can
be explained with fig. 2.16 and fig. 2.17. Suppose the input power factor angle to
be achieved with power factor control is p. For one switching time period, the output
voltage vector with angle 6 — p is synthesized using anti-clockwise rotating vectors, where
0 = wot . For the next switching time period, the output voltage vector with angle 6+ p
is synthesized using clockwise rotating vectors. Thus the average angle over the two
switching time periods is zero for the output voltage vector.

For the anti-clockwise rotating vector, the angle of input current vector obtained is
0 + ¢ + p and for clockwise rotating vector, the angle of input current vector obtained
is 0 — ¢ + p, here 6 = w;t. Therefore, the average input power factor angle is controlled

to p and is independent of load power factor angle.

2.6 Simulation results

The above described topology has been simulated in MATLAB/ SIMULINK environ-
ment for a supply voltage of 120V, 60H z and RL load of 102 and 10mH. A 1:1 high
frequency transformer with zero leakage inductance has been used. Fig. 2.18 shows
the simulation results for output voltage with voltage transfer ratio 1.0 and output fre-
quency of 50H z using anti-clockwise rotating vectors. The simulation results show the
output voltage, output current, the supply voltage and supply current for one of the
phases. To determine the load power factor, the average output voltage is also shown as

filtered voltage. It can be seen in fig. 2.18 that the input current power factor is equal
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to the load power factor. Fig. 2.19 shows the simulation results the for output voltage
with voltage transfer ratio 1.0 and output frequency of 50H z using clockwise rotating
vectors. In fig. 2.19 the input current power factor angle is leading by the same value
as the load power factor. Fig. 2.20 shows the simulation results for the output voltage
with voltage transfer ratio 1.0 and output frequency of 50H z using both anti-clockwise

rotating and clockwise rotating vectors for unity power factor.

VapcZ0 +p

Figure 2.16: Average voltage vector using both anti-clockwise and clockwise rotating

vectors

Iabcée + (b +p

Lape 20 + 14
v Vipe 20

Iabcée - ¢ + 14

Figure 2.17: Average input current vector using both anti-clockwise and clockwise ro-

tating vectors
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Figure 2.18: 50 Hz output voltage for anti-clockwise vector rotation
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Figure 2.19: 50 Hz output voltage for clockwise vector rotation
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Figure 2.20: 50 Hz output voltage for power factor control

2.7 Conclusion

A matrix converter fed PET with open ended primary is described. Space vector pulse
width modulation is used for the control of PET. Controllable output voltage and fre-
quency, voltage transfer ratio of 1.5, controllable input power factor, bi-directional power
flow, zero common mode voltage and absence of bulky storage capacitors are the salient
features of the described PET. Open ended primary with one MC at each end leads
to voltage transfer ratio of 1.5. Rotating space vectors are used to obtain zero com-
mon mode voltage. Input power factor is controlled by use of both clockwise and anti-

clockwise rotating vectors.



Chapter 3
Problem of leakage inductance

The non-idealities such as leakage inductance of the transformer have a significant effect
on the performance of PET. The effect of leakage inductance on the regulation of the
output voltage of PET is studied in this chapter. The MC based PET with open ended
primary, described in the previous chapter; with a clamp circuit connected at secondary
terminals is used for the study. The major aspects studied are the change in output
voltage of the PET with switching frequency and leakage inductance. The simulation

study has been carried out in SIMULINK and the results have been presented.

3.1 Effect of Leakage

The problem of leakage inductance in HF transformers can be explained as follows.
As explained in chapter 2, a high frequency switched voltage appears across the trans-
former. Simulation results of the volatge across primary and secondary winding of the
transformer is shown in fig. 3.2. Since the three matrix converters are switched si-
multaneously, a high frequency switched current flows through the transformer primary
and secondary. The current flowing through the secondary of the transformer is shown
in fig. 3.3. A practical transformer has a definite leakage inductance. Therefore, the

current cannot change instantaneously in the transformer.
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Figure 3.2: Primary and secondary voltage of transformer
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Figure 3.3: Current flowing through secondary of the transformer

The leakage inductance in the transformers creates a commutation delay in the
primary side to secondary side voltage transfer (fig. 3.1). At high frequency, the trans-
former leakage impedance is proportional to f(llky, + n?llks.), where f is frequency
of excitation, llk,,, llks. are primary leakage and secondary leakage inductances re-
spectively and n is the primary to secondary turns ratio. The input voltage to the
transformer is a square wave in the switching interval. There is a finite commutation
period, during which the direction of current changes from positive (solid) to negative
(dotted) as shown in fig. 3.1. During the commutation interval, entire input voltage
drops across the leakage. The difference in the load current and secondary leakage

current flows to the clamp circuit, thus producing power loss.

3.2 Simulation Results

The overall scheme is simulated in a MATLAB/SIMULINK environment and the output
regulation at transformer primary and secondary is observed. The topology shown in
fig. 2.1 is simulated for 120V, 60H z source voltage, 1:1 transformer with magnetizing
inductance 10mH and 2% leakage inductance, RL load of 1092 and 10mH, switching
frequency 5kH z, voltage transfer ratio of 1.5 and output voltage frequency 60H z. Fig.
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3.4 shows the effect of leakage on the output of MC3. The secondary voltage is dis-
torted during the positive to negative transition. During this period the secondary
current flows through the clamp circuit. Fig. 3.5 shows this effect. It may be noted
that while the primary voltage has transited, the secondary voltage is clamped to the
clamp voltage. There is finite clamp current during transition and the input current in
the primary is ramping up during the same period. As the value of leakage inductance
is increased, the effect of leakage also increases, affecting the magnitude of the output
voltage. Also, as the switching frequency is increased, the leakage reactance and fre-
quency of occurrence of commutation delay period increases, affecting the magnitude
of output voltage. The simulation is run for different values of switching frequency and
leakage inductance. Fig. 3.6 shows the change in regulation with increase in leakage
inductance of transformer for 5k H z switching frequency. And fig. 3.7 shows the change
in regulation with increase in switching frequency for 2% leakage inductance. As the

switching frequency of transformer or the leakage is increased, the secondary voltage

drops.
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Figure 3.7: Decrease in output voltage with increase in frequency

3.3 Conclusion

The current in the leakage inductance of a transformer cannot change instantaneously.
An alternative path can be provided during commutation time by clamp circuit. Use of
clamp circuit reduces the voltage regulation and efficiency. The output voltage drops
with increase in leakage inductance or switching frequency. Thus, the leakage inductance
of high frequency transformer plays a significant role in the output voltage regulation
and overall efficiency of the system. Hence, it is desirable to design high frequency
transformers with minimum leakage inductance.

Note: This chapter is reproduced from my IEEE publication [30]. I
acknowledge the contributions of Krushna K. Mohapatra as co-author in

this publication.



Chapter 4

Source Based Commutation

Leakage inductance is one of the important factors which affect the performance of the
converter proposed in [21]. Use of clamp circuit for current commutation in leakage
inductance requires an energy recovery circuit. This chapter proposes a source based
commutation method by which use of clamp circuit is minimized. The proposed source

based commutation is simulated in SIMULINK.

4.1 Principle of source based commutation

The basic principle of source based commutation can be explained with the help of fig.
4.1, fig. 4.2 and fig. 4.3. Fig. 4.1 shows a two phase to single phase matrix converter with
two controllable input voltages V1 and V2. The source inductance L represents the
leakage inductance of the high frequency transformer. Fig. 4.2 shows the state diagram
for the source based commutation from SW1 to SW2. For the direction of current, as
shown in fig. 4.1, IGBT SA1 was conducting. When a commutation is required from
SW1 to SW2, both IGBTs SA1 and SA2 are gated i.e. the matrix converter goes into
the 1010 state as shown in fig. 4.2. Now, if V2 > V1 then commutation of current from
SA1 to SA2 will occur. The time of commutation is decided by the value of leakage
inductance, the value of current and difference between V2 and V1. So, for source based

commutation the correct voltage inequality has to be provided by V1 and V2.
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Figure 4.3: Commutation from SW1 to SW2

As shown in fig. 4.2, whenever a commutation is required from SW1 to SW2, the
matrix converter goes into 1010 or 0101 states depending on the direction of the current.
At this point the voltage inequality condition provided by V1 and V2 is checked. fig.
4.3 shows the details of switching when a commutation from SW1 to SW2 is required
and the direction of current is as shown in fig. 4.1. At time instant ¢1, SA2 is turned
ON. At t1if V2 > V1 then a timer is activated and SA1 is turned OFF after the timer
period, shown as time instant ¢2 in fig. 4.3. But, at ¢t1 if V2 < V1 then SA1 remains
ON till V1 and V2 change such that V2 > V1. When V2 > V1 is obtained, then a
timer is activated and SA2 turns OFF at time instant ¢3. The timer provides a pulse
suitable for commutation. During the interval the timer is ON, the matrix converter
remains in the 1010 or 0101 state. After the commutation is over, the matrix converter
is switched to the final state.

The principle explained above can be extended to a three phase to three phase
matrix converter as follows. Table 4.1 shows the voltage inequality conditions required
for source based commutation, depending on the directions of current in a three phase
balanced load and the change of switching in MC3. As shown in fig. 4.4, a three phase
supply can be divided into six zones based on the voltage inequality satisfied by that
zone. Therefore, at any time instant one out of the six voltage inequalities are provided
by MC1 and MC2.



Table 4.1: Voltage inequalities for source based commutation

MC3 switching | ipa | irp | irc | Voltage inequality required
Vagbrer 1O Vbyepay | + | + - Ve> V>V,
+ - Vo>V, >V,
- + Vo> Ve >V,
- - Vo>W > Ve
- + - Ves>sVe>V,
+ - - Vo> Ve >V,
Uberar 8O Veparhy |+ + - Vo> V. >V,
- + Vo>V >V,
- + + Vio>Vy >V,
- i Vo >Ve>Va
- + - Vo>V > Ve
+ - - Ve> V>V,
Vcpaghy 1O Vagbye, | + | + - V>V >V,
+ - + Vo>Ve>Vy
- + + Ve> V>V,
- -t Ve> Ve >V
- + - Ve>Ve>V,
+ - - Vo>V > Ve
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Figure 4.6: Voltage across primary winding of transformer

As explained in [30] and [21], the high frequency voltage obtained from MC1 and
MC2 is such that the volt second balance is maintained in the transformer. Therefore,
alternating voltages with 180° phase shifts are applied in one switching time period.
This indicates that if at any time instant a given voltage inequality was satisfied, the
opposite voltage inequality is satisfied after MC1 and MC2 are switched. For example,
in fig. 4.6 at time 0.0045s (shown by red dashed line), V. > V;, > V,. After switching
MC1 and MC2, at time 0.0047s (shown by green dashed line), V, > V; > V, i.e. the
opposite voltage inequality is satisfied. Therefore, a source based commutation can be
obtained by shifting the switching time instants of MC1 and MC2 ahead of the switching
time instants of MC3 as shown in fig. 4.5.

The commutation in three phase to three phase matrix converter can be explained
with fig. 4.3, fig. 4.7, fig. 4.8, fig. 4.9 and fig. 4.10. Suppose the values of load currents
irA, i, and i1,c before commutation i.e. before time instant ¢1, are +5, +7 and —12
respectively and a switching from vgp. t0 vpeq is required. This is shown in fig. 4.7. The
switches which are not conducting before t1 are not shown in fig. 4.7 for clarity. The

current in leakage inductances Lj.q, Ligp and L. are +5, +7 and —12 respectively. At
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time instant t1, Spa1, ScB1, Sace are turned ON. This is shown in fig. 4.8.

From table 4.1 the voltage inequality required for commutation is V., > V;, > V.
Suppose MC1 and MC2 provides a voltage inequality V;, > V. > V,, so out of the three
required inequalities two inequalities V}, > V,, and V. > V, are available. Therefore, the
diodes of Spa1 and S, will get forward biased. So, the currents in S, 41 and S.co be-
come zero after a commutation time interval. The diode of S.p1 remains reverse biased.
Therefore, the current in Sy continues to be +7. The currents in leakage inductances
Lika, Ligy and Ljg. change from +5, +7 and —12 to —12, 412 and 0 respectively. At
time instant 2, S, 41 and S.co are switched OFF. This is shown in fig. 4.9.

After time t2, MC1 and MC2 are switched. So the voltage inequality provided by
MC1 and MC2 becomes V, > V. > V;,. Now, the third inequality required for source
based commutation V., > Vj, is also satisfied. The diode of S.p1 gets forward biased.
The current in Spp; becomes zero after the commutation time interval. Spp; is turned
OFF at time instant ¢3. The currents in leakage inductances Ljkq, Ly and L. change
from —12, +12 and 0 to —12, +5 and +7 respectively. This is shown in fig. 4.10.

:

g

Figure 4.7: MC3 before time instant ¢1
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Figure 4.10: MC3 at time instant t3

Thus, a clamp circuit is not required for the current commutation in leakage induc-
tance. When the difference in voltage between two phases becomes very small, the time
interval needed for commutation becomes very large. At this stage the clamp circuit is

used to achieve a fast commutation.

4.2 Simulation Results

The proposed source based commutation method has been verified by simulation in
SIMULINK/MATLAB. Simulation results with source based commutation are shown
in fig. 4.13 and fig. 4.14. Fig. 4.11 shows the voltage across the secondary winding of
the high frequency transformer without source based commutation i.e. only using clamp
circuit. Fig. 4.12 shows the voltage and current at output of MC3 using clamp circuit. In
fig. 4.11, during every commutation interval the voltage across the secondary winding is
the clamp circuit voltage, whereas in fig. 4.13, the clamp circuit voltage appears during
commutation interval, only when the difference between input voltages of MC3 becomes

very small. Comparison of fig. 4.11 and fig. 4.13 indicates a significant reduction in



power loss. Fig. 4.14 shows the voltage and current at output of MC3.
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4.3 Conclusion

A source based commutation method for a high frequency transformer controlled through
matrix converter is proposed. Current commutation in leakage inductance of high
frequency transformer with clamp circuit leads to power loss and requires an energy
recovery circuit. The source based commutation minimizes the use of clamp circuit
significantly and thus increases overall efficiency of the system.

Note: This chapter is reproduced from my IEEE publication [31]. I
acknowledge the contributions of Krushna K. Mohapatra and Kaushik Basu

as co-authors in this publication.



Chapter 5

Sinusoidal input output three

phase HF transformer

This chapter proposes a matrix converter fed, sinusoidal input output high frequency
transformer. As explained in chapter 3, current in the leakage inductance of the trans-
former, cannot change instantaneously, current commutation is needed. The current
in leakage inductance is commutated either by using clamp circuits or by source based
commutation. The switching frequency is limited by the value of leakage inductance in
both these methods.

With increase in switching frequency size of high frequency transformers reduce.
The core of high frequency transformers are usually made with nanocrystaline materials.
These nanocrystaline materials are capable of operating at very high frequencies with
low core losses [3]. With the advancement in semiconductor technology, SiC devices
are also available which can operate the power converters at high frequencies with low
switching losses [27,32-35]. Therefore, switching frequency is only limited by the value
of leakage inductance.

The switching frequency of power electronic transformer, proposed in this chapter,
is independent of the value of leakage inductance. The transformer sees sinusoidal
voltages and currents, at high frequency, on both primary side and secondary side.
This is achieved by low pass filters on both primary side and secondary side of the

transformer.
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5.1 Circuit description and basic principle

The proposed topology is shown in fig. 5.1. The supply voltage at 60H z is converted to
high frequency switched voltages by matrix converter MC1. The three output voltages
of MC1, Viuw—a, Vsw—b, Vsw—c are square wave voltages phase shifted by 120° at 20k H z
and are shown in fig. 5.2. These voltages are filtered by three low pass filters, connected
in delta, to the primary of the high frequency transformer. Because of filter action, three
sinusoidal voltages, Vsin—a, Vsin—b, Vsin—c, phase shifted by 120° at 20k H z, are obtained
at the primary terminals of the high frequency transformer.

The secondary of the high frequency transformer is connected to three capacitors
Cys. The leakage inductance of the transformer and the capacitors C'y, form the sec-
ondary side low pass filter. The switching frequency harmonics present in the input
current of the matrix converter, MC2, are filtered by the secondary side low pass filter.
Therefore, the transformer sees sinusoidal currents I, Ip_p, Io—c. Since Vgin—a, Vsin—b,
Viin—c and Ip_q, Iy_p, Iz are sinusoidal, Vy_q, Vy_p, Vy_. are also sinusoidal, and are
phase shifted by 120° at 20kH z. These 120° phase shifted voltages are finally converted
to low frequency by the matrix converter MC2. MC2 works like a cycloconverter.

The low pass filter operation is based on the fourier series of a square wave voltage
waveform. A square wave contains only odd harmonics. The low pass filter, filters the
third and higher order harmonics. The frequency of sine wave voltages Viin—a, Vsin—b,

Vsin—c is equal to the switching frequency of MC1.
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Figure 5.2: Supply voltage and output voltage of MC1

5.2 Filter design

Filter design is the most important part of the proposed converter. To design the filter
a mathematical model is developed and is shown in figure 5.3. The mathematical model
is based on the voltage and current equations for the two filters. In fig. 5.3, Ry, is the
series resistance of the inductance Ly,.

As is seen in fig. 5.3, the design of the two filters is not independent of each other.
Depending on the switching frequency, first the cut off frequencies of primary side filter
and secondary side filter are decided. The two cut off frequencies need not be same.
On secondary side value of Uy, is decided according to the value of transformer leakage
inductance Lj. and cut off frequency. As is seen from the bode plots there will be
amplification in current because of secondary side filter. So, accordingly the values of
Ly, and Cfy, are decided to compensate for the amplification in current and proper

filtering of voltage.
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Figure 5.3: Mathematical model for filter design of the two low pass filters

5.3 Simulation results

The proposed topology has been simulated in MATLAB/ SIMULINK environment for
a supply voltage of 100V, 60H z and RL load of 1002 and 10mH. The high frequency
transformer used is 1200\1200V, 18kV A, 20kHz. The primary side values of filter

inductance and capacitance are 200 H and 0.1 F respectively. The secondary side value

of filter capacitance is 0.1uF and the value of leakage inductance of HF transformer is

100 H. The simulation results are shown in figure 5.4, 5.5, 5.6, 5.7. Figure 5.4 shows

the primary sides filter voltages and currents. Figure 5.5 shows the transformer voltages

and currents. It can be seen from figure 5.5 that the transformer voltages and currents

are sinusoids at 20kH z. Figure 5.6 shows the input voltage and input current of the

secondary side matrix converter. Figure 5.7 shows the load voltage and the load current.
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5.4 Conclusion

A matrix converter-fed sinusoidal input output high frequency transformer has been
proposed. The switching frequencies of power electronic transformers are limited by
the value of leakage inductance. The proposed topology makes the switching frequency,
independent of the value of leakage inductance. Since the series resistance and leak-
age inductance of the high frequency transformer, is used to form the low pass filter,
the number of reactive elements required is reduced. The values of reactive elements
required are small, because of high switching frequency.

Note: This chapter is reproduced from my GCMS publication [36].



Chapter 6

Sinusoidal input output three

winding HF transformer

This chapter proposes a matrix converter fed, sinusoidal input output three winding
high frequency transformer. A single phase three winding transformer is used in the
proposed topology. The primary side of the transformer is connected to a low pass filter,
and a three phase to single phase matrix converter. The two secondary windings of the
transformer are connected to two low pass filters, and a three phase to three phase
matrix converter. Because of the low pass filters, the transformer sees high frequency
sinusoidal voltages and currents.

A novel pulse density modulation scheme is proposed for matrix converters. The
modulation scheme is used in the matrix converter connected to secondary of the trans-
former.

Zero common mode voltage is achieved with the proposed power electronic trans-
former. The switching frequency of power electronic transformer, proposed in this
chapter, is independent of the value of leakage inductance.

A mathematical model is developed to design the two low pass filters. The proposed
power electronic transformer is simulated in MATLAB/SIMULINK environment and

results are presented.
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6.1 Circuit description and basic principle

The proposed topology is shown in fig. 6.1. The supply voltage at 60H z is converted
to high frequency switched voltages by matrix converter MC1. MC1 converts the low
frequency supply voltages to high frequency switched voltage, Viwiteh- Vswiten 18 filtered
by a low pass filter, connected to the primary of the high frequency transformer.

The primary side low pass filter operation is based on the fourier series of a square

wave voltage waveform. The fourier series of a square wave is given by

4 i sin(2k — 1)2r ft

e 2k — 1) (6:1)

k=1

= % sin(2mft) + ész’n(&rft) + ;sin(loﬂft)}

So, a square wave contains only odd harmonics. The low pass filter, filters the third
and higher order harmonics. Thus, the primary of the transformer sees a high frequency
sinusoidal voltage V,. The frequency of V,, is equal to the switching frequency of MCI.

As shown in fig. 6.1 the power electronic transformer is a single phase three winding
transformer. The two windings, of the secondary, are connected to two low pass filters.
The leakage inductance of the transformer can be used to form the two low pass filters.
Two 180° phase shifted, sinusoidal voltages Viri, Vi, at high frequency, are obtained
at the output of the two low pass filters.

The two low pass filters are connected to a three phase to three phase matrix con-
verter, MC2. The three inputs of MC2 are denoted by a/, t/, ¢ and three outputs are
denoted by A, B, C. The three phase voltages at the input of MC2 are V/n, Vien, Von
and are equal to Vir1, 0 and Viyo respectively. Vyn, Viyn, Von are converted to low
frequency voltages by MC2. The modulation strategy proposed for MC2 is explained in
section 6.2. The two low pass filters, on the secondary side, filter the switching frequency
harmonics present in the input current of MC2. Whereas, the low pass filter, connected
to primary of the transformer, filters the harmonics present in V. Therefore, the
high frequency transformer sees sinusoidal voltages and currents, on both primary and

secondary side.
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6.2 Modulation methods

The modulation methods used for primary side and secondary side converters are de-

scribed below.

6.2.1 Modulation of Primary side converter

The line to line supply voltages and the switched voltage Vi iten of MC1 are shown in Fig.
6.2. The maximum of the three line to line voltages is determined by the modulation
algorithm. The following example explains the algorithm. Let at any instant Vi is
maximum positive. MC1 is switched so that Vi,ten is equal to Vi, for % interval and
equal to V3, for next % interval, where T is the switching time period. Therefore,

square wave voltage Viyircn, at switching frequency, is obtained at the output of MC1.
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Figure 6.2: Supply voltages and output voltage of MC1

6.2.2 Modulation of Secondary side converter

A novel pulse density modulation (PDM) scheme is proposed for three phase to three

phase matrix converter. The modulation scheme can be explained with the help of block
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diagram shown in fig. 6.3. Map, Mpc, Mc 4 are the reference voltages at low frequency
and Vap, Vpco, Voa are the line to line voltages at the output of MC2. The error of
reference voltages and output voltages are integrated. The three errors, so obtained, are
compared. Based on the comparison of error values, different priority numbers are given
to the output phases. The output phase which has the largest error is given priority no.
1 and which has the smallest error is given priority no. 3. Depending on the priority
no. and the sign of voltage V¢, the gate pulse for bi-directional switches are generated.
Table 6.1 shows the switch to be turned ON, in any phase, depending on the priority
no. of that phase and the sign of V1.

Unlike the PDM explained in [37] and [38], which is used for single phase AC link
to three phase systems, the proposed PDM scheme is suitable for any three phase to
three phase high frequency AC link system. Also, in the above explained PDM, MC2
is switched at every zero crossing of the high frequency sine wave. So, MC2 operates at

ZVS and has zero switching losses.

O i Gate pulses to
e Priorit i)agt:: ¢ SWitChrc):s of
Y A phase
no. T
v
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Comparator
Mpc and Gating thtehpulsfes to
iori L i switches o
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logic switches of

C phase
Vea T

Sign of V1

Figure 6.3: Block diagram of modulation of MC2
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Table 6.1: Switching combinations in MC2 using PDM

Priority No. | Sign of Vs | Switch to turn ON (j = A, B,C)
1 + Sarj
2 + Sty
3 + Serj
1 - Sej
2 — S
3 - Saj

6.3 Common mode voltage

The common mode voltage for the proposed power electronic transformer is defined in

equation 6.2 as

_ Van +Ven + Von
3

From table 6.1 it can be observed that, the PDM explained in section 6.2.2, uses

Vewm

(6.2)

only six switching combinations: Sy, 4, Syg, Sec; Saa, Sen, Syc; SyaSaB, Sec;
Sy 4,508, Sarc; Sea,SarB, Spyo and Sy 4,5y B, Syc. S0, at any instant, no two output
phases are connected to the same input phase of MC2. Therefore, at any instant of
time, the sum of input phase voltages is equal to common mode voltage.

As explained in section 6.1, the input voltages of MC2 are Vi, Viyn, Von and
are equal to Vi1, 0 and Vo respectively. Since, Viy1 and Vo are 180° phase shifted,
therefore, the sum of input voltages of MC2 is equal to zero. Thus, zero common mode

voltage in achieved in MC2.



6.4 Filter design

60

Filter design is the most important part of the proposed converter. To design the filter

a mathematical model is developed.

The equations for the secondary side filter are given by
Vi1(s) — Vipi(s) = (R + sLig) Lsa(s)

Isa(s) = IMa(s) + SCfsstl(s)
Solving these equations, we obtain

_ Inra(s) sCsVii(s)
1+ SCstlk + SQleCfs 1+ SCstlk + Slekas

Isq(s)

_ Ve (s) (R + sLig) Inra(s)
1+ SCstlk + SQleCfs 1+ SCstlk + Slekas

Vsri(s)

e Cys
Substituting, wpo = \/thicf and (o = % L—{k, we get
C S

Loa(s) = W%QIMa(S) SCfswigVﬂ(S)
5@ 82 + 20owna2s + w2y 82+ 20wnas + w?y
Isa(s) = TS(S)IMa(S) + Tsvz’(s)Vsl(s)

V. (S) _ w1212V51(5) o (le + Sle)WTQLQIMa(S)
s/l s + 2Cown2s + w2, 82 + 2Cown2s + w2,

st1(3> = Ts(s)Vi1(s) — Tsiv(s)Inra(s)

Similarly, equations are obtained for the primary side and are given below.

wgljp(s) SCfpw?ﬂVtswitch(S)
$2+2Cwn1s + w2y 82+ 2Gwn s + w?
Ipf(s) = TP(S)IP(S) + Tpvi(s)%witch(s)

Vi (s) = wiy Viswiteh () _ (Rps + Spr)W?ﬂIp(S)

s2 + 2Ciwn18 + w2y 82 + 2Ciwn1s + w2,

Vio(8) = Tp(8)Vawiten(s) = Tpiv(s)Ip(s)

Ipg(s) =

1
where, w1 =
’ \/profp 2

the filter inductor Lg).

(6.5)

(6.6)

(6.11)

(6.12)
(6.13)

(6.14)

R C . . . .
and (1 = =22,/ L—]ff’ and Ry is the effective series resistance of
r
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From the above equations it can be seen that, to design the low pass filters, on the
two sides of the transformer, the transfer functions, T(s), Tsi(s), Tsin(s) and T)p(s),
Tpwi(s), Tpiv(s) are to be designed. These two sets of transfer functions are similar.
So, only design of one set of transfer function is discussed in this paper. Tg(s) is the
familiar second order transfer function. To design Ts(s), first the cut off frequency
need to be selected depending on the switching frequency. Cut off frequency should be
higher than the switching frequency. The reason for this choice is explained in section
6.1. Depending on the value of leakage inductance of the high frequency transformer,
the value of capacitance for the filter can be decided. The bode plot of Ts(s), Tsi(s),
Tsiv(s) are shown in fig. 6.4. From the bode plots it can be seen that Tsyi(s), Tsiv(s)
produce amplification in voltage and current. So value of capacitor chosen should be

such that the minimum amplification is obtained.

Bode Diagram
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Figure 6.4: Bode plot of Ts(s), Tsvi(s), Tsiv($)
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6.5 Simulation results

The proposed topology has been simulated in MATLAB/ SIMULINK environment for
a supply voltage of 100V, 60H z and RL load of 202 and 50mH. The high frequency
transformer used is 400V\400V\400V, 10kV A, 20kHz. The value of series resistance
and leakage inductance used for the transformer are 10m£) and 50 H respectively. The
primary side low pass filter is designed for cut off frequency of 25k H z and capacitance
Cpy equal to 2.026pF. The secondary side low pass filters are designed for cut off
frequency of 25kH z and capacitance C)y equal to 0.675uF".

Fig. 6.5 shows the input voltage and current of primary side filter, Viyisen and Ipy.
Fig. 6.6 shows the transformer primary voltage and current, V,, and I,,. Fig. 8 shows the
transformer secondary voltage and current, Vi1, Via, Isq, Isp, Isc- It can be seen from
fig. 6.6 and fig. 6.7 that the transformer voltage and current are sinusoidal. Fig. 6.8
shows the input voltage and current of matrix converter Vir1, Viro, Inrq. The simulation
results show that Vi and Vs are phase shifted by 180°. The load voltage and current
are shown in fig. 6.9. Fig. 6.10 shows the common mode voltage Vs, defined in section

6.3. Fig. 6.2 shows that the common mode voltage is zero.
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Figure 6.5: Input voltage and current of primary side filter
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6.6 Conclusion

A matrix converter-fed sinusoidal input output three winding high frequency trans-
former has been proposed. In high frequency transformer, the value of leakage induc-
tance puts a limit on the switching frequency. In the proposed topology the switching
frequency is not limited by the value of leakage inductance. The series resistance and
leakage inductance of the high frequency transformer are used to form the low pass
filter. This reduces the number of reactive elements required. Because of high switching
frequency, the values of reactive elements required are small.

By the use of single phase three winding transformer, two 180° phase shifted volt-
ages are obtained. These two voltages and the novel pulse density modulation scheme,
proposed for matrix converters, give zero common mode voltage. In addition, zero
switching losses are obtained, in the secondary side matrix converter, by use of pulse
density modulation.

Note: This chapter is reproduced from my IEEE publication [39].



Chapter 7

Sinusoidal current HF

transformer

A power electronic converter, with sinusoidal currents in high frequency transformer,
is proposed in this chapter. As in chapter 5 and chapter 6, the switching frequency
of power electronic transformer, proposed in this chapter, is again independent of the
value of leakage inductance. This is achieved with the help of a low pass filter, formed
by connecting a capacitor across the secondary.

High frequency switched voltage, is produced across the primary of the transformer.
Sinusoidal voltage at high frequency is obtained at secondary side because of filter
action.

A matrix converter is connected to the secondary of the transformer. The switched
currents at the input of the matrix converter are filtered by the capacitor. Thus, sinu-
soidal currents flow in the high frequency transformer.

Modulation strategies for the two matrix converters at the two sides of the trans-
former are explained. A mathematical model is developed to design the low pass filter.
The proposed transformer is simulated in MATLAB/SIMULINK and results are pro-
vided.

The proposed converter is also tested for unbalanced load and the simulation results

are presented.
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7.1 Circuit description and basic principle

The proposed topology is shown in Fig. 7.1. The primary of the high frequency trans-
former is connected to a three phase to single phase matrix converter. The three phase
to single phase matrix converter, MC1 converts the low frequency supply voltages to
high frequency switched voltage Vyitcn. A capacitor C is connected to the secondary
of the high frequency transformer. The high frequency transformer with the capacitor
forms a low pass filter. The output of the filter is connected to a single phase to three
phase matrix converter, MC2. The output of the single phase to three phase matrix
converter, MC2 is connected to a three phase load.

The low pass filter operation is based on the fourier series of a square wave voltage
waveform as explained in chapter 6.

So, a square wave contains only odd harmonics. The low pass filter, filters the third
and higher order harmonics. Therefore, the switched voltage Viyizen is filtered to a sine
wave voltage Vijyer, by the low pass filter. The frequency of sine wave voltage Vijser
is equal to the switching frequency of MC1. Vpje, is then converted to low frequency
voltages by MC2.

The input current of MC2 is a switched current Iy iteh- Lswiten is also filtered by the
low pass filter. The filtered current, Iy;;., is nearly sinusoidal. The equivalent circuit
is shown in Fig. 7.2. The low pass filter filters the switched voltage Viyiten, at its input
and the switched currents Igucn, at its output and, gives filtered voltage Viyjjer, at
its output and filtered current Iy, at its input. Thus, the primary and secondary
windings of the high frequency transformer see a nearly sinusoidal current and, the
problem of current commutation in leakage inductance, due to switched currents at the
input of MC2, is eliminated.

Unlike the resonant converters proposed in [37] and [38], the topology proposed in
this paper is based on low pass filter operation. In addition, it uses the transformer
series resistance and leakage inductance at the primary and secondary side. Only one
additional reactive element C is needed. This is unlike the converters proposed in [37]

and [38], which use tank circuits on both primary and secondary side of the transformer.
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7.2 Modulation methods

The modulation methods used for primary side and secondary side converters are de-

scribed below.

7.2.1 Modulation of Primary side converter

The modulation of the primary side converter is the same as that of the modulation of
primary side converter of sinusoidal input output three winding transformer, explained

in section 6.2.1.

7.2.2 Modulation of Secondary side converter

Since the input voltage to MC2, is a sine wave at switching frequency, pulse density
modulation [37] is used for obtaining low frequency voltages at the output of MC2. Fig.
7.3 shows the pulse density modulation scheme [37]. Map, Mpc, Mca are the reference
voltages at low frequency and Vap, Ve, Voa are the output line to line voltages of
MC2. The error of reference voltage and output voltage is integrated. A digital logic
decides the gating pulse for the switch, depending on the sign of, integration of error,

Viitter and Vg, Ve, Voa for each phase.

Mas,

Mgc, I > _ | Gating Gate pulses

Mca JL% o logic to matrix
converter

Vap,Vee,Vea T T
Sign of Sign of
Viitter Map, Mpc, Mca

Figure 7.3: Pulse density modulation

7.3 Filter design

Filter design is the most important part of the proposed converter. To design the filter
a mathematical model is developed. The primary side series resistance and leakage

inductance is referred to the secondary side, and the magnetizing inductance and core
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loss resistance is neglected, for simplicity in analysis. The total series resistance and

leakage inductance referred to secondary side is Ry, and Ly respectively. The equations

for Vfilter 5 Ifiltera ‘/switch and Iswitch is given by

Vritter(8) = Viswiten(s) — (Rik + sLik )L pitter(5)
Ifilter(s) = SCfoilter(S) - Iswitch(s)
The above equations can be written further as

Viwiten () (R + sLik) Iswiten(s)

Vi er = N
Fitter(s) 1+ sCrRy + s?Li,Cy 1+ sCyRy, + s>Ly.Cy
= Hbasic(s)vtswitch(s) - va(s)ISWitCh(s)
Iswi c sC V:cwi ch\S
Ifilter(s) : h(S) + ! t h( )

- 1+ SClek + Sleka 1+ SClek + Sleka
= Hbasic(s)lswitch(s) + Hif(s)‘/switch(s)

1
Wy = —=——==and ¢ = B [Cr
v LiCr 2\ Ly

Substituting

(7.7)

equations (7.4) and (7.6) become the familiar second order transfer functions. Based on

these equations a mathematical model is developed for the filter design and is shown in

fig. 7.4.

From fig. 7.4 it is clear that the three transfer functions Hyggic(s), Hyr(s) and H;y(s)

affect the filter design. The values of L;; and Cy not only decide the cut off frequency,

wy and damping factor, ¢, but also the gain for the transfer functions H,s(s) and
H;f(s). The bode plots for Hyggic(s), Hyp(s) and H;f(s) are shown in fig. 6.4 for a cut

off frequency of 30kH z. Since the values of Ry, and Lj; are obtained from transformer

parameters, C is decided by w,, and ( is calculated from (7.7).
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Figure 7.4: Mathematical model of low pass filter

7.4 Simulation results

The proposed topology has been simulated in MATLAB/ SIMULINK environment for
a supply voltage of 100V, 60H z and RL load of 202 and 100mH. The high frequency
transformer used is 120\120V, 5kV A. The simulation is performed at two switching
frequencies of 20k H z and 100k H z. The value of series resistance and leakage inductance
used for the transformer are 10m£) and 200uH. The cut off frequencies chosen are
15kHz and 90k H z for switching frequencies of 20kH z and 100k H z respectively. The
C'y values after filter design are 0.564F" and 15.6nF" for 20k H z and 100k H z respectively.
Therefore, the value of capacitor needed for filter, is small.

Fig. 7.5, 7.6 and 7.7 show Viwiteh, Lfitter, Vritters Lswiteh, the line to line load voltages
Vas, Vo, Voa and the three phase load currents respectively, for switching frequency
of 20kHz. Fig. 7.8, 7.9 and 7.10 show Viwitch, L fitter, Vritters Lswiten, the line to line load
voltages Vap, Vpeo, Voa and the three phase load currents respectively, for switching
frequency of 100kH z. From the simulation results it can be seen that, Vie, and Ipiser

are nearly sinusoidal.
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7.5 Sinusoidal current high frequency transformer with

unbalanced load

The sinusoidal current high frequency transformer is tested with unbalanced load. Two
phases of the output of MC2 are connected to a RL load of 102 and 10mH and one
phase is connected to a RL load of 12 and 1mH. A HF transformer at 20k H z is used.
Fig. 7.11 shows the voltage across the transformer primary winding, secondary winding
and transformer current. Fig. 7.12 and fig. 7.13 show the output line to line voltages
across the load and the load currents for unbalanced condition. From fig. 7.11 and fig.
7.12, it can be seen that the transformer voltages and load voltages remain unaffected

by the unbalanced load.
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Figure 7.11: Transformer primary voltage, secondary voltage and transformer current

for unbalanced load at 20kHz
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7.6 Conclusion

A solid state converter with sinusoidal currents in high frequency transformer is pro-
posed. The switching frequency of high frequency transformer is limited by the value
of leakage inductance. The proposed topology makes the switching frequency, indepen-
dent of the value of leakage inductance. Also, there is no energy loss because of leakage
inductance. Since the series resistance and leakage inductance of the high frequency
transformer, is used to form the low pass filter, only one additional reactive element
i.e. a capacitor is needed. The value of capacitance required is small, because of high
switching frequency. The proposed PET is able to take unbalanced load with negligible
change in output voltage..

Note: Part of this chapter is reproduced from my IEEE publication [40].



Chapter 8

Implementation of sinusoidal

current HF transformer

A 0.5kW laboratory prototype of sinusoidal current high frequency transformer is built
and experimentally verified. Experiments are performed with RL load of 102 and
22.5mH. The details of the hardware developed for the prototype are provided. The
control algorithm programmed in verilog is described. The inferences of the experimen-

tal results obtained are discussed.

8.0.1 Implementation of hardware

The implementation block diagram of the sinusoidal current high frequency transformer
is shown in fig 8.1 and the laboratory prototype is shown in fig 8.2. The three phase
power, required for the experimental setup, is taken from a programmable AC power
supply. Integrated bidirectional modules of 600V, 7564 APTGT75TDU60PG are used
to realize both the primary side and secondary power converters. Diode bridge clamp
circuits are used for over voltage protection of power devices for both primary and
secondary side matrix converters. Integrated diodes 1000V, 304 APT30D100BHB,
10082 external clamp resistors and 2.2uF' capacitors are used to form the clamp circuits.
The clamp is initially charged from a DC power supply. Integrated driver modules
6SD601E are used as driver circuits for the power converters. Damping resistors of 1.4(2

is used at primary side of the high frequency transformer.
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A 100V\100V, 2kV A, 10k H z ferrite core HF transformer, shown in fig. 8.3, is used
for the experiments. The transformer parameters are provided in table 8.1. The leakage

inductance of the transformer is measured with the help of a LCR meter by shorting
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Figure 8.1: Implementation diagram of sinsoidal current HF transformer
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Figure 8.2: Laboratory prototype of sinusoidal current HF transformer

Table 8.1: Transformer parameters

Parameter Value
Voltage rating 100V peak
Current rating 20A

Turns ratio 1:1

Frequency 10kH z

Magnetizing inductance | 3.98mH

Core resistance —

Leakage inductance 15uH

Series resistance 30mS2
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Figure 8.3: HF transformer

Since the leakage inductance of the HF transformer used is very small, to prove
the advantage of the proposed topology at high leakage inductances, an additional
inductance of 1.16mH is connected at the secondary of the transformer. An extra
damping resistor of 10012 is connected across the inductor in the secondary side of the
HF transformer. Capacitor of value 0.47uF" is used to form the low pass filter with
the 1.16mH inductor and transformer. Special film capacitors QXK2J474KTPTZH
(0.47uF, 630V DC, 250V AC) which can take high voltages at 10kHz frequency are
used for the filter. The driver signals at 15V are obtained from a Xilinx XC3S500E
FPGA control board. This control board can accept 12 analog input signals (AD7367-
5) at £10V and 10 digital inputs at 5V or 3.3V and output 60 digital signals at 15V.
The Xilinx FPGA board is shown in fig 8.4.

LEM sensors LA 55-P are used for sensing load currents at the output of the sec-
ondary side matrix converter. The current signals sensed are passed through a salen key
low pass filter to reject high frequency noise. The current sensing circuit takes a power
supply voltage of £15V. The gains are adjusted to give voltages in range of £10V. The
high frequency sinusoidal voltage at 10k H z are sensed using a differential amplifier. The
differential amplifier used gives a maximum delay of 18us at 10k H z. The design of very
high speed differential amplifier is important for the proper implementation of pulse

density modulation method. The three phase line to line supply voltages are sensed
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using differential amplifiers. LEM sensor LA25-P is used for sensing currents at 10kH z
in the primary winding of the transformer. Again, in both these sensing circuits the
power supply voltage is at =15V and the gains are scaled to output in range of £10V.
The analog output signals of all the above mentioned sensing circuits are given to the

Xilinx FPGA control board. The sensor board developed shown in fig. 8.5.

Figure 8.5: Sensor board
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8.0.2 Implementation of control algorithm

The control algorithm needed to generate to the driver pulses of the two matrix convert-

ers can be explained with help of fig. 8.6 and fig. 8.7 . Fig. 8.6 shows the block diagram

of Verilog code written in Xilinx ISE to generate the pulses to control the primary side

matrix converter. The clock frequency used for all the Verilog modules is 50M H z. The

Verilog code has six modules and they are explained as follows:

20kHz and 10kHz

square wave
generator
Y
Modulation pulse generation
Phase at » | for primary side
3 phase maximum converter
voltages ™ ADC voltage
Current at > Module ]
10kHz .
Current direction State machine Dl‘lVCF pulseg
determination ™| for four step for primary side
commutation control converter
Figure 8.6: Block diagram of primary side verilog control
1. ADC module - The three phase line to line supply voltages and the current in

the primary winding of the transformer, measured with the voltage and current
sensing circuits, are read by the ADC on the FPGA board. A Verilog module
is synthesized for the A\D conversion and to read the data from the ADC. This
module has two instants one reads the two out of the three phase voltages and

second reads the third phase voltage and the current in the primary winding.

Phase at maximum voltage This module compares the three line to line voltages
and determines which of the three phase voltages is maximum and outputs logic

01 if Vp is maximum, logic 10 if Vj,. is maximum and logic 11 if V,, is maximum.

20kH z and 10kH z square wave generator Two square waves one at 20kH z and
another at 10k H z are generated by this module. The 10k H z square wave is needed
as the reference switching time period for the primary side matrix converter. The

20k H z square wave is in synchronization with the 10k H z square wave.
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4. Pulse generation for primary side converter This modules takes the 20kH z and
10kH z square waves as input, and depending on the output of the module -
phase at maximum voltage, determines which switch needs to be turned ON and
generates the six pulses for the six bi-directional devices of the primary side matrix

converter.

5. Current direction determination The direction of current needs to be determined
for the commutation control of the matrix converter. Current direction determin-
ing module compares the current with zero and gives the output as bit 1 for one

direction of current and bit 0 for the opposite direction of current.

6. State machine for four step commutation control A state machine is used for the
four step commutation control of the matrix converter. The state machine takes
the 6 pulses generated for the primary side converter and the current direction
information as the input, and determines the 12 driver pulses for the 12 IGBTs of

the primary side matrix converter.

Pulse density modulation

a>‘ Determination of !
: output voltage ! error

Synchronized
square wave

: e
Secondary Double frequency ? I
square wave I
voltage at 10kHz —| ADC
foggacsfrrents Module ‘ Modulation pulses for secondary side MC

H

Current direction
determination

State machine
> for four step

Driver pulses
for primary side
converter

Figure 8.7: Block diagram of secondary side verilog control

commutation control

Fig. 8.7 shows the block diagram of Verilog code to generate the pulses to control
the secondary side matrix converter. As is seen from fig. 8.7 , it also has six modules

and are explained below:

1. ADC module The Verilog code for ADC modules does the A/D conversion of

the voltage at secondary side of the transformer, vy, and the three phase load



85
currents sensed. The digital data of vy, and three phase load currents are the

output of this module.

. Synchronized square wave This module generates a square wave at 10k H z which
is in synchronization with vy;je, . The square wave is needed to do zero voltage

switching in the secondary side matrix converter.

. Double frequency square wave For pulse density modulation at 10kH z, a clock
is needed which is in synchronization with vy, i.e. at every zero crossing of the
voltage a pulse is generated. This is obtained by doubling the frequency of the

synchronized square wave at 10kH z in the previous module.

. Pulse density modulation Discrete integration is used for the implementation
of pulse density modulation. First the output voltage value, say voy, at each
individual phase is determined based on the output of the pulse density block and
the value of vyjjer . Suppose the reference voltage is v,.f. At every rising edge of
the 50M H z clock, the v,y is subtracted from v,.; and the error is added to the
error at the previous clock edge. Or in other words the error is accumulated by
adding the current error with the previous error. The accumulated error is stored
in a register which acts as a delay block and holds the error for the next clock
edge i.e. it stores the previous error. The output of the delay block is compared
with zero. For every zero crossing of vy, , and for a positive value of vpjer, if
the error is positive is positive then the lower bi-directional switch is turned ON
otherwise the upper bi-directional switch is turned ON. Similarly, for a negative
value of vjjser, if the error is positive then the upper bi-directional switch is turned

ON otherwise the lower bi-directional switch is turned ON.

. Current direction determination The current direction determining module is the
same as the one described for primary side control with the only difference that

the direction of three load currents is determined.

. State machine for four step commutation control Again, the state machine used

works the same way as explained for primary side control.
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8.1 Intermediary tests of hardware setup

The two matrix converters on the primary side and on the secondary side of the HF
transformer are tested separately, before testing the full sinusoidal current HF trans-
former. Fig. 8.8 shows the primary side matrix converter. Fig. 8.9 and fig. 8.10 show
the expermental results of test of MC1 with RL load of 102 and 1mH connected to the
secondary of the HF transformer. MC1 is first tested with dead time control. Fig. 8.9
shows the voltage across the primary winding of the transformer and the transformer
current with dead time. It can be seen that during the dead time the voltage across the
primary winding of the transformer is the clamp circuit voltage. Fig. 8.10 shows the
experimental results with four step commutation control. It can be seen that the clamp
circuit voltage is absent in fig. 8.10.

Fig. 8.11 shows the secondary side matrix converter. MC2 is first tested for a single
leg with RL load of 102 and 44.5mH. Pulse density modulation with four step com-
mutation control is used. Supply voltage at 1kH z are provided from a programmable
power supply. The load current and the output voltage at frequency of 50H z are shown
in fig. 8.12. Fig. 8.13 shows the experimental results for test of full MC2 with three
phase RL load.

Figure 8.8: Primary side MC
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Figure 8.9: MC1 output voltage [50V /div] and transformer current [2.5A /div] with dead

time
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Figure 8.10: MC1 output voltage [50V/div] and transformer current [2.5A/div] with

four step commutation control
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Figure 8.11: Secondary side MC
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Figure 8.12: Supply voltage[50V /div] at 1kHz, load current [1A/div] and output voltage
[50V /div] for MC2
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Figure 8.13: Three phase load currents and load voltage for test of MC2 modulation at
1kHz

8.2 Experimental results

Experiments are performed, on the hardware implemented explained above, at a supply
voltage of 100V peak and 60 Hz frequency and a output frequency of 50H z with a star
connected RL load of 102 and 22.5mH. The filter inside the programmable ac supply
is used to filter the switched frequency harmonics in supply current, no additional input
filter is added for experiments. Fig. 8.14 and fig. 8.15 show the voltage vgyiren, and
Vfilter, Obtained at the output of primary side matrix converter and the input voltage
of MC2 10kH z. Fig. 8.16 and fig. 8.17 show the transformer voltage current and input
voltage of MC2, vyjer at 10kHz. Fig. 8.18 shows output voltages across one of the
phases of the 3 phase load and the three phase load currents at 50H z for pulse density
modulation.

It can be seen from fig. 8.14 that the voltage applied to the primary of the trans-
former is a square wave voltage at 10k H z, with its amplitude varying as the envelop of
the line to line supply voltages, and the current flowing in the transformer is a sinusoidal

current. From fig. 8.15 and fig. 8.17, the voltage at the secondary of the transformer
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winding is a sinusoidal voltage although the voltage at the primary of the transformer
is a switched square wave. So, the filter formed with the transformer leakage induc-
tance additional inductance of 1.16mH and capacitors at the secondary terminals the
filters both the switched currents at the input of secondary side matrix converter MC2
and the switched voltage at the primary terminals of the HF transformer. From the
output voltage of fig. 8.18 it can be seen that the MC2 is switched very close to zero
voltages. Thus, the principle of sinusoidal current HF transformer is experimentally
verified. Also as a 1.16mH inductance is added to form a low pass filter, it is verified
that the switching frequency is independent of the value of leakage inductance of HF
power transformers.

As is seen from fig. 8.18, the harmonic profile of load currents obtained is not
purely sinusoidal. These experimental results can be improved and sinusoids with good
harmonic profile can be obtained by use of very fast ADC and design of differential
amplifiers used to sense the voltage vyser. Accurate sensing of vy, and efficient syn-

thesizable verilog codes are important for proper operation of pulse density modulation.
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Figure 8.14: Transformer primary voltage [50V /div] and input voltage of MC2 [10V /div]
at 10kHz
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Figure 8.15: Zoomed transformer primary voltage [50V /div] and input voltage of MC2

[10V/div] at 10kHz
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Figure 8.16: Transformer current [2.5A/div] and input voltage of MC2 [10V /div] at

10kHz
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Figure 8.17: Zoomed Transformer current [2.5A/div] and input voltage of MC2
[10V/div] at 10kHz
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Figure 8.18: Load voltage [25V/div]| and three phase load currents [1.5A/div]
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8.3 Conclusion

A laboratory prototype of sinusoidal current HF transformer is implemented. The ex-
perimental results obtained shows sinusoidal currents flowing in the transformer. So,
the sinusoidal current transformer topology gives a solution of problem of leakage in-

ductance in HF transformers.



Chapter 9
Summary and Future work

High frequency transformers provide an alternative for modern 60Hz power transform-
ers, in applications like wind energy conversion and electric ship, where weight and
volume of transformers is a limitation. AC-DC-AC based PET has the disadvantage of
bulky storage capacitors and large reactive elements for filtering which reduce the reli-
ability, efficiency and increase the weight and volume of overall PET. Direct AC to AC
based PET using matrix converters overcome these disadvantages because of absence
of storage elements. The scope of matrix converter based PET is explored in this the-
sis, by first analyzing and simulating a matrix converter based PET with open ended
primary and second by addressing the issue of leakage inductance. The problem of
leakage inductance in matrix converter based is addressed by proposing a source based
commutation method and three novel topologies based on sinusoidal HF transformer.
In the sinusoidal HF transformers, the switching frequency is independent of the value
of leakage inductance. Some of the important conclusions are discussed in the following

sections.

9.1 Matrix converter based PET with open ended primary

A matrix converter based PET with open ended primary is described in chapter 2. It has
the salient features of 1.5 voltage transfer ratio, bi-directional power flow, elimination of
bulky storage capacitors, controllable output voltage and frequency, controllable input

power factor and zero common mode voltage. The use of rotating space vectors of matrix
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converters, for the modulation of all three matrix converters, give zero common mode
voltage. Common mode voltage is a concern in several drives applications. Zero common
mode voltage is not possible in AC-DC-AC based PET. The open ended primary and
use of two matrix converters at the primary side, increases the voltage transfer ratio
to 1.5 as compared to 0.866 achievable by single matrix converter systems. Also delay
in commutation of current due to transformer leakage inductance in primary side is

avoided.

9.2 Problem of leakage inductance

The use of matrix converter in the secondary side of the HF transformer, leads to
flow of switched current in the HF transformer. The transformer current cannot change
instantaneously because of the leakage inductance of the HF transformer. An alternative
path needs to be provided for the commutation of current in the leakage inductance. A
clamp circuit is connected at the secondary of the transformer to provide this alternative
path in the matrix converter based PET discussed in chapter 2. The time needed for
the current to change its direction in the transformer winding is termed as commutation
time. During the commutation time, the clamp circuit voltage appears at the output
of the third matrix converter. This leads to output voltage loss. This effect increases
with increase in value of leakage inductance and increase in switching frequency. The
drop in voltage regulation with increase in leakage inductance and switching frequency
is studied in chapter 3. Also the energy stored in clamp capacitor during commutation
time needs to be recovered, otherwise it leads to severe drop in efficiency of the PET.

So, clamp circuits can be used only with energy recovery systems.

9.3 Source based commutation

Depending on the direction of the current, the current in the leakage inductances can
also be commutated by applying the appropriate voltages from the primary side matrix
converters. This is termed as source based commutation method and is explained in
chapter 4. This eliminates the need of clamp circuits and therefore, energy recovery

circuits and increases the efficiency of the overall PET significantly. Also, as the supply
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voltages are applied during the commutation time, the output voltage waveform becomes

cleaner.

9.4 Sinusoidal HF transformers

The commutation time is decided by the value of leakage inductance and the maximum
of the supply voltage. So, higher the value of leakage inductance, larger is the commu-
tation time period and therefore, lower is the switching frequency. Thus, although the
overall efficiency of the PET is improved by source based commutation but the voltage
regulation is still affected and the switching frequency is still limited by the value of
leakage inductance.

The main idea behind using PET is to reduce size of power transformers. The nano-
crystalline materials such as FINEMET used for making HF transformers have very low
core losses even at very high operating frequencies of 100kHz. SiC carbide devices are
also available which have very low switching losses at very high frequencies. Thus, the
switching frequency and therefore, the size of HF transformers is only limited by the
value of leakage inductance.

Chapter 5, chapter 6 and chapter 7 proposes three sinusoidal HF transformer based
PET where the switching frequency is made independent of the value of leakage in-
ductance. In all these topologies, the leakage inductance is used to form a low pass
filter with a capacitor connected at the secondary terminals of the HF transformer. As
the low pass filters operate at very high frequencies of 10kHz or above, the size of the
reactive elements required becomes very small.

Chapter 5 proposes a sinusoidal input output three phase HF transformer. Chapter
6 proposes a sinusoidal input output three winding HF transformer and Chapter 7
proposes a sinusoidal current HF transformer. In the topologies proposed in chapter
5 and chapter 6, a low pass filter is connected at the primary side of the transformer
to convert the HF square wave voltage into a HF sine wave voltage. And capacitors
are connected at the secondary side of the transformer to filter the switched input
current of the secondary side matrix converter. Thus, the primary side filter filters
the switched voltage and the secondary side filter filters the switched current. Hence,

the HF transformer sees a sinusoidal voltages and sinusoidal currents at high frequency



97
on both primary and secondary sides like a 60 Hz power transformer. The switching
frequency of the matrix converter is the same as the operating frequency of the HF
transformer; therefore, both the capability of high frequency magnetic materials and
power devices is utilized.

The topology described in chapter 5 utilizes a three phase transformer, two matrix
converters and three phase filter at both primary and secondary sides. Whereas, the
topology described in chapter 6 uses a three winding transformer with a three phase
to single phase matrix converter on primary side and a matrix converter on secondary
side with two capacitors on the secondary terminals. This reduces the switch count and
also the no. of reactive elements required for the overall PET proposed in chapter 6.
Also zero common mode is achievable with the sinusoidal input output three winding
HF transformer.

The sinusoidal current HF transformer proposed in chapter 7 is different from that
proposed in chapter 5 and chapter 6. It has a single phase transformer and uses only
one capacitor at the terminal of the secondary of the transformer. The transformer
sees square wave voltage at primary side and sinusoidal voltage at the secondary side.
Sinusoidal currents flow through the transformer. Thus, the filter, formed with the
capacitor and leakage inductance, filters both the square wave voltage and switched
currents. There is no filter at the primary side of the HF transformer. So, only one
additional reactive element is required for the operation of the PET. One of the limita-
tions of the sinusoidal HF based topologies is that the transformer currents become high
because of filter action. Good design of filter is very important for the proper operation
of these topologies. The switching frequency is unaffected by high values of leakage

inductance and is verified with experiments, for sinusoidal current HF transformer.

9.5 Future work

The future scope of this thesis includes the following;:

1. Pulse density modulation used for sinusoidal current HF transformer can be modi-
fied with space vector pulse density modulation (SVPDM) [41-48]. Use of SVPDM
gives more control on the selection of power devices to be switched. Also, the ca-

pacitor switched current can be modified which is not possible with PDM.



98
. In sinusoidal current HF transformer the transformer voltage changes with change
in load. Closed loop control is needed for regulating the voltage for load changes

in the output side.

. As the transformer sees square wave voltage at primary side and sinusoidal voltage
at the secondary side, the transformer design for sinusoidal current HF transformer
will be different than normal power transformer design. So, the transformer design

needs to be explored.

. For good filter design, the exact equivalent circuit of the HF transformer is needed.
The HF transformers have stray capacitances which affect the filter performance
and the commutation time in source based commutation. A study of parametric

analysis of HF transformers is needed.

. All the topologies proposed in this thesis can be implemented and compared.
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Appendix A

Matrix converter Input Filter

design

A brief review of available literature [53-66] on MC filter design is as follows. The
size and cost of LC filters required for matrix converters are investigated in [54], [55].
Filter design for different control method and for different topology of matrix converter
are provided in [56], [57]. Integrated input filtering techniques for matrix converter
are proposed in [58], [59]. A transfer function based approach to design input filter is
adopted in [53]. However, the effect of only switched current of matrix converter, on
filter design, is investigated in [53]. So, in present literature, a complete mathematical
analysis based on transfer functions, and design procedure of the input filter of MC is
not available.

This appendix presents a detailed theoretical analysis of the input filter design of
MC. The expression for input impedance of matrix converter, in steady state, has been
derived. A mathematical model for filter design, based on second order transfer func-
tions, has been developed. The effect of poles and zeros, in terms of the filter parameters,
is explained. Each transfer function is analyzed and its effect on filter performance is
investigated. The analysis is proved by simulation in MATLAB/SIMULINK. A filter

design procedure is also provided.
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Figure A.1: Matrix converter with input filter
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Figure A.2: Matrix converter as two separate systems at steady state

Input impedance of matrix converter

The design of EMI filters in DC to DC converters use expressions of input impedance.

The input impedance of DC to DC converters is obtained by small signal analysis.

But a small signal analysis is very complicated for three phase to three phase convert-

ers [61-63]. Therefore, steady state analysis is used to obtain an approximate expression
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for input impedance of matrix converters. In steady state analysis, the effect of switch-
ing frequency harmonics is neglected. A matrix converter with load impedance, Z, is
considered. For the steady state analysis, the matrix converter system is viewed as
two separate systems one input system with three voltage sources at frequency i, con-
nected to input impedances Z;;,, and second output system with three voltage sources
at frequency o, connected to output impedance Z,, shown in fig. A.2.

The steady state analysis is as follows. The input voltage equations are given by,

Vg (t) cos(w;t) iq(t)
vp(t) | = Vim |cos(w;t + %’r) = Zin |ip(t) (A1)
ve(t) | cos(wit + %’T)_ ic(t)

And the output voltage equations are given by

Voa (t) cos(wot) Toa(t)
Vob(t) | = Vim | cos(wot + %’r) = Zin |iop(t) (A.2)
Vo (1) | cos(wot + %’r)_ | Goc(t)

Where, ¢ is the voltage transfer ratio and Vj,, is the peak value of input voltage. Equat-

ing instantaneous powers on input and output sides, we obtain
pi(t) = po(t) (A.3)

Va(t)ia(t) + vp(t)ip(t) + ve(t)ic(t) = Voa(t)ioa(t) + Vop(t)ios(t) + voe(t)ive(t)  (A.4)

Substituting from (A.1) for i,(t),ip(t),i.(t) and from (A.2) for iee(t),i0b(t),%0c(t) in

(A.4), we get
Ua2 + Ub2 + UCQ _ voa2 + Uon + DOCQ (A5)
Z; Z,

Since sum of square of three 120° shifted sine waves is equal to 1.5, therefore (A.5) can

be written as
Zin - Uim21~5
Zy  Puim2l5

As the loads connected to a matrix converter are highly inductive, neglecting the resis-

(A.6)

tance in Z,, we obtain

Tin =22 = (A7)
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A matrix converter is simulated in MATLAB/SIMULINK, with a star connected R-
L load of 10Q2 and 10mH, and supply voltage of 100V, 60Hz. To verify (A.7), the
simulation is run multiple times, with fixed voltage transfer ratio of 0.4 and varying
output frequency. For every simulation, FFT of input current is performed, using power
GUI block of SIMULINK. The magnitude, of fundamental, of input current is used to
calculate the input impedance (Z;, = Vin/Is). Using these values, a graph is plotted
between Z;, and f,, and is shown in fig. A.3. Similarly, multiple simulations are run for
fixed output frequency of 50H z and varying voltage transfer ratio. The graph between
Zin and ¢ is shown in fig. A.4. From fig. A.3 and fig. A.4, it can be seen that the input
impedance, varies linearly with output frequency, and varies as inverse square with the

voltage transfer ratio. Thus, (A.7) is verified.
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Figure A.3: Input impedance vs output frequency



112

0 , . .
0.1 0.2 0.3 0.4 0.5
Voltage transfer ratio

Figure A.4: Input impedance vs voltage transfer ratio

A.2 Mathematical model of input filter

Fig. A.5 shows the equivalent circuit for input filter design. R; and R, are the effective

series resistance of inductor L and capacitor C' respectively.

wc T * to

L R
R
c

Vin| N

T

Figure A.5: Equivalent circuit
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Figure A.6: Poles and zeros of input filter

The voltage and current equations are given by

Vin(s) = Vo(s) = (Ry + sL)I;n(s) (A.8)
IC(S) = Im(s) - IO(S) (AQ)
Vols) = (Re ) e(s) (A.10)

Substituting (A.8) and (A.9) in (A.10) and solving, we obtain

sCR.+1 $?R.LC + s(R.RiC + L) + R,
= i — 1, A1l
Vols) = Srersomr Ry 71 Y T T erorsom s Ry 21 ) (AL
Iin(s) ¢ Vin(s) + sCR.+1 L(s) (A.12)

T R2LC+sC(Re+ R +1 " $2LC + sC(R.+ R)) +1°°
The above equations contain four transfer functions. It can be converted to the

familiar second order transfer functions by substituting cut off frequency, w, = ——

VLC
and damping ratio, ( = %\/%. So,
CR.+1 n2 Ro(s+ =i 8+&
V(s) = (CRet Dy ) Bt meCr )y (A.13)

82+ 2lwps + wy 52 4+ 2Cwps + wp?
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‘/O(S) = Tvv(s)‘/i (S) -T; (S)Io(s) (A.14)
B sCwp? ’ (sCRe + 1)w,?)
Lin(s) = 52 + 2Cwn s + wp? Vin(s) + 52 + 2Cwn s + wy? Io(s) (A-15)

Lin(s) = Tvi(s)Vin(s) + Tii(s) o (s) (A.16)

The poles and zeros of the transfer functions are shown in fig. A.6. Since the values of R;
and R, are very small, the system is marginally stable. The damping can be increased

with slightly higher values of R; and R..

A.3 Analysis of filter model

The effect of all four transfer functions is explained as follows.

A3.1 T,(s)

As is seen from (14), T,,(s) is multiplied to Vj,(s). Since Vi,(s) is a sine wave of
frequency 60H z, the gain of Ty, (s) at 60H z is only important. As shown in fig. A.7,
the gain of Ty, (s) is 1 at 60H z. Therefore, T, (s) has no effect on Vy(s).

A.3.2 T(s)

Because of transfer function T, (s), I,(s) affects V,(s). The bode plot of Tj,(s) is shown
in fig. A.8. The gain T;,(s) is very small at all frequencies except near cut off frequencies.
Due to high gain of Tj,(s), the harmonics present in I,(s), near cut off frequency, get
amplified. This distorts the filter output voltage V,(s). Usually the effect of Tj,(s)I,(s)
is negligible. So, V,(s) is obtained almost equal to Vi, (s).

From (16), since Ty;(s) is multiplied to Vi, (s), gain of Ty;(s) at 60H z is only important.
From the bode plot shown in fig. A.9, the gain at 60H z is negative. In order to have
minimum effect of Vj,(s) on Ij(s), the gain of T;(s) should be very small at 60Hz.
Thus, the effect of T,;(s) is to amplify the filter current I, (s).

Also, from the phase plot in fig. A.9, the current due to Vi, (s) i.e. Tyi(s)Vin(s) has a
phase shift of 90 deg. Since, the net phase of I;;,(s) is the sum of phases of fundamental
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of I,(s) and current due to Vjy,(s), the effect of phase of T,;(s) is important in power

factor control of matrix converter.

A.3.4 ﬂZ(S)

Transfer function Tj;(s) is same as T, (s) and is shown in fig. A.7. T};(s) has two effects.
First, it filters the switching frequency harmonics of I,(s). And second it amplifies the
harmonics of I,(s) present near cut off frequency. The amplification is due to the high
gain of Tj;(s) near cut off frequency. So, the cut off frequency should not be a multiple
of supply frequency.

Thus, I;;,(s) contains harmonics near cut off frequency, in addition to fundamental
60H z component of I,(s). For any value of L and C, it is not possible to remove cut off
frequency harmonic components from I;;,(s). Therefore, the effect of Tj;(s) is to distort
the filter current I, (s). Unlike T,;(s), Tii(s) does not introduce any phase shift in the
60H z component of I,(s).

Bode Diagram
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Figure A.7: Bode plot of T,,(s) and Tj;(s)
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Bode Diagram
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Figure A.8: Bode plot of Tj,(s)
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Figure A.9: Bode plot of T,;(s)
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A.4 Design procedure and simulation results

The effect of various parameters of the input filter is analyzed and the analysis is verified
with simulation in MATLAB/SIMULINK. The system shown in fig. 1 is simulated for
a R-L load of 102 and 10mH, and supply voltage of 100V, 60H z, using Venturinis
modulation method for a switching frequency of 10kH z. The values of R; and R, are
taken as 0.01€2 and 0.001€2 respectively. The output frequency used is 60H z and voltage
transfer ratio used is 0.4. The load voltage and load current are shown in fig. A.10.
The input current of matrix converter, I, is shown in fig. A.11.

Filter design needs the selection of L and C. From section IV, T,;(s) leads to
amplification in I;,(s). The value of C' is more important than the value of L. So for
filter design, proper value of cut off frequency and C' need to be chosen. ( is very small
and is decided by R; and R..

The simulation is run multiple times, for filters with cut frequency 3kHz and dif-
ferent values of C'. The bode plots of Ty;(s) are shown in fig. A.12 and the simulation
results of input current I;, is shown are fig. A.13. From the simulation results it is
clearly seen that, as the value of C' increases, the amplification in current I;;, increases.

The reason is explained as follows. The amplification in current is due to the gain

of Tyi(s) at 60Hz. Gain of T,;(s) at 60H z is given by,

wCwy,? C2760w,,2

sCwp>

82+4+2Cwn s+wn?

Tm'($> -
’ \/ (wn? — w?)? + (2Aw,w)? \/ (wn? — 27602)° + (4760Cw, )
(A.17)

From the above expression, Tm(s)‘ is directly proportional to value of C'. Thus, increase

in value of C will increase the amplification in current I;,.

Similarly, the simulation is run multiple times, for filters with value of C equal to
75uF and different values of cut off frequencies w,,. The bode plots of T;;(s) are shown
in fig. A.14 and the simulation results of input current I, are shown in fig. A.15. From
the simulation results it is observed that, as the value of w,, increases, the distortion or
high frequency harmonics in current I, increases.

As explained in section IV, the distortion or high frequency harmonic content in I;;,
is due to high gain of T};(s) near cut of frequencies. It can be seen in fig. 15 that as w,

increases, the range of frequencies where gain is greater than 1 increase. (Please note
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that frequency is shown on a logarithmic scale in fig. A.14). Thus, increase in value of
wy, will increase the distortion in current I,.

Fig. A.16 shows the supply voltages V4, Vg, Vo and filter output voltages Vo, Vong,
Voc. The filter output voltage follows very closely the supply voltage. Based on the
above discussion, design of input filter can be put in two steps

1. Decide the cut off frequency depending on the switching frequency of matrix
converter and the permissible amount of high frequency harmonic injection in supply
current.

2. Decide the value of C' depending on the current limit of the voltage supply and

the value of load current.

Load voltage

0.04 0.05 0.06 0.07 0.08 0.09 0.1

Load current
(e}

0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(s)

Figure A.10: Load voltage and load current
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Figure A.11: Input current of matrix converter
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Figure A.12: Bode plots of T,;(s) for different values of C'
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A.5 Conclusion

A mathematical model, based on second order transfer function, is developed for the
input filter design of matrix converter. The expression for input impedance of matrix
converter is derived. The input impedance is directly proportional to output frequency
and inversely proportional to voltage transfer ratio. The filter output voltage is almost
equal to supply voltage for any design of input filter. The input current of filter is
affected by the supply voltage, in addition to the harmonics present in switched current
of matrix converter. The filter is designed in two steps: first deciding the cut off
frequency and second deciding the value of filter capacitor.

The value of cut off frequency affects the harmonic content, and the value of capacitor
affects the amplification, of input current of filter. The cut off frequency should not be a
multiple of supply frequency. The input filter of matrix converter requires small values
of inductor and relatively large values of capacitor.

Note: I acknowledge the contributions of Rashmi Prasad in the work

presented in this appendix.



Appendix B

Commutation control of Matrix

Converters

Commutation of current between bi-directional switches during switching is one of the
important problems of matrix converters. The problem of commutation can be explained
with help of fig. B.1. Fig. B.1 shows a two phase to single phase matrix converter.

There are two basic rules for the operation of matrix converters:

1. 1 No two switches in a leg can be ON simultaneously as it leads to source to source

short.

2. Since there is no freewheeling path in a matrix converter, so to avoid opening an

inductive circuit, at least one switch in each leg needs to be ON.

©

o
Vi SW1
> T
f\) '®)
\J \07 vy, R
V2 SW2

Figure B.1: Simple ckt to explain problem of commutation [1]
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Commutation cell A

Figure B.2: Two phase to Single phase Matrix Converter

So, in fig. B.1, SW1 and SW2 cannot be OFF simultaneously i.e. a dead time
cannot be provided nor SW1 and SW2 can be ON simultaneously i.e. an overlap needs
to be avoided. This leads to the problem of commutation in matrix converter.

One of the methods to solve the problem of commutation is based on the direction
of current. Fig. B.2 shows a two phase to single phase matrix converter with bi-
directional cells A and B. Consider the direction of load current shown in fig. B.2 as
positive. Suppose cell A is turned ON, then IGBT SA1 and diode DA2 or IGBT SA2
and diode DA1 conduct depending on the direction of current. So, at any instant,
according to the direction of current, only two of the devices in a bi-directional cell are
conducting. When a commutation from cellA to cell B is needed, only if SA1 and SB2
or SA2 and SB1 are turned ON simultaneously, it leads to a short circuit fault. Or if
all four switches are turned OFF together then an open circuit fault occurs.

Therefore, there are only few switching combinations which are needed to be avoided.
Commutation control is based on the elimination of hazardous switching combinations
in matrix converter. Table B.1 shows the non-hazardous switching combinations.

Two types of commutation methods are widely used for matrix converters four step

and two step. They are described below.

B.1 Four Step Commutation

The four step commutation cab be explained with the timing diagram shown in fig. B.3.

Suppose at any instant the direction of current is positive and cell A is conducting. When



Table B.1: Non Hazardous Switching Combinations [1]

No. | SA1T SA2 SB1 SB2 | sign of i,
1. 1 1 0 0 +-
2. 0 0 1 1 +-
3. 1 0 0 0 +
4. 0 1 0 0 -
5. 0 0 1 0 +
6. 0 0 0 1 -
7. 1 0 1 0 +
8. 0 1 0 1 -

125

a commutation is needed from cell A to cell B, first the IGBT that is not conducting
i.e. SA2 is turned OFF. After a short interval IGBT SB1 is turned ON. At this instant
no source to source short happens as only positive direction of current flow is possible.
When IGBT SBI1 is completely ON, SA1 is turned OFF and finally SB2 is turned ON.

So the commutation gets completed in four steps and open circuit and short circuit is

avoided in all the four steps. The state diagram for four step commutation is showed in

fig B.4.

SAl 4—\*

SA2

]

SB2

Figure B.3: Timing diagram for Four Step Commutation [4]
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-

Figure B.4: State diagram for Four Step Commutation [4]

B.2 Two Step Commutation

The two step commutation can be explained with the help of fig. B.5. In two step
commutation at any instant, depending on the direction of the current, only one IGBT
in a bi-directional cell is turned ON. So, the commutation is possible in two steps as
the extra steps of turning OFF and turning ON of two IGBTs are removed.

But when the value of current is very small i.e. near zero crossing, the LEM sensors
cannot determine the direction of current properly. So for very low value of current a
threshold is decided in which a LEM sensor can give erroneous information of current.
When the current enters the threshold region, both the IGBTs in a bi-directional cell
are turned ON and no commutation is allowed till the current comes out of the threshold
region. This affects the harmonic profile of the current. Since the commutation is per-
formed in two steps matrix converters can be operated with higher switching frequencies

with two step commutation.
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Figure B.5: Timing diagram for Two step Commutation for known Current direction [4]

B iL g Threshold Level

SAl 1 1
SA2

Figure B.6: Current reversal by threshold [4]

. UL .
i, >0 i <0
-«

—

o o
a=SAl c=SBl 1=0N
b=SA2 d=SB2 0= OFF

Figure B.7: State diagram for Two Step Commutation with Current Sensing [4]



Appendix C

Verilog Program

The verilog programs used for the experiments of sinusoidal current HF transformer are
provided in this appendix. Two different codes are used for the control of secondary
side matrix converter. Both of them are shown in a common test bench file. The ver-
ilog codes of modules adc_two, adc_one_test_secondary, adc_one_secondary_current_meas
are similar to the verilog codes of adc_one_test. Also, the verilog codes of modules
four_step2x1 and check _pulse_secondary are similar to the verilog codes of four_step_basic

and check_pulse respectively.
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“timescale 1ns/ 1ps
i it

/!

// Create Date: 15:36:47 02/27/2012
/I Design Name:

// Module Name: sine_current_HF_tb
/!

/I Two different types of codes are provided for the secondary side matrix converter.

// The changes to be made in the signal declarations are indicated by comments wherever
necessary.

"

T T

module sine_current_ HF tb(clk,

DINA3, DINA4, DINB3, DINB4,

CONVST_b3, CONVST_b4,

SCLK3, SCLK4, CS_b3, CS_b4,

SA_up_a_corr, SB_up_a_corr, SC_up_a_corr,
SA_low_a_corr, SB_low_a_corr, SC_low_a_corr,

SA_up_b_corr, SB_up_b_corr, SC_up_b_corr,
SA_low_b_corr, SB_low_b_corr, SC_low_b_corr,

i,
/ISecondary side ports

DINA, DINB, CONVST_b, SCLK, CS_b, //replace with line 35 and 36 for alternative code

//DINAI, DINB1, CONVST_bl, SCLK1, CS_bl,
//DINA2, DINB2, CONVST_b2, SCLK2, CS_b2,

sal_legl_corr, sa3_legl_corr, sb1_legl_corr, sb3_legl_corr,
sal_leg2_corr, sa3_leg2_corr, sb1_leg2_corr, sb3_leg2_corr,
sal_leg3_corr, sa3_leg3_corr, sbl_leg3_corr, sb3_leg3_corr,

delay_pulse, out_sq, out_dataB,
signal_in

);
input clk;

input DINA3, DINA4;
input DINB3, DINB4;

wire SA_up_a, SB_up_a, SC_up_a, SA_low_a, SB_low_a, SC_low_a;
wire SA_up_b, SB_up_b, SC_up_b, SA_low_b, SB_low_b, SC_low_b;

output SA_up_a_corr, SB_up_a_corr, SC_up_a_corr, SA_low_a_corr, SB_low_a_corr,
SC_low_a_corr;
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output SA_up_b_corr, SB_up_b_corr, SC_up_b_corr, SA_low_b_corr, SB_low_b_corr,

SC_low_b_corr;

output CONVST_b3, CONVST_b4;
output SCLK3, SCLK4;

output CS_b3, CS_b4;

wire curr_dir;

wire SA_up, SB_up, SC_up, SA_low, SB_low, SC_low;

wire outl;

wire [11:0] Vab, Vbc;
wire [11:0] Vca;

wire [1:0] max;

wire clkop;

wire rev_i_dir;

T
/lSecondary side definitions
output delay_pulse;

input DINA;

input DINB;

output CONVST_b;
output SCLK;
output CS_bj;
output out_sq;

input signal_in;
wire reset;
wire sal_legl, sa3_legl, sbl_legl, sb3_legl;

wire sal_leg2, sa3_leg2, sbl_leg2, sb3_leg2;
wire sal_leg3, sa3_leg3, sbl_leg3, sb3_leg3;

output sal_legl_corr, sa3_legl_corr, sbl_legl_corr, sb3_legl_corr;
output sal_leg2_corr, sa3_leg2_corr, sb1_leg2_corr, sb3_leg2_corr;
output sal_leg3_corr, sa3_leg3_corr, sbl_leg3_corr, sb3_leg3_corr;

wire Slow_legl, Slow_leg2, Slow_leg3;
wire Sup_legl, Sup_leg2, Sup_leg3;

output out_dataB;

/Add this part for alternative code
/*wire out_dataA, out_dataC;

wire [11:0] Vref_A, Vref_B, Vref_C;

wire Vref_sign_A, Vref_sign_B, Vref_sign_C;
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wire [11:0] DataA;

*/

T T
T T T

assign rev_i_dir = ~curr_dir;

adc_one_test adcl (
.CLK(clk),

.DINA(DINA3),
.DINB(DINB3),
.CONVST_b(CONVST_b3),
SCLK(SCLK3),
.CS_b(CS_b3),
.DataA(Vab),

.DataB(Vbc)

)s

adc_two adc2 (

.CLK(cIk),

.DINA(DINA4),
.DINB(DINB4),
.CONVST_b(CONVST_b4),
.SCLK(SCLK4),
.CS_b(CS_b4),
.DataA(Vca),
.out_dataB(curr_dir)

)5

peak_voltage_determine pk_dt(
.clk(clk),

.Vab(Vab),

.Vbe(Vbo),

.Vca(Vca),

.max(max)

)i

square_wave sql( .clk(clk),
.outl(outl),

.clkop(clkop)

)

pulse_determine pulse_dt(
.clkop(clkop),
.sq_wvl(outl),
.max(max),

.SA_up(SA_up), .SB_up(SB_up), .SC_up(SC_up), .SA_low(SA_low), .SB_low(SB_low),

.SC_low(SC_low)
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)s

four_step_basic legl ((SA_a(SA_up_a), .SB_a(SB_up_a), .SC_a(SC_up_a), .SA_b(SA_up_b),
.SB_b(SB_up_b), .SC_b(SC_up_b),
.m1(SA_up), m2(SB_up), . m3(SC_up),

A_dir(curr_dir),
.clk(clk)
);

four_step_basic leg2(.SA_a(SA_low_a), .SB_a(SB_low_a), .SC_a(SC_low_a),
.SA_b(SA_low_b), .SB_b(SB_low_b), .SC_b(SC_low_b),
.m1(SA_low), . m2(SB_low), .m3(SC_low),

A_dir(rev_i_dir),
.clk(clk)
);

check_pulse check_legl(.sal(SA_up_a), .sb1(SA_up_b), .sa2(SB_up_a), .sb2(SB_up_b),

.sa3(SC_up_a), .sb3(SC_up_b),

.sal_corr(SA_up_a_corr), .sbl_corr(SA_up_b_corr), .sa2_corr(SB_up_a_corr),
.sb2_corr(SB_up_b_corr), .sa3_corr(SC_up_a_corr), .sb3_corr(SC_up_b_corr)

);
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check_pulse check_leg2(.sal(SA_low_a), .sb1(SA_low_b), .sa2(SB_low_a), .sb2(SB_low_b),

.sa3(SC_low_a), .sb3(SC_low_b),
.sal_corr(SA_low_a_corr), .sbl_corr(SA_low_b_corr), .sa2_corr(SB_low_a_corr),
.sb2_corr(SB_low_b_corr), .sa3_corr(SC_low_a_corr), .sb3_corr(SC_low_b_corr)

)s

T
T T

/ISecondary side code

reset_gen rstl(.clk(clk), .signal_in(signal_in), .reset(reset)

);

double_clk uut (

.clk(clk),

.outl(out_sq),
.delay_pulse(delay_pulse),
.reset(reset)

)i

Hn T
adc_one_test_secondary adc3 (
.CLK(clk),

.DINA(DINA),

.DINB(DINB),
.CONVST_b(CONVST_b),
.SCLK(SCLK),

.CS_b(CS_b),



.outl(out_sq),
.out_dataB(out_dataB),
.reset (reset)

);

PDM_bit_generate_legl uutl (
.clk(clk),
.clk_20kHz(delay_pulse),
Slow_leg1(Slow_legl),
Sup_leg1(Sup_legl),
.reset(reset)

);

PDM_bit_generate_leg2 uut2 (
.clk(clk),
.clk_20kHz(delay_pulse),
.Slow_leg2(Slow_leg2),
Sup_leg2(Sup_leg?),
.reset(reset)

)s

PDM_bit_generate_leg3 uut3 (
.clk(clk),
.clk_20kHz(delay_pulse),
Slow_leg3(Slow_leg3),
Sup_leg3(Sup_leg3),
.reset(reset)

);

dead_time dead_t1(
.pulse(Slow_legl),
.out_pulse(sal_legl),
.clk(clk)

);

dead_time dead_t2(
.pulse(Sup_legl),
.out_pulse(sa3_legl),
.clk(clk)

);

dead_time dead_t3(
.pulse(Slow_leg2),
.out_pulse(sal_leg2),
.clk(clk)

)

dead_time dead_t4(

133



.pulse(Sup_leg?),
.out_pulse(sa3_leg2),
.clk(clk)

);

dead_time dead_t5(
.pulse(Slow_leg3),
.out_pulse(sal_leg3),
.clk(clk)

)

dead_time dead_t6(
.pulse(Sup_leg3),
.out_pulse(sa3_leg3),
.clk(clk)

);

assign sbl_legl =sal_legl;
assign sb3_legl = sa3_legl;
assign sbl_leg2 = sal_leg?2;
assign sb3_leg2 = sa3_leg?2;
assign sb1_leg3 = sal_leg3;
assign sb3_leg3 = sa3_leg3;
T

// Alternative code

/I Code from 183 to 261 can be replaced with 264 to 355
/*adc_one_test_secondary adc3 (
.CLK(clk),

.DINA(DINA1),

.DINB(DINB1),
.CONVST_b(CONVST_bl),
.SCLK(SCLK1),

.CS_b(CS_b1),

.outl(out_sq),

.out_dataB(out_dataA), //current direction
.DataA(DataA),

.reset (reset)

);

adc_one_secondary_current_meas adc4 (
.CLK(clk),

.DINA(DINA2),

.DINB(DINB2),
.CONVST_b(CONVST_b2),
.SCLK(SCLK?2),

.CS_b(CS_b2),

.outl(out_dataB),
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.out_dataB(out_dataC),
.reset (reset)

);

sine_wave_generate_legl uutl (
.clk(clk),

.sine_out(Vref_A),
.Vref_sign(Vref_sign_A)

)s

sine_wave_generate_leg2 uut2 (
.clk(clk),

.sine_out(Vref_B),
.Vref_sign(Vref_sign_B)

);

sine_wave_generate_leg3 uut3 (
.clk(clk),

.sine_out(Vref_C),
.Vref_sign(Vref_sign_C)

);

add_accumulate add1 (
.clk(clk),
.clk_20kHz(delay_pulse),
Vref(Vref_A),
.Vmeas(DataA),
.Slow(Slow_legl1),
Sup(Sup_legl)

)

add_accumulate add2 (
.clk(clk),
.clk_20kHz(delay_pulse),
.Vref(Vref_B),
.Vmeas(DataA),
Slow(Slow_leg2),
Sup(Sup_leg2)

)

add_accumulate add3 (
.clk(clk),
.clk_20kHz(delay_pulse),
.Vref(Vref_C),
.Vmeas(DataA),
.Slow(Slow_leg3),
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.Sup(Sup_leg3)
);

four_step2x1 phaseA(.sal(sal_legl), .sb1(sb1_legl), .sa2(sa3_legl), .sb2(sb3_legl),
.m1(Sup_legl), .m2(Slow_legl),

A_dir(out_dataA),

.clk(clk)

)

four_step2x1 phaseB(.sal(sal_leg2), .sb1(sb1_leg2), .sa2(sa3_leg2), .sb2(sb3_leg2),
.m1(Sup_leg2), .m2(Slow_leg2),

i_dir(out_dataB),

.clk(clk)

)

four_step2x1 phaseC(.sal(sal_leg3), .sb1(sb1_leg3), .sa2(sa3_leg3), .sb2(sb3_leg3),
.m1(Sup_leg3), .m2(Slow_leg3),

A_dir(out_dataC),

.clk(clk)

), */

check_pulse_secondary ch_pll(.sal_legl(sal_legl), .sa3_legl(sa3_legl), .sb1_legl(sbl_legl),
.sb3_legl(sb3_legl),

.sal_legl_corr(sal_legl_corr), .sa3_legl_corr(sa3_legl_corr), .sb1_legl_corr(sbl_legl_corr),
.sb3_legl_corr(sb3_legl_corr),

.sal_leg2(sal_leg2), .sa3_leg2(sa3_leg2), .sb1_leg2(sbl_leg2), .sb3_leg2(sb3_leg2),
.sal_leg2_corr(sal_leg2_corr), .sa3_leg2_corr(sa3_leg2_corr), .sb1_leg2_corr(sbl_leg2_corr),
.sb3_leg2_corr(sb3_leg2_corr),

.sal_leg3(sal_leg3), .sa3_leg3(sa3_leg3), .sb1_leg3(sbl_leg3), .sb3_leg3(sb3_leg3),
.sal_leg3_corr(sal_leg3_corr), .sa3_leg3_corr(sa3_leg3_corr), .sb1l_leg3_corr(sbl_leg3_corr),
.sb3_leg3_corr(sb3_leg3_corr)

);

endmodule

“timescale 1ns/ 1ps
T T
// Create Date: 15:34:22 01/23/2012

/I Design Name:

// Module Name: adc_one_test
T T T
module adc_one_test(

input CLK,

input DINA,

input DINB,



output reg CONVST_b=1,
output SCLK,

output reg CS_b=1,

output reg signed [11:0] DataA,
output reg signed [11:0] DataB
);

integer count;

reg [1:0] c1=2'b00; // Clock divider

/I Counter for 16 falling Sclk edges

reg signed [11:0] SDatal=0; // Serial data, received as-is
reg signed [11:0] SData2=0;

assign SCLK=c1[0];

always @(posedge CLK) // clk divide - Target frequency ~ 25 MHz
begin

cl<=cl+1;

end

always @ (negedge SCLK) begin

count <= count + 1;

if(count>=36)

begin // count=250 for 100kHz and =2500 for 10kHz 625 for 40kHz
count<=0;

end

case (count)

// Pulse CONVST low to start ADC conversion on selected channels (SL).

0 :begin
CONVST_ b<=1;
end

2  :CONVST_b<=0;

3 :begin
CONVST_b<=1;
end

22 :CS_b<=0;

23 :begin
SDatal[11]<=DINA;
SData2[11]<=DINB;
end

24 : begin

SDatal[10]<=DINA;
SData2[10]<=DINB;
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25

26

27

28

29

30

31

32

33

34

35

// Quiet time is (256 - 223) * 1/(25 Mhz) = 1.3 us.

: begin

: begin

: begin

: begin

: begin

: begin

: begin

: begin

: begin

: begin

: begin

end

SDatal[9]<=DINA;
SData2[9]<=DINB;
end

SDatal[8]<=DINA;
SData2[8]<=DINB;
end

SDatal[7]<=DINA;
SData2[7]<=DINB;
end

SDatal[6]<=DINA;
SData2[6]<=DINB;
end

SDatal[5]<=DINA;
SData2[5]<=DINB;
end

SDatal[4]<=DINA;
SData2[4]<=DINB;
end

SDatal[3]<=DINA;
SData2[3]<=DINB;
end

SDatal[2]<=DINA;
SData2[2]<=DINB;
end

SDatal[1]<=DINA;
SData2[1]<=DINB;
end

SDatal[0]<=DINA;
SData2[0]<=DINB;
end

DataA<=SDatal[11:0];
DataB<=SData2[11:0];

CS_b<=1;
end
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endcase
end //end of always

endmodule

“timescale 1ns/ 1ps
T T
/l Create Date: 16:36:58 02/28/2012

/I Design Name:

/l Module Name: peak_voltage_determine
T T
module peak_voltage_determine(clk, Vab, Vbc, Vca, max

)

input clk;

input signed [11:0] Vab, Vbc;
input signed [11:0] Vca;
output reg [1:0] max;

always @(posedge clk)

begin

if ((Vab <= Vbc) && (Vab <= Vca))
max = 2'b01;

else if ((Vbc <= Vab) && (Vbc <= Vca))
max = 2'b10;

else if ((Vca <= Vab) && (Vca <= Vbc))
max =2bl1;

else

max = 2'b00;

end

endmodule

“timescale 1ns/ 1ps
T T
// Create Date:  15:17:43 02/27/2012

/I Design Name:

// Module Name: square_wave
T T
module square_wave(input clk,

output reg outl, clkop

);
integer count;

initial begin
count=0;



/lout = 60'd1152921504606846975;

outl = 1'd0;
/lout2 = 1;
end

always @ (posedge clk) begin
if (count >= 1250)

begin

count=0;

clkop=~clkop;

end

else
count= count+1;
end

always @ (posedge clkop) begin
outl = ~outl;

/lout2 = ~out2;

end

endmodule

“timescale 1ns/ 1ps
T T T
/l Create Date:  18:16:05 02/28/2012

/I Design Name:

// Module Name: pulse_determine
T T
module pulse_determine(clkop, sq_wvl, max,

SA_up, SB_up, SC_up, SA_low, SB_low, SC_low

);

input clkop;

input sq_wvl;

input [1:0] max;

output reg SA_up, SB_up, SC_up;
output reg SA_low, SB_low, SC_low;

always @(posedge clkop)

begin

if ((sq_wvl == 1) && (max == 2'b01))
begin

SA_up<=1;

SB_up <=0;

SC_up <=0;

SA_low <=0;
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SB_low <=1;

SC_low <=0;

end

else if ((sq_wvl == 1) && (max == 2'b10))
begin

SA_up <=0;

SB_up<=1;

SC_up <=0;

SA_low <=0;

SB_low <= 0;

SC_low <= 1;

end

else if ((sq_wvl ==1) && (max ==2'b11))
begin

SA_up <=0;

SB_up <=0;

SC_up<=1;

SA_low <=1;

SB_low <=0;

SC_low <= 0;

end

else if ((sq_wvl == 0) && (max == 2'b01))
begin

SA_up <=0;

SB_up <=1;

SC_up <=0;

SA_low <=1;

SB_low <= 0;

SC_low <=0;

end

else if ((sq_wvl == 0) && (max == 2'b10))
begin

SA_up <=0;

SB_up <=0;

SC_up <=1;

SA_low <= 0;

SB_low <=1;

SC_low <= 0;

end

else if ((sq_wvl == 0) && (max ==2'b11))
begin

SA_up<=1;

SB_up <=0;

SC_up <=0;

SA_low <=0;

SB_low <=0;

SC_low <= 1;

end
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else
begin
SA_up <=0;
SB_up <=0;
SC_up <=0;
SA_low <= 0;
SB_low <= 0;
SC_low <=0;
end
end

endmodule

“timescale 1ns/ 1ps
T T
/l Create Date: 16:15:10 02/01/2012
/I Design Name:
// Module Name: four_step_basic
T
module four_step_basic(SA_a, SB_a, SC_a, SA_b, SB_b, SC_b,
ml, m2, m3,
i_dir,
clk

);

input i_dir;

input clk ;

input m1, m2, m3;

reg [2:0] in_state;

reg clk_SM;

output reg SA_a, SB_a, SC_a; //SA_low_a, SB_low_a, SC_low_a;
output reg SA_b, SB_b, SC_b; //SA_low_b, SB_low_b, SC_low_b;

integer count;

parameter s1 = 4'b0000 ;
parameter s2 = 4'b0001 ;
parameter s3 = 4'b0010 ;
parameter slpos = 4'b0011 ;
parameter slneg = 4'b0100 ;
parameter s2pos = 4'b0101 ;
parameter s2neg = 4b0110 ;
parameter s3pos = 4'b0111 ;
parameter s3neg = 4'b1000 ;
parameter s12pos =4'b1001 ;
parameter s12neg =4'b1010 ;
parameter s23pos =4'b1011 ;
parameter s23neg =4'b1100 ;
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parameter s13pos =4'b1101 ;
parameter s13neg =4'b1110 ;
reg [3:0] next_state ;

initial

begin

next_state <=s2;
end

always @ (posedge clk)

begin

if (count >= 30) // Set at 1.2us. Can be adjusted.
begin

count=0;

clk_SM=~clk_SM;

end

else
count= count+1;
end

always @ (posedge clk)

begin

if ((m1 ==1b1) && (M2 == 1'b0) && (M3 == 1'b0) && (i_dir == 1'bl))
in_state = 3'b001 ;

else if ((ml == 1'bl) && (m2 == 1'b0) && (M3 == 1'b0) && (i_dir == 1'b0))
in_state = 3'b010 ;

else if ((m1 == 1'b0) && (M2 == 1'b1) && (M3 == 1'b0) && (i_dir == 1'b1))
in_state = 3'b011 ;

else if ((m1 == 1'b0) && (M2 == 1'b1) && (M3 == 1'b0) && (i_dir == 1'b0))
in_state = 3'b100 ;

else if ((m1 == 1'b0) && (m2 == 1'b0) && (M3 == 1'bl) && (i_dir == 1'bl))
in_state = 3'b101 ;

else if ((m1 == 1'b0) && (M2 == 1'b0) && (M3 == 1'bl) && (i_dir == 1'b0))
in_state = 3'b110 ;

else //if ((m1 == 1'b0) && (m2 == 1'b1) && (i_dir == 1'b0))

in_state =3'bl111 ;

end

always @(posedge clk_SM)

begin

case(next_state)

sl:

if ((in_state == 3'b011)lI(in_state == 3'b101))

begin
next_state <= s1pos;



end
else if ((in_state == 3'b100)ll(in_state == 3'b110))
begin
next_state <= slneg;
end
else
next_state <=sl;
s2:
if ((in_state == 3'b001)ll(in_state == 3'b101))
begin
next_state <= s2pos;
end
else if ((in_state == 3'b010)Il(in_state == 3'b110))
begin
next_state <= s2neg;
end
else
next_state <= s2;
s3:
if ((in_state == 3'b001)ll(in_state == 3'b011))
begin
next_state <= s3pos;
end
else if ((in_state == 3'b010)lI(in_state == 3'b100))
begin
next_state <= s3neg;
end
else
next_state <= s3;
slpos:
if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= sl;
end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s12pos;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s13pos;
end
else

next_state <= s1pos;
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slneg:
if ((in_state == 3'b001)lI(in_state == 3'b010))
begin
next_state <=sl;
end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s12neg;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= sl13neg;
end
else
next_state <= slneg;
s2pos:
if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2;
end
else if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= s12pos;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s23pos;
end
else
next_state <= s2pos;
s2neg:
if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2;
end
else if ((in_state == 3'b001)lI(in_state == 3'b010))
begin
next_state <= s12neg;
end
else if ((in_state == 3'b101)lI(in_state == 3'b110))
begin
next_state <= s23neg;
end
else

next_state <= s2neg;
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s3pos:
if ((in_state == 3'b101)lI(in_state == 3'b110))
begin
next_state <= s3;
end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s23pos;
end
else if ((in_state == 3'b001)lI(in_state == 3'b010))
begin
next_state <= s13pos;
end
else
next_state <= s3pos;

s3neg:
if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s3;
end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s23neg;
end
else if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= s13neg;
end
else
next_state <= s3neg;

s12pos:
if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= s1pos;
end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2pos;
end
else
next_state <= s12pos;

s12neg:
if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= slneg;
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end
else if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2neg;
end
else
next_state <= s12neg;

s23pos:
if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2pos;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s3pos;
end
else
next_state <= s23pos;

s23neg:
if ((in_state == 3'b011)ll(in_state == 3'b100))
begin
next_state <= s2neg;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s3neg;
end
else
next_state <= s23neg;

s13pos:
if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= s1pos;
end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s3pos;
end
else
next_state <= s13pos;

s13neg:
if ((in_state == 3'b001)ll(in_state == 3'b010))
begin
next_state <= slneg;

147



148

end
else if ((in_state == 3'b101)ll(in_state == 3'b110))
begin
next_state <= s3neg;
end

else
next_state <= s13neg;

default: next_state <= s1pos;
endcase
end

always @(posedge clk_SM)
begin

case(next_state)
sl:

begin
SA_a=1;
SA_b=1;
SB_a=0;
SB_b=0;
SC_a=0;
SC_b=0;

end

s2:

begin
SA_a=0;
SA_b=0;
SB a=1;
SB b=1;
SC_a=0;
SC_b=0;
end

s3:

begin
SA_a=0;
SA_b=0;
SB_a=0;
SB_b=0;
SC a=1;
SC b=1;
end
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end

s3neg:
begin
SA_a=0;
SA_b=0;
SB a=0;
SB_b=0;
SC_a=0;
SC_b=1;
end

s12pos:
begin
SA_a=1;
SA_b=0;
SB a=1;
SB_b=0;
SC_a=0;
SC_b=0;
end

s13pos:
begin
SA_a=1;
SA_b=0;
SB a=0;
SB_b=0;
SC a=1;
SC_b=0;
end

s23pos:
begin
SA_a=0;
SA_b=0;
SB a=1;
SB_b=0;
SC a=1;
SC_b=0;
end

s12neg:
begin
SA_a=0;
SA_b=1;
SB a=0;
SB b=1;



endmodule

“timescale 1ns/ 1ps
i
/l Create Date: 17:03:53 03/21/2012

/I Design Name:

/l Module Name: check_pulse
T T T
module check_pulse(sal, sa2, sbl, sb2, sa3, sb3,

sal_corr, sa2_corr, sbl_corr, sb2_corr, sa3_corr, sb3_corr

)
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input sal, sa2, sbl, sb2, sa3, sb3;
output sal_corr, sa2_corr, sb1_corr, sb2_corr, sa3_corr, sb3_corr;

assign sal_corr = (sal”sb2”sb3)&sal;
assign sb1l_corr = (sb1”sa2”sa3)&sbl;
assign sa2_corr = (sa2”sb17sb3)&sa2;
assign sb2_corr = (sb2”sal”sa3)&sb2;
assign sa3_corr = (sa3”sb1/sb2)&sa3;
assign sb3_corr = (sb3”sal”sa2)&sb3;

endmodule

“timescale 1ns/ 1ps
T
// Create Date:  16:07:56 03/26/2012

/I Design Name:

/l Module Name: reset_gen
T
module reset_gen(clk, signal_in, reset

);

input clk, signal_in;
output reg reset;
reg reset_sync;

always @(posedge clk or posedge signal_in)
begin
if (signal_in)
begin
reset_sync <= 1'b1 ;
reset <= 1'b1 ;
end
else
begin
reset_sync <= 1'b0 ;
reset <= reset_sync ;
end
end

endmodule

“timescale 1ns/ 1ps
i
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/l Create Date: 14:10:22 02/13/2012
/I Design Name:
// Module Name: double_clk
s
module double_clk(clk, outl, delay_pulse, reset

);

input clk;

input outl;

input reset;

output reg delay_pulse;
reg delay_pulsel;

reg delay_pulse2;

reg [17:0] countl;

reg [17:0] count2;

initial

begin

countl <= 1;
count2 <= 1;
delay_pulsel <= 0;
delay_pulse2 <= 0;
end

assign out2 = ~outl;

always @(posedge clk or posedge reset)
begin

if (reset == 1)

delay_pulse <= 0;

else

delay_pulse <= delay_pulsel | delay_pulse2;
end

always @(posedge clk or posedge reset)
begin
if (reset ==1)
begin
countl <= 1;
delay_pulsel <= 0;
end
else if (outl == 0)
begin
countl <=1;
delay_pulsel <= 0;
end
else if ((outl == 1)&&(countl<=1250))
begin



countl <= countl + 1;
delay_pulsel <=1;
end
else
delay_pulsel <= 0;
end

always @(posedge clk or posedge reset)

begin

if (reset ==1)
begin
count2 <= 1;
delay_pulse2 <= 0;

end

else if (out2 == 0)
begin
count2 <= 1;
delay_pulse2 <= 0;
end

else if ((out2 == 1)&&(count2<=1250))
begin
count2 <= count2 + 1;
delay_pulse2 <= 1;
end

else
delay_pulse2 <= 0;

end

endmodule

“timescale 1ns/ 1ps
T T
// Create Date: 15:09:30 02/07/2012

// Module Name: PDM_wave_generate
T T

module PDM_bit_generate_legl(clk, clk_20kHz, Slow_legl, Sup_legl, reset

);

input reset;

input clk;

input clk_20kHz;
output Slow_legl;
output Sup_legl;
reg PDM_bit;

reg [10:0] bit_count;
parameter M=400;

initial
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begin
bit_count=1;
end

always @(posedge clk_20kHz or posedge reset)
begin
if (reset ==1)
bit_count <= 1;
else if (bit_count>=M)

begin

bit_count<=1;

end
else

bit_count <= bit_count+1;
end

always @(posedge clk or posedge reset)

begin

if (reset == 1)
PDM_bit <=0;
else

begin

case(bit_count)

1: PDM_bit <= 1;
2: PDM_bit <= 1;
3: PDM_bit <= 1;
4: PDM _bit<=1;
/>X<

This part of the code is omitted to reduce the length of the print of the code.

It is a long sequence of PDM_bit values.
*/

endcase

end//end else

end

assign Sup_legl = PDM_bit;

assign Slow_legl =~Sup_legl;
endmodule

“timescale 1ns/ 1ps

T

// Create Date: 17:32:56 12/14/2011
/I Design Name:

T

module dead_time(pulse, out_pulse, clk
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)s

input pulse, clk;
integer count;

output reg out_pulse;
reg dead_time_pulse;

initial

begin

count <=0;

end

always @ (posedge clk)

begin

if(pulse == 0)
begin
dead_time_pulse <= 0;
count <= 0;
end

else if((pulse == 1)&& (count>=50))
begin
dead_time_pulse <= 0;

// count <= count + 1;
end

else
begin
dead_time_pulse <= 1;
count <= count + 1;
end

end

always @ (posedge clk)

begin

begin

if ((dead_time_pulse==1)&&(pulse==1))
out_pulse <= 0;

else if ((dead_time_pulse==0)&&(pulse==0))
out_pulse <= 0;

else if ((dead_time_pulse==0)&&(pulse==1)&&(count>=20))

out_pulse <= 1;
else
out_pulse <= 0;
end

end

endmodule
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“timescale 1ns/ 1ps
s
// Create Date: 15:09:30 02/07/2012

/I Design Name:

/l Module Name: sine_wave_generate
T T
module sine_wave_generate_legl(clk, sine_out, Vref_sign

);

input clk;
output reg signed [11:0] sine_out;
output reg Vref_sign;

reg [10:0] theta_i;
reg [11:0] c;

parameter M=2000; //No. of divisions made in 2pi
parameter N=2500; //N=Tref/(Tclk*M)

initial
begin
c=1;
theta_i=1;
end

always @(posedge clk)

begin
if (theta_i>=M)
begin
theta_i<=1;
end
else if (c>=N)
begin
c<=1;
theta_i <= theta_i+1;
end
else
c<=c+l;
end

always @(posedge clk)
begin

case(theta_i)

1: sine_out <= 0;

2: sine_out <= 6;

3: sine_out <= 13;
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4: sine_out <= 19;
5: sine_out <= 26;
/>X<

It is a long sequence of sifferent values of sine_out.
This part of the code is emitted to reduce the length of the print of the code.

*/
1060: sine_out <= -377;
1061: sine_out <= -384;
1062: sine_out <= -390;
1063: sine_out <= -396;
/*

*/
endcase
end

always @(posedge clk)

begin

if (sine_out >=0)
Vref_sign <= 1;

else

Vref_sign <= 0;
end
endmodule

“timescale 1ns/ 1ps

T T

/l Create Date: 16:17:23 02/07/2012

/I Design Name:

// Module Name: add_accumulate
T T T

module add_accumulate(clk, clk_20kHz, Vref, Vmeas,

Slow, Sup //, Vout, accumulation_error, current_error, prev_error

)

input clk, clk_20kHz;
input signed [11:0] Vmeas;
input signed [11:0] Vref;

reg signed [24:0] current_error;
reg signed [24:0] prev_error;



reg signed [24:0] accumulation_error;
reg signed [11:0] Vout;

output reg Slow, Sup;

reg [3:0] count;

/lassign Vout <= Sup*Vmeas;
initial

begin

Sup=1;

Slow=0;
accumulation_error=0;
current_error=0;
prev_error=0;

count =0;

end

always @(posedge clk)
begin

count <= count +1;

if (count ==1)

begin
//count <= count +1;
if (Sup==1)
Vout <= Vmeas;
else
Vout <=0;

end

else if (count == 2)
//count <= count +1;
current_error <= Vout - Vref;
else if (count==3)

accumulation_error <= current_error + prev_error;

else if (count ==4)
begin

prev_error <= accumulation_error;

count <= 0;
end

end

always @(posedge clk_20kHz)
begin

if ((accumulation_error >=0) && (Vmeas >= 0))

begin
Slow = 1;
Sup =0;
end

else if ((accumulation_error >=0) && (Vmeas < 0))
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begin
Slow = 0;
Sup=1;
end
else if ((accumulation_error <0) && (Vmeas >= 0))
begin
Slow = 0;
Sup=1;
end
else //if ((accumulation_error <0) && (Vmeas < 0))
begin
Slow = 1;
Sup =0;
end

end

endmodule
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