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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. AMC 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.
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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 60Hz 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

1
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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.

Load

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 60Hz and a 20kHz

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 1
11th of the core loss of 60Hz power transformer and the size of HF

transformer is approximately 1
150th of that of 60Hz power transformer.

Table 1.1: Comparison of 60Hz power transformer and 20kHz 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 lbs

Loss Approx. 35 KW Approx. 3 KW at 2MW



3

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].

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 60Hz transformers even at very high frequencies such as 100kHz. The

data provided starts at a minimum frequency of 10kHz. 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.
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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:

Load

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.
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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 , 60Hz and the bulky 60Hz

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.

converter

60 Hz
Transformer

HV cables at 32.5kVelectronic

Gear

Generator

LV cables 
at 690V

Power

Box

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
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down, reducing great amount of cable.

HV cables at 32.5kV

Box
Gear

Matrix High
Generator Converter transformer

frequency Matrix
Converter

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

60Hz 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 60Hz 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.
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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

(c) 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.
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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

MC3.

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.

Clamp Circuit

−

+

MC2

at

bt

a

b

c

ct

MC3

BA C

Load

MC1

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 va, vb and vc can be written as

va =
2

3
Vmcos(ωit)

vb =
2

3
Vmcos(ωit− 2π

3
)

vc =
2

3
Vmcos(ωit+

2π

3
) (2.1)

where 2
3Vm and ωi 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

v123 = v1 + v2e
j 2π

3 + v3e
j 4π

3 (2.2)

where v1, v2 and v3 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 vabc and

vbca can be produced by MC1 and MC2 (as these are not full matrix converters). MC1

and MC2 are switched such that when space vector vabc is produced at output of MC1,

then space vector vbca is produced at output of MC2 and vice versa. Thus, the voltage

obtained across the open ended primary winding is the difference of voltages vabc and

vbca and vice versa. Or in other words it the addition of voltages vabc and 180◦ phase

shifted vector of vbca and vice versa. The opposite space vectors are represented as

va′b′c′ and vb′c′a′ . The space vector diagram of voltage obtained across the open ended

primary winding is shown in fig. 2.6.
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0θ

vabc

vbca

vcab

Figure 2.2: Anti-clockwise reference vectors

0θ

vcab

vb′c′a′

vabc

vc′a′b′

vbca

va′b′c′

Figure 2.3: Anti-clockwise reference vectors and the opposite vectors

0
−θ

vcba

vacb

vbac

Figure 2.4: Clockwise reference vectors
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0
−θ

vbac
vc′b′a′

vacb

vb′a′c′

vcba

va′c′b′

Figure 2.5: Clockwise reference vectors and the opposite vectors

vabc+b′c′a′

vabc

vbca

vb′c′a′

va′b′c′

vbca+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 vabc or vbca 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 vat , vbt and vct . 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

vabc vbca vatbtct vabc+b′c′a′

vbca vabc vatbtct vbca+a′b′c′

vabc vbca vctatbt vcab+a′b′c′

vbca vabc vctatbt vabc+c′a′b′

vabc vbca vbtctat vbca+c′a′b′

vbca vabc vbtctat vcab+b′c′a′

Suppose the space voltage vector at the terminals of open ended primary winding,

by switching of MC1 and MC2, be vabc or vbca. So, the voltage at the terminals of

primary winding are vab, vbc and vca.

MC3 can be switched to produce clockwise or anti-clockwise vectors with respect to

vatbtct . Suppose MC3 is switched to obtain anti-clockwise vector vbtctat . So, the voltage

that appears at the output of MC3 is vbc, vca and vab. The space vector produced by

vbc, vca and vab can be represented as a combination of space vectors vbca and va′b′c′ .

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 T1 and T2 time intervals respectively. Vectors v11

and v12 are average vectors of vectors vcab+b′c′a′ and vabc+b′c′a′ and vectors vabc+b′c′a′
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vbca+c′a′b′

vabc+c′a′b′

vabc+b′c′a′

vcab+b′c′a′

vabc

vcab

vc′a′b′vbca

vcab+a′b′c′
vb′c′a′

va′b′c′

vbca+a′b′c′

Figure 2.7: Output vector from anticlockwise rotating vectors

5

6

1

2

3

4

vcab+b′c′a′

vabc+b′c′a′

vabc+c′a′b′

vbca+c′a′b′

v11

v12

√

3

√
3
2
Vm

√

3Vm

Vm

Vm

vcab+a′b′c′

vbca+a′b′c′

√

3Vm

Figure 2.8: Diagram to illustrate maximum voltage transfer ratio
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and vabc+c′a′b′ respectively.

So, applying vector vcab+b′c′a′ for
T1
2 , vector vabc+b′c′a′ for

T1+T2
2 and vector vabc+c′a′b′

for T2
2 is equal to applying vector v11 for T1 and vector v12 for T2 intervals. Zero vector

is applied for T0 = Ts − (T1 + T2) interval, where Ts 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√
3X

√
3
2 = 1.5.

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

vabc vbca vatctbt vacb+b′a′c′

vbca vabc vatctbt vbac+a′c′b′

vabc vbca vbtatct vbac+c′b′a′

vbca vabc vbtatct vcba+b′a′c′

vabc vbca vctbtat vcba+a′c′b′

vbca vabc vctbtat vacb+c′b′a′
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vacb+b′a′c′

vbac

vb′a′c′vcba

vc′b′a′

vbac+c′b′a′

vacb

vcba+b′a′c′

va′c′b′

vacb+c′b′a′

vbac+a′c′b′

vcba+a′c′b′

Figure 2.9: Output vector from clockwise rotating vectors
0

iBCA

iABC

iCAB

θ

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
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0

iBCA

iC′A′B′

θ

iABC

iCAB

iA′B′C′

iB′C′A′

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

0

iBAC

iCBA

iACB

−θ

Figure 2.12: Clockwise reference vectors at input

0

iC′B′A′

iBAC

iB′A′C′

iCBA

iA′C′B′

iACB

−θ

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 Iat , Ibt and Ict . 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 Iatbtct and 180◦ phase shifted current vector of Ictatbt or current vector

Ictatbt and 180◦ phase shifted current vector of Iatbtct .

Table 2.4 shows the transformer currents, with respect to the output currents IA, IB

and IC , 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 Ia Ib Ic

vabc vbca Iat − Ict Ibt − Iat Ict − Ibt

vbca vabc Ict − Iat Iat − Ibt Ibt − Ict

Suppose the output voltages of the PET are given by

vA = Vomcos(ωot)

vB = Vomcos(ωot− 2π

3
)

vC = Vomcos(ωot+
2π

3
) (2.3)

where Vom and ωo are amplitude of output voltage and output frequency respectively.

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

vABC = VABCe
jωot (2.4)
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Table 2.4: Transformer currents

MC3 Iat Ibt Ict

vatbtct IA IB IC

vbtctat IC IA IB

vctatbt IB IC IA

vatctbt IA IC IB

vbtatct IB IA IC

vctbtat IC IB IA

Table 2.5: Input for anti-clockwise rotating vectors

MC1 MC2 MC3 Input

vabc vbca vatbtct iABC+C′A′B′

vbca vabc vatbtct iCAB+A′B′C′

vabc vbca vctatbt iBCA+A′B′C′

vbca vabc vctatbt iABC+B′C′A′

vabc vbca vbtctat iCAB+B′C′A′

vbca vabc vbtctat iBCA+C′A′B′

Table 2.6: Input for clockwise rotating vectors

MC1 MC2 MC3 Input

vabc vbca vatctbt iACB+B′A′C′

vbca vabc vatctbt iBAC+A′C′B′

vabc vbca vbtatct iBAC+C′B′A′

vbca vabc vbtatct iCBA+B′A′C′

vabc vbca vctbtat iCBA+A′C′B′

vbca vabc vctbtat iACB+C′B′A′
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iBCA+C′A′B′

iABC+C′A′B′

iABC+B′C′A′

iCAB+B′C′A′

iABC

iCAB

iC′A′B′iBCA

iCAB+A′B′C′
iB′C′A′

iA′B′C′

iBCA+A′B′C′

Figure 2.14: Input current vector from anticlockwise rotating vectors

iACB+B′A′C′

iACB+C′B′A′

iBAC

iB′A′C′iCBA

iC′B′A′

iA′C′B′

iCBA+B′A′C′

iCBA+A′C′B′

iACB

iBAC+A′C′B′

iBAC+C′B′A′

Figure 2.15: Input current vector from clockwise rotating vectors



23

where, VABC 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

vabc = Vabce
jωit (2.5)

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

VABCe
jωot = Vabce

jωitRSVMantie
j(ωo−ωi)t (2.6)

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

Please note that the RSVManti is equivalent to the voltage transfer ratio. The output

currents can be given by

ioA = Iomcos(ωot− φ)

ioB = Iomcos(ωot− φ− 2π

3
)

ioC = Iomcos(ωot− φ+
2π

3
) (2.7)

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

output voltage space vector is given by

iABC = IABCe
j(ωot−φ) (2.8)

where IABC is the magnitude of the output current space vector and φ is the load power

factor angle. Using equation 2.6 and 2.8, the average input current space vector is given

by

iabc = IABCe
j(ωot−φ)RSVMantie

−j(ωo−ωi)t

= Iabce
j(ωit−φ) (2.9)

where Iabc 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

VABCe
jωot = Vabce

−jωitRSVMclock
ej(ωo+ωi)t (2.10)

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

input current space vector is given by

iabc = IABCe
j(ωot−φ)RSVMclock

e−j(ωo+ωi)t

= Iabce
−j(ωit+φ) (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 ρ. For one switching time period, the output

voltage vector with angle θ−ρ is synthesized using anti-clockwise rotating vectors, where

θ = ωot . For the next switching time period, the output voltage vector with angle θ+ρ

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

θ + φ+ ρ and for clockwise rotating vector, the angle of input current vector obtained

is θ− φ+ ρ, here θ = ωit. Therefore, the average input power factor angle is controlled

to ρ 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 , 60Hz and RL load of 10Ω 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 50Hz 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 50Hz 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 50Hz using both anti-clockwise

rotating and clockwise rotating vectors for unity power factor.

iABC

VABC∠θ + ρ

VABC∠θ

VABC∠θ − ρ

∠φ+ ρ

∠φ
∠φ− ρ

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

vectors

Iabc∠θ + φ+ ρ

Iabc∠θ + ρ

Iabc∠θ − φ+ ρ

Vabc∠θ

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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Input OutputM

llkpr llksc

Figure 3.1: Transfomer with leakage inductance
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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(llkpr + n2llksc), where f is frequency

of excitation, llkpr, llksc 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 , 60Hz source voltage, 1:1 transformer with magnetizing

inductance 10mH and 2% leakage inductance, RL load of 10Ω and 10mH, switching

frequency 5kHz, voltage transfer ratio of 1.5 and output voltage frequency 60Hz. 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 5kHz 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 3.4: Output voltage
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Figure 3.5: Primary volatge, secondary voltage, primary current, clamp circuit current
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Figure 3.6: Decrease in output voltage with increase in leakage
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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 V 1 and V 2. The source inductance Llk 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 V 2 > V 1 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 V 2 and V 1. So, for source based

commutation the correct voltage inequality has to be provided by V 1 and V 2.
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Figure 4.1: Two phase to single phase matrix converter with source inductance
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Figure 4.2: State diagram for source based commutation of a two phase to single phase

matrix converter
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t1

SW1

SW2

SA1

SA2

t2 t3

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 V 1 and V 2 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 t1, SA2 is turned

ON. At t1 if V 2 > V 1 then a timer is activated and SA1 is turned OFF after the timer

period, shown as time instant t2 in fig. 4.3. But, at t1 if V 2 < V 1 then SA1 remains

ON till V 1 and V 2 change such that V 2 > V 1. When V 2 > V 1 is obtained, then a

timer is activated and SA2 turns OFF at time instant t3. 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.



37

Table 4.1: Voltage inequalities for source based commutation

MC3 switching iLA iLB iLC Voltage inequality required

vatbtct to vbtctat + + - Vc > Vb > Va

+ - + Vb > Va > Vc

- + + Va > Vc > Vb

- - + Va > Vb > Vc

- + - Vc > Va > Vb

+ - - Vb > Vc > Va

vbtctat to vctatbt + + - Va > Vc > Vb

+ - + Vc > Vb > Va

- + + Vb > Va > Vc

- - + Vb > Vc > Va

- + - Va > Vb > Vc

+ - - Vc > Va > Vb

vctatbt to vatbtct + + - Vb > Va > Vc

+ - + Va > Vc > Vb

- + + Vc > Vb > Va

- - + Vc > Va > Vb

- + - Vb > Vc > Va

+ - - Va > Vb > Vc
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Figure 4.4: Six voltage inequality conditions in three sine waves
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Figure 4.5: Voltage across one winding of transformer and the three modulation pulses

of MC3
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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 180o 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), Vc > Vb > Va. After switching

MC1 and MC2, at time 0.0047s (shown by green dashed line), Va > Vb > Vc 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

iLA, iLB and iLC before commutation i.e. before time instant t1, are +5, +7 and −12

respectively and a switching from vabc to vbca 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 Llka, Llkb and Llkc are +5, +7 and −12 respectively. At
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time instant t1, SbA1, ScB1, SaC2 are turned ON. This is shown in fig. 4.8.

From table 4.1 the voltage inequality required for commutation is Vc > Vb > Va.

Suppose MC1 and MC2 provides a voltage inequality Vb > Vc > Va, so out of the three

required inequalities two inequalities Vb > Va and Vc > Va are available. Therefore, the

diodes of SbA1 and SaC2 will get forward biased. So, the currents in SaA1 and ScC2 be-

come zero after a commutation time interval. The diode of ScB1 remains reverse biased.

Therefore, the current in SbB1 continues to be +7. The currents in leakage inductances

Llka, Llkb and Llkc change from +5, +7 and −12 to −12, +12 and 0 respectively. At

time instant t2, SaA1 and ScC2 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 Va > Vc > Vb. Now, the third inequality required for source

based commutation Vc > Vb is also satisfied. The diode of ScB1 gets forward biased.

The current in SbB1 becomes zero after the commutation time interval. SbB1 is turned

OFF at time instant t3. The currents in leakage inductances Llka, Llkb and Llkc change

from −12, +12 and 0 to −12, +5 and +7 respectively. This is shown in fig. 4.10.
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Vc
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Figure 4.7: MC3 before time instant t1
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iLA iLB

Vb

Llkb

Vc

SaC2

L

R

L L

R R

iLC

Va

SbB1

ScB1

SbA1

Llkc

Llka
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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
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power loss. Fig. 4.14 shows the voltage and current at output of MC3.
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Figure 4.11: Voltage across secondary with clamp circuit
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Figure 4.12: Output voltage and current with clamp circuit
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Figure 4.13: Voltage across secondary winding and current with source based commu-

tation
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Figure 4.14: Output voltage and current with source based commutation
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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 60Hz is converted to

high frequency switched voltages by matrix converter MC1. The three output voltages

of MC1, Vsw−a, Vsw−b, Vsw−c are square wave voltages phase shifted by 120◦ at 20kHz

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 20kHz, are obtained

at the primary terminals of the high frequency transformer.

The secondary of the high frequency transformer is connected to three capacitors

Cfs. The leakage inductance of the transformer and the capacitors Cfs 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 Ix−a, Ix−b, Ix−c. Since Vsin−a, Vsin−b,

Vsin−c and Ix−a, Ix−b, Ix−c are sinusoidal, Vf−a, Vf−b, Vf−c are also sinusoidal, and are

phase shifted by 120◦ at 20kHz. 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 Vsin−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, Rfp is the

series resistance of the inductance Lfp.

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 Cfs is decided according to the value of transformer leakage

inductance Llk 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

Lfp and Cfp are decided to compensate for the amplification in current and proper

filtering of voltage.



50

+_ +_

++
++

Ix−a

Vsin−a

If−a Isw−a

Isw−a

Vsw−a

Vsw−a
Vf−a

sCfpω
2
n1

s2+2ζ1ωn1s+ω
2
n1

ω
2
n1

s2+2ζ1ωn1s+ω
2
n1

ω
2
n2

s2+2ζ2ωn2s+ω
2
n2

sCfsω
2
n2

s2+2ζ2ωn2s+ω
2
n2

(Rfp+sLfp)ω
2
n1

s2+2ζ1ωn1s+ω
2
n1

(Rlk+sLlk)ω
2
n2

s2+2ζ2ωn2s+ω
2
n2

ω
2
n1

s2+2ζ1ωn1s+ω
2
n1

ω
2
n2

s2+2ζ2ωn2s+ω
2
n2

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 , 60Hz and RL load of 10Ω and 10mH. The high frequency

transformer used is 1200\1200V , 18kV A, 20kHz. The primary side values of filter

inductance and capacitance are 200μH and 0.1μF respectively. The secondary side value

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

100μH. 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 20kHz. 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.

54
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6.1 Circuit description and basic principle

The proposed topology is shown in fig. 6.1. The supply voltage at 60Hz is converted

to high frequency switched voltages by matrix converter MC1. MC1 converts the low

frequency supply voltages to high frequency switched voltage, Vswitch. Vswitch is 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

vt =
4

π

inf∑
k=1

sin(2k − 1)2πft

(2k − 1)
(6.1)

=
4

π

[
sin(2πft) +

1

3
sin(6πft) +

1

5
sin(10πft)

]

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 Vp. The frequency of Vp is equal to the switching frequency of MC1.

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 Vsf1, Vsf2, 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′, b′, c′ and three outputs are

denoted by A, B, C. The three phase voltages at the input of MC2 are Va′N , Vb′N , Vc′N

and are equal to Vsf1, 0 and Vsf2 respectively. Va′N , Vb′N , Vc′N 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 Vswitch. 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 Vswitch 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 Vab is

maximum positive. MC1 is switched so that Vswitch is equal to Vab for Ts
2 interval and

equal to Vba for next Ts
2 interval, where Ts is the switching time period. Therefore,

square wave voltage Vswitch, 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. MAB, MBC , MCA are the reference voltages at low frequency

and VAB, VBC , VCA 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 Vsf , 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 Vsf1.

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.
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−
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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 Vsf1 Switch to turn ON (j = A,B,C)

1 + Sa′j

2 + Sb′j

3 + Sc′j

1 − Sc′j

2 − Sb′j

3 − Sa′j

6.3 Common mode voltage

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

equation 6.2 as

VCM =
VAN + VBN + VCN

3
(6.2)

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

only six switching combinations: Sa′A, Sb′B, Sc′C ; Sa′A, Sc′B, Sb′C ; Sb′A,Sa′B, Sc′C ;

Sb′A,Sc′B, Sa′C ; Sc′A,Sa′B, Sb′C and Sc′A,Sb′B, Sa′C . So, 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 Va′N , Vb′N , Vc′N and

are equal to Vsf1, 0 and Vsf2 respectively. Since, Vsf1 and Vsf2 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.
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6.4 Filter design

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

Vs1(s)− Vsf1(s) = (Rlk + sLlk)Isa(s) (6.3)

Isa(s) = IMa(s) + sCfsVsf1(s) (6.4)

Solving these equations, we obtain

Isa(s) =
IMa(s)

1 + sCfsRlk + s2LlkCfs
+

sCfsVs1(s)

1 + sCfsRlk + s2LlkCfs
(6.5)

Vsf1(s) =
Vs1(s)

1 + sCfsRlk + s2LlkCfs
− (Rlk + sLlk)IMa(s)

1 + sCfsRlk + s2LlkCfs
(6.6)

Substituting, ωn2 =
1√

LlkCfs
and ζ2 =

Rlk
2

√
Cfs

Llk
, we get

Isa(s) =
ω2
n2IMa(s)

s2 + 2ζ2ωn2s+ ω2
n2

+
sCfsω

2
n2Vs1(s)

s2 + 2ζ2ωn2s+ ω2
n2

(6.7)

Isa(s) = Ts(s)IMa(s) + Tsvi(s)Vs1(s) (6.8)

Vsf1(s) =
ω2
n2Vs1(s)

s2 + 2ζ2ωn2s+ ω2
n2

− (Rlk + sLlk)ω
2
n2IMa(s)

s2 + 2ζ2ωn2s+ ω2
n2

(6.9)

Vsf1(s) = Ts(s)Vs1(s)− Tsiv(s)IMa(s) (6.10)

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

Ipf (s) =
ω2
n1Ip(s)

s2 + 2ζ1ωn1s+ ω2
n1

+
sCfpω

2
n1Vswitch(s)

s2 + 2ζ1ωn1s+ ω2
n1

(6.11)

Ipf (s) = Tp(s)Ip(s) + Tpvi(s)Vswitch(s) (6.12)

Vp(s) =
ω2
n1Vswitch(s)

s2 + 2ζ1ωn1s+ ω2
n1

− (Rps + sLfp)ω
2
n1Ip(s)

s2 + 2ζ1ωn1s+ ω2
n1

(6.13)

Vp(s) = Tp(s)Vswitch(s)− Tpiv(s)Ip(s) (6.14)

where, ωn1 = 1√
LfpCfp

and ζ1 =
Rps

2

√
Cfp

Lfp
and Rps is the effective series resistance of

the filter inductor Lfp.
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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, Ts(s), Tsvi(s), Tsiv(s) and Tp(s),

Tpvi(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. Ts(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), Tsvi(s),

Tsiv(s) are shown in fig. 6.4. From the bode plots it can be seen that Tsvi(s), Tsiv(s)

produce amplification in voltage and current. So value of capacitor chosen should be

such that the minimum amplification is obtained.
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6.5 Simulation results

The proposed topology has been simulated in MATLAB/ SIMULINK environment for

a supply voltage of 100V , 60Hz and RL load of 20Ω 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 10mΩ and 50μH respectively. The

primary side low pass filter is designed for cut off frequency of 25kHz and capacitance

Cpf equal to 2.026μF . The secondary side low pass filters are designed for cut off

frequency of 25kHz and capacitance Cpf equal to 0.675μF .

Fig. 6.5 shows the input voltage and current of primary side filter, Vswitch and Ipf .

Fig. 6.6 shows the transformer primary voltage and current, Vp and Ip. Fig. 8 shows the

transformer secondary voltage and current, Vs1, Vs2, Isa, Isb, 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 Vsf1, Vsf2, IMa. The simulation

results show that Vsf1 and Vsf2 are phase shifted by 180◦. The load voltage and current

are shown in fig. 6.9. Fig. 6.10 shows the common mode voltage VCM , 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 Vswitch. A capacitor Cf 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 Vswitch is filtered to a sine

wave voltage Vfilter, by the low pass filter. The frequency of sine wave voltage Vfilter

is equal to the switching frequency of MC1. Vfilter is then converted to low frequency

voltages by MC2.

The input current of MC2 is a switched current Iswitch. Iswitch is also filtered by the

low pass filter. The filtered current, Ifilter is nearly sinusoidal. The equivalent circuit

is shown in Fig. 7.2. The low pass filter filters the switched voltage Vswitch, at its input

and the switched currents Iswitch, at its output and, gives filtered voltage Vfilter, at

its output and filtered current Ifilter, 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 Cf 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]. MAB, MBC , MCA are the reference

voltages at low frequency and VAB, VBC , VCA 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,

Vfilter and VAB, VBC , VCA for each phase.

+− to matrix
Gating
logic

Gate pulses

converter

Sign ofSign of
VAB , VBC , VCA

MAB ,MBC ,MCA
Vfilter

MBC ,

MAB ,

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 Rlk and Llk respectively. The equations

for Vfilter , Ifilter, Vswitch and Iswitch is given by

Vfilter(s) = Vswitch(s)− (Rlk + sLlk)Ifilter(s) (7.1)

Ifilter(s) = sCfVfilter(s)− Iswitch(s) (7.2)

The above equations can be written further as

Vfilter(s) =
Vswitch(s)

1 + sCfRlk + s2LlkCf
− (Rlk + sLlk)Iswitch(s)

1 + sCfRlk + s2LlkCf
(7.3)

= Hbasic(s)Vswitch(s)−Hvf (s)Iswitch(s) (7.4)

Ifilter(s) =
Iswitch(s)

1 + sCfRlk + s2LlkCf
+

sCfVswitch(s)

1 + sCfRlk + s2LlkCf
(7.5)

= Hbasic(s)Iswitch(s) +Hif (s)Vswitch(s) (7.6)

Substituting

ωn =
1√

LlkCf

and ζ =
Rlk

2

√
Cf

Llk
(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 Hbasic(s), Hvf (s) and Hif (s)

affect the filter design. The values of Llk and Cf not only decide the cut off frequency,

ωn and damping factor, ζ, but also the gain for the transfer functions Hvf (s) and

Hif (s). The bode plots for Hbasic(s), Hvf (s) and Hif (s) are shown in fig. 6.4 for a cut

off frequency of 30kHz. Since the values of Rlk and Llk are obtained from transformer

parameters, Cf is decided by ωn and ζ 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 , 60Hz and RL load of 20Ω and 100mH. The high frequency

transformer used is 120\120V , 5kV A. The simulation is performed at two switching

frequencies of 20kHz and 100kHz. The value of series resistance and leakage inductance

used for the transformer are 10mΩ and 200μH. The cut off frequencies chosen are

15kHz and 90kHz for switching frequencies of 20kHz and 100kHz respectively. The

Cf values after filter design are 0.56μF and 15.6nF for 20kHz and 100kHz respectively.

Therefore, the value of capacitor needed for filter, is small.

Fig. 7.5, 7.6 and 7.7 show Vswitch, Ifilter, Vfilter, Iswitch, the line to line load voltages

VAB, VBC , VCA and the three phase load currents respectively, for switching frequency

of 20kHz. Fig. 7.8, 7.9 and 7.10 show Vswitch, Ifilter, Vfilter, Iswitch, the line to line load

voltages VAB, VBC , VCA and the three phase load currents respectively, for switching

frequency of 100kHz. From the simulation results it can be seen that, Vfilter and Ifilter

are nearly sinusoidal.
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Figure 7.5: Input voltage and current of filter at 20kHz
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Figure 7.6: Output voltage and current of filter at 20kHz



73

0.06 0.065 0.07 0.075 0.08
−500

0
500

V
A

B

0.06 0.065 0.07 0.075 0.08
−500

0
500

V
B

C

0.06 0.065 0.07 0.075 0.08
−500

0
500

V
C

A

0.06 0.065 0.07 0.075 0.08
−0.5

0

0.5

Time (s)

L
oa

d
cu

rr
en

ts

Figure 7.7: Load voltage and current at 20kHz
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Figure 7.8: Input voltage and current of filter at 100kHz
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Figure 7.9: Output voltage and current of filter at 100kHz
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Figure 7.10: Load voltage and current at 100kHz
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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 10Ω and 10mH and one

phase is connected to a RL load of 1Ω and 1mH. A HF transformer at 20kHz 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 10Ω 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 , 75A 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 , 30A APT30D100BHB,

100Ω external clamp resistors and 2.2μF 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 1.4Ω

is used at primary side of the high frequency transformer.
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Driver circuit

Current sensing
at 10kHz

3 phase 
voltage sensing 

Xilinx
FPGA
Controller

with
ADC

Driver circuit

Current sensing ckt

Voltage sensing 

R L Load

R L Load

at 10kHz

R L Load

Figure 8.1: Implementation diagram of sinsoidal current HF transformer

A 100V \100V , 2kV A, 10kHz 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

the secondary terminals.
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matrix converter

Filter
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Clamp
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FPGA board Filter inductor
of 1.16mH HF transformer Load current

sensing
Wires to 3 phase

RL load

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 10kHz

Magnetizing inductance 3.98mH

Core resistance −
Leakage inductance 15μH

Series resistance 30mΩ
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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 100Ω is connected across the inductor in the secondary side of the

HF transformer. Capacitor of value 0.47μF is used to form the low pass filter with

the 1.16mH inductor and transformer. Special film capacitors QXK2J474KTPTZH

(0.47μF , 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 10kHz are sensed using a differential amplifier. The

differential amplifier used gives a maximum delay of 18μs at 10kHz. 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 10kHz

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 8.4: Xilinx FPGA board

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 50MHz. The

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

Driver pulses
for primary side
converter

3 phase
voltages

Current at
10kHz

converter
for primary side
Modulation pulse generation

20kHz and 10kHz
square wave
generator

Phase at
maximum
voltage

Current direction
determination

commutation control
for four step
State machine 

Module
ADC

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.

2. 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 Vab is maximum, logic 10 if Vbc is maximum and logic 11 if Vca is maximum.

3. 20kHz and 10kHz square wave generator Two square waves one at 20kHz and

another at 10kHz are generated by this module. The 10kHz square wave is needed

as the reference switching time period for the primary side matrix converter. The

20kHz square wave is in synchronization with the 10kHz square wave.



84

4. Pulse generation for primary side converter This modules takes the 20kHz and

10kHz 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.

Synchronized
square wave

Driver pulses
for primary side
converter

Double frequency
square wave

Determination of
output voltage

Secondary
voltage at 10kHz

3 phase
load currents

determination
commutation control
for four step
State machine 

adder

comparator

Pulse density modulation

error

Current direction

delay register

Modulation pulses for secondary side MC
ADC

Module

Figure 8.7: Block diagram of secondary side verilog 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, vfilter and the three phase load
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currents sensed. The digital data of vfilter and three phase load currents are the

output of this module.

2. Synchronized square wave This module generates a square wave at 10kHz which

is in synchronization with vfilter . The square wave is needed to do zero voltage

switching in the secondary side matrix converter.

3. Double frequency square wave For pulse density modulation at 10kHz, a clock

is needed which is in synchronization with vfilter 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 10kHz in the previous module.

4. Pulse density modulation Discrete integration is used for the implementation

of pulse density modulation. First the output voltage value, say vout, at each

individual phase is determined based on the output of the pulse density block and

the value of vfilter . Suppose the reference voltage is vref . At every rising edge of

the 50MHz clock, the vout is subtracted from vref 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 vfilter , and for a positive value of vfilter, 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 vfilter, if the error is positive then the upper bi-directional switch is turned

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

5. 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.

6. 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 10Ω 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 10Ω and 44.5mH. Pulse density modulation with four step com-

mutation control is used. Supply voltage at 1kHz are provided from a programmable

power supply. The load current and the output voltage at frequency of 50Hz 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

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

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 50Hz with a star

connected RL load of 10Ω 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 vswitch and

vfilter, obtained at the output of primary side matrix converter and the input voltage

of MC2 10kHz. Fig. 8.16 and fig. 8.17 show the transformer voltage current and input

voltage of MC2, vfilter 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 50Hz 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 10kHz, 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 vfilter. Accurate sensing of vfilter and efficient syn-

thesizable verilog codes are important for proper operation of pulse density modulation.

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

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

Figure 8.18: Load voltage [25V/div] and three phase load currents [1.5A/div]



93

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
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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.
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2. 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.

3. 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.

4. 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.

5. 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

A.1 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, Zo 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 Zin, and second output system with three voltage sources

at frequency o, connected to output impedance Zo, shown in fig. A.2.

The steady state analysis is as follows. The input voltage equations are given by,⎡
⎢⎢⎣
va(t)

vb(t)

vc(t)

⎤
⎥⎥⎦ = Vim

⎡
⎢⎢⎣

cos(ωit)

cos(ωit+
2π
3 )

cos(ωit+
4π
3 )

⎤
⎥⎥⎦ = Zin

⎡
⎢⎢⎣
ia(t)

ib(t)

ic(t)

⎤
⎥⎥⎦ (A.1)

And the output voltage equations are given by⎡
⎢⎢⎣
voa(t)

vob(t)

voc(t)

⎤
⎥⎥⎦ = Vim

⎡
⎢⎢⎣

cos(ωot)

cos(ωot+
2π
3 )

cos(ωot+
4π
3 )

⎤
⎥⎥⎦ = Zin

⎡
⎢⎢⎣
ioa(t)

iob(t)

ioc(t)

⎤
⎥⎥⎦ (A.2)

Where, q is the voltage transfer ratio and Vim 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) + vb(t)ib(t) + vc(t)ic(t) = voa(t)ioa(t) + vob(t)iob(t) + voc(t)ioc(t) (A.4)

Substituting from (A.1) for ia(t), ib(t), ic(t) and from (A.2) for ioa(t), iob(t), ioc(t) in

(A.4), we get
va

2 + vb
2 + vc

2

Zin
=

voa
2 + vob

2 + voc
2

Zo
(A.5)

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

be written as
Zin

Zo
=

vim
21.5

q2vim21.5
(A.6)

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

tance in Zo, we obtain

Zin =
Zo

q2
=

ωoL

q2
(A.7)
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A matrix converter is simulated in MATLAB/SIMULINK, with a star connected R-

L load of 10Ω 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 (Zin = Vim/Ia). Using these values, a graph is plotted

between Zin and fo, and is shown in fig. A.3. Similarly, multiple simulations are run for

fixed output frequency of 50Hz and varying voltage transfer ratio. The graph between

Zin and q 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
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A.2 Mathematical model of input filter

Fig. A.5 shows the equivalent circuit for input filter design. Rl and Rc are the effective

series resistance of inductor L and capacitor C respectively.

L Rl

RC

C

vO

iC

vin

iin

iO

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) = (Rl + sL)Iin(s) (A.8)

Ic(s) = Iin(s)− Io(s) (A.9)

Vo(s) = (Rc +
1

sC
)Ic(s) (A.10)

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

Vo(s) =
sCRc + 1

s2LC + sC(Rc +Rl) + 1
Vin(s)− s2RcLC + s(RcRlC + L) +Rl

s2LC + sC(Rc +Rl) + 1
Io(s) (A.11)

Iin(s) =
sC

s2LC + sC(Rc +Rl) + 1
Vin(s) +

sCRc + 1

s2LC + sC(Rc +Rl) + 1
Io(s) (A.12)

The above equations contain four transfer functions. It can be converted to the

familiar second order transfer functions by substituting cut off frequency, ωn = 1√
LC

and damping ratio, ζ = Rc+Rl
2

√
C
L . So,

Vo(s) =
(sCRc + 1)ωn

2

s2 + 2ζωns+ ωn
2
Vin(s)−

Rc(s+
1

RcC
(s+ Rl

L )

s2 + 2ζωns+ ωn
2

Io(s) (A.13)
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Vo(s) = Tvv(s)Vin(s)− Tiv(s)Io(s) (A.14)

Iin(s) =
sCωn

2

s2 + 2ζωns+ ωn
2
Vin(s) +

(sCRc + 1)ωn
2)

s2 + 2ζωns+ ωn
2
Io(s) (A.15)

Iin(s) = Tvi(s)Vin(s) + Tii(s)Io(s) (A.16)

The poles and zeros of the transfer functions are shown in fig. A.6. Since the values of Rl

and Rc are very small, the system is marginally stable. The damping can be increased

with slightly higher values of Rl and Rc.

A.3 Analysis of filter model

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

A.3.1 Tvv(s)

As is seen from (14), Tvv(s) is multiplied to Vin(s). Since Vin(s) is a sine wave of

frequency 60Hz, the gain of Tvv(s) at 60Hz is only important. As shown in fig. A.7,

the gain of Tvv(s) is 1 at 60Hz. Therefore, Tvv(s) has no effect on Vo(s).

A.3.2 Tiv(s)

Because of transfer function Tiv(s), Io(s) affects Vo(s). The bode plot of Tiv(s) is shown

in fig. A.8. The gain Tiv(s) is very small at all frequencies except near cut off frequencies.

Due to high gain of Tiv(s), the harmonics present in Io(s), near cut off frequency, get

amplified. This distorts the filter output voltage Vo(s). Usually the effect of Tiv(s)Io(s)

is negligible. So, Vo(s) is obtained almost equal to Vin(s).

A.3.3 Tvi(s)

From (16), since Tvi(s) is multiplied to Vin(s), gain of Tvi(s) at 60Hz is only important.

From the bode plot shown in fig. A.9, the gain at 60Hz is negative. In order to have

minimum effect of Vin(s) on Iin(s), the gain of Tvi(s) should be very small at 60Hz.

Thus, the effect of Tvi(s) is to amplify the filter current Iin(s).

Also, from the phase plot in fig. A.9, the current due to Vin(s) i.e. Tvi(s)Vin(s) has a

phase shift of 90 deg. Since, the net phase of Iin(s) is the sum of phases of fundamental
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of Io(s) and current due to Vin(s), the effect of phase of Tvi(s) is important in power

factor control of matrix converter.

A.3.4 Tii(s)

Transfer function Tii(s) is same as Tvv(s) and is shown in fig. A.7. Tii(s) has two effects.

First, it filters the switching frequency harmonics of Io(s). And second it amplifies the

harmonics of Io(s) present near cut off frequency. The amplification is due to the high

gain of Tii(s) near cut off frequency. So, the cut off frequency should not be a multiple

of supply frequency.

Thus, Iin(s) contains harmonics near cut off frequency, in addition to fundamental

60Hz component of Io(s). For any value of L and C, it is not possible to remove cut off

frequency harmonic components from Iin(s). Therefore, the effect of Tii(s) is to distort

the filter current Iin(s). Unlike Tvi(s), Tii(s) does not introduce any phase shift in the

60Hz component of Io(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 10Ω and 10mH, and supply voltage of 100V , 60Hz, using Venturinis

modulation method for a switching frequency of 10kHz. The values of Rl and Rc are

taken as 0.01Ω and 0.001Ω respectively. The output frequency used is 60Hz 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, Io is shown in fig. A.11.

Filter design needs the selection of L and C. From section IV, Tvi(s) leads to

amplification in Iin(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. ζ is very small

and is decided by Rl and Rc.

The simulation is run multiple times, for filters with cut frequency 3kHz and dif-

ferent values of C. The bode plots of Tvi(s) are shown in fig. A.12 and the simulation

results of input current Iin 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 Iin increases.

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

of Tvi(s) at 60Hz. Gain of Tvi(s) at 60Hz is given by,

∣∣∣Tvi(s)
∣∣∣ = ∣∣∣ sCωn

2

s2+2ζωns+ωn
2

∣∣∣ = ωCωn
2√

(ωn
2 − ω2)2 + (2ζωnω)

2
=

C2π60ωn
2√

(ωn
2 − 2π602)

2
+ (4π60ζωn)

2

(A.17)

From the above expression,
∣∣∣Tvi(s)

∣∣∣ is directly proportional to value of C. Thus, increase

in value of C will increase the amplification in current Iin.

Similarly, the simulation is run multiple times, for filters with value of C equal to

75μF and different values of cut off frequencies ωn. The bode plots of Tii(s) are shown

in fig. A.14 and the simulation results of input current Iin are shown in fig. A.15. From

the simulation results it is observed that, as the value of ωn increases, the distortion or

high frequency harmonics in current Iin increases.

As explained in section IV, the distortion or high frequency harmonic content in Iin

is due to high gain of Tii(s) near cut of frequencies. It can be seen in fig. 15 that as ωn

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

ωn will increase the distortion in current Iin.

Fig. A.16 shows the supply voltages VA, VB, VC and filter output voltages VOA, VOB,

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.
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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.

SW1

SW2

V 1

V 2

vL

iL L

R

Figure B.1: Simple ckt to explain problem of commutation [1]
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DA1 DA2

SA1 SA2

DB1 DB2

SB1 SB2

Commutation cell A

Commutation cell B

L

R

V 2

iL

V 1

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

No. SA1 SA2 SB1 SB2 sign of iL

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 -

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 SB1 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.

SA1

SA2

SB2

SB1

Figure B.3: Timing diagram for Four Step Commutation [4]
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a b c d

c  =  SB1

a  =  SA1
b  =  SA2

0  =  OFF
1  =  ON
d  =  SB2

1 1 0 0

1 0 0 0

1 0 1 0

0 0 1 0

0 0 1 1

0 0 0 1

0 1 0 1

0 1 0 0

iL < 0iL > 0

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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SA1

SB1

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

SA1

Threshold Level

0

SA2

iL

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

a  =  SA1
b  =  SA2

c  =  SB1
d  =  SB2

1  =  ON
0  =  OFF

a b c d

10 0 0

0 1 0 11 0 1 0

0 0 1 0 0 0 0 1

0 1 0 01 1 0 0

0 0 1 1 

iL < 0iL > 0

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  
////////////////////////////////////////////////////////////////////////////////// 
//  
// Create Date:    15:36:47 02/27/2012  
// Design Name:  
// Module Name:    sine_current_HF_tb  
// 
// 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. 
// 
////////////////////////////////////////////////////////////////////////////////// 
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, 
 
//////////////////////////////////////////////// 
//Secondary side ports 
DINA, DINB, CONVST_b, SCLK, CS_b, //replace with line 35 and 36 for alternative code 
//DINA1, DINB1, CONVST_b1, SCLK1, CS_b1,  
//DINA2, DINB2, CONVST_b2, SCLK2, CS_b2, 
 
sa1_leg1_corr, sa3_leg1_corr, sb1_leg1_corr, sb3_leg1_corr, 
sa1_leg2_corr, sa3_leg2_corr, sb1_leg2_corr, sb3_leg2_corr, 
sa1_leg3_corr, sa3_leg3_corr, sb1_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 out1; 
wire [11:0] Vab, Vbc;  
wire [11:0] Vca; 
wire [1:0] max; 
wire clkop; 
wire rev_i_dir; 
 
///////////////////////////////////////////////////////////////// 
//Secondary side definitions 
output delay_pulse; 
 
input DINA; 
input DINB; 
output CONVST_b; 
output SCLK; 
output CS_b; 
output out_sq; 
 
input signal_in; 
 
wire reset; 
 
wire sa1_leg1, sa3_leg1, sb1_leg1, sb3_leg1; 
wire sa1_leg2, sa3_leg2, sb1_leg2, sb3_leg2; 
wire sa1_leg3, sa3_leg3, sb1_leg3, sb3_leg3; 
 
output sa1_leg1_corr, sa3_leg1_corr, sb1_leg1_corr, sb3_leg1_corr; 
output sa1_leg2_corr, sa3_leg2_corr, sb1_leg2_corr, sb3_leg2_corr; 
output sa1_leg3_corr, sa3_leg3_corr, sb1_leg3_corr, sb3_leg3_corr; 
 
wire Slow_leg1, Slow_leg2, Slow_leg3; 
wire Sup_leg1, 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; 
*/ 
/////////////////////////////////////////////////////////////////// 
//////////////////////////////////////////////////////////////////// 
 
assign rev_i_dir = ~curr_dir; 
 
adc_one_test adc1 ( 
.CLK(clk), 
.DINA(DINA3), 
.DINB(DINB3), 
.CONVST_b(CONVST_b3), 
.SCLK(SCLK3), 
.CS_b(CS_b3),    
.DataA(Vab), 
.DataB(Vbc) 
); 
 
adc_two adc2 ( 
.CLK(clk), 
.DINA(DINA4), 
.DINB(DINB4), 
.CONVST_b(CONVST_b4), 
.SCLK(SCLK4), 
.CS_b(CS_b4),    
.DataA(Vca), 
.out_dataB(curr_dir) 
); 
 
peak_voltage_determine pk_dt( 
.clk(clk),  
.Vab(Vab),  
.Vbc(Vbc),  
.Vca(Vca),  
.max(max) 
); 
 
square_wave sq1( .clk(clk), 
.out1(out1),  
.clkop(clkop) 
); 
 
pulse_determine pulse_dt( 
.clkop(clkop),  
.sq_wv1(out1),  
.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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); 
 
four_step_basic leg1(.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), 
.i_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), 
.i_dir(rev_i_dir), 
.clk(clk) 
); 
 
check_pulse check_leg1(.sa1(SA_up_a), .sb1(SA_up_b), .sa2(SB_up_a),  .sb2(SB_up_b), 
.sa3(SC_up_a), .sb3(SC_up_b),  
.sa1_corr(SA_up_a_corr), .sb1_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) 
); 
 
check_pulse check_leg2(.sa1(SA_low_a), .sb1(SA_low_b), .sa2(SB_low_a),  .sb2(SB_low_b), 
.sa3(SC_low_a), .sb3(SC_low_b),  
.sa1_corr(SA_low_a_corr), .sb1_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) 
); 
//////////////////////////////////////////////////////////////////////////////////////   
////////////////////////////////////////////////////////////////////////////////////// 
//Secondary side code   
reset_gen rst1(.clk(clk), .signal_in(signal_in), .reset(reset) 
); 
 
double_clk uut ( 
.clk(clk),  
.out1(out_sq),  
.delay_pulse(delay_pulse), 
.reset(reset) 
); 
 
////////////////////////////////////////////  
adc_one_test_secondary adc3 ( 
.CLK(clk), 
.DINA(DINA), 
.DINB(DINB), 
.CONVST_b(CONVST_b), 
.SCLK(SCLK), 
.CS_b(CS_b),   
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.out1(out_sq), 
.out_dataB(out_dataB), 
.reset (reset) 
); 
 
PDM_bit_generate_leg1 uut1 ( 
.clk(clk),  
.clk_20kHz(delay_pulse),  
.Slow_leg1(Slow_leg1), 
.Sup_leg1(Sup_leg1), 
.reset(reset)  
); 
 
PDM_bit_generate_leg2 uut2 ( 
.clk(clk),  
.clk_20kHz(delay_pulse),  
.Slow_leg2(Slow_leg2), 
.Sup_leg2(Sup_leg2), 
.reset(reset)  
); 
 
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_leg1),  
.out_pulse(sa1_leg1),  
.clk(clk) 
);   
 
dead_time dead_t2( 
.pulse(Sup_leg1),  
.out_pulse(sa3_leg1),  
.clk(clk) 
);   
 
dead_time dead_t3( 
.pulse(Slow_leg2),  
.out_pulse(sa1_leg2),  
.clk(clk) 
);  
 
dead_time dead_t4( 
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.pulse(Sup_leg2),  
.out_pulse(sa3_leg2),  
.clk(clk) 
); 
 
dead_time dead_t5( 
.pulse(Slow_leg3),  
.out_pulse(sa1_leg3),  
.clk(clk) 
); 
 
dead_time dead_t6( 
.pulse(Sup_leg3),  
.out_pulse(sa3_leg3),  
.clk(clk) 
); 
 
assign sb1_leg1 = sa1_leg1; 
assign sb3_leg1 = sa3_leg1; 
assign sb1_leg2 = sa1_leg2; 
assign sb3_leg2 = sa3_leg2; 
assign sb1_leg3 = sa1_leg3; 
assign sb3_leg3 = sa3_leg3; 
/////////////////////////////////////////////// 
 
// Alternative code 
// 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_b1), 
.SCLK(SCLK1), 
.CS_b(CS_b1),   
.out1(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(SCLK2), 
.CS_b(CS_b2),   
.out1(out_dataB), 
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.out_dataB(out_dataC), 
.reset (reset) 
); 
 
sine_wave_generate_leg1 uut1 ( 
.clk(clk),  
.sine_out(Vref_A), 
.Vref_sign(Vref_sign_A) 
 
); 
 
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_leg1),  
.Sup(Sup_leg1) 
); 
 
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(.sa1(sa1_leg1), .sb1(sb1_leg1), .sa2(sa3_leg1), .sb2(sb3_leg1),  
.m1(Sup_leg1), .m2(Slow_leg1),  
.i_dir(out_dataA), 
.clk(clk) 
);  
 
four_step2x1 phaseB(.sa1(sa1_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(.sa1(sa1_leg3), .sb1(sb1_leg3), .sa2(sa3_leg3), .sb2(sb3_leg3),  
.m1(Sup_leg3), .m2(Slow_leg3),  
.i_dir(out_dataC), 
.clk(clk) 
); */ 
 
check_pulse_secondary ch_pl1(.sa1_leg1(sa1_leg1), .sa3_leg1(sa3_leg1), .sb1_leg1(sb1_leg1), 
.sb3_leg1(sb3_leg1),  
.sa1_leg1_corr(sa1_leg1_corr), .sa3_leg1_corr(sa3_leg1_corr),  .sb1_leg1_corr(sb1_leg1_corr), 
.sb3_leg1_corr(sb3_leg1_corr), 
 
.sa1_leg2(sa1_leg2), .sa3_leg2(sa3_leg2), .sb1_leg2(sb1_leg2), .sb3_leg2(sb3_leg2), 
.sa1_leg2_corr(sa1_leg2_corr), .sa3_leg2_corr(sa3_leg2_corr), .sb1_leg2_corr(sb1_leg2_corr), 
.sb3_leg2_corr(sb3_leg2_corr), 
 
.sa1_leg3(sa1_leg3), .sa3_leg3(sa3_leg3), .sb1_leg3(sb1_leg3), .sb3_leg3(sb3_leg3), 
.sa1_leg3_corr(sa1_leg3_corr), .sa3_leg3_corr(sa3_leg3_corr), .sb1_leg3_corr(sb1_leg3_corr), 
.sb3_leg3_corr(sb3_leg3_corr) 
);             
 
endmodule 
 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    15:34:22 01/23/2012  
// Design Name:  
// Module Name:    adc_one_test  
////////////////////////////////////////////////////////////////////////////////// 
module adc_one_test( 
input CLK, 
input DINA, 
input DINB, 
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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 
// Counter for 16 falling Sclk edges 
reg signed [11:0] SData1=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 
c1<=c1+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 
   SData1[11]<=DINA; 
   SData2[11]<=DINB; 
   end 
24   : begin 
   SData1[10]<=DINA; 
   SData2[10]<=DINB; 
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   end 
25   : begin 
   SData1[9]<=DINA; 
   SData2[9]<=DINB; 
   end 
26   : begin 
   SData1[8]<=DINA; 
   SData2[8]<=DINB; 
   end 
27   : begin 
   SData1[7]<=DINA; 
   SData2[7]<=DINB; 
   end 
28   : begin 
   SData1[6]<=DINA; 
   SData2[6]<=DINB; 
   end 
29   : begin 
   SData1[5]<=DINA; 
   SData2[5]<=DINB; 
   end 
30   : begin 
   SData1[4]<=DINA; 
   SData2[4]<=DINB; 
   end 
31   : begin 
   SData1[3]<=DINA; 
   SData2[3]<=DINB; 
   end 
32   : begin 
   SData1[2]<=DINA; 
   SData2[2]<=DINB; 
   end 
33   : begin 
   SData1[1]<=DINA; 
   SData2[1]<=DINB; 
   end 
34   : begin 
   SData1[0]<=DINA; 
   SData2[0]<=DINB; 
   end 
 
35   : begin 
   DataA<=SData1[11:0]; 
   DataB<=SData2[11:0]; 
   CS_b<=1; 
   end 
// Quiet time is (256 - 223) * 1/(25 Mhz) = 1.3 us. 
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endcase 
end    //end of always 
  
endmodule 
 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    16:36:58 02/28/2012  
// Design Name:  
// Module Name:    peak_voltage_determine  
////////////////////////////////////////////////////////////////////////////////// 
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 = 2'b11; 
else  
max = 2'b00; 
end 
 
endmodule 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    15:17:43 02/27/2012  
// Design Name:  
// Module Name:    square_wave  
////////////////////////////////////////////////////////////////////////////////// 
module square_wave(input clk, 
output reg out1, clkop 
); 
 
integer count; 
 
initial begin  
count=0; 
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//out = 60'd1152921504606846975; 
out1 = 1'd0; 
//out2 = 1; 
end 
 
always @ (posedge clk) begin 
if (count >= 1250)  
begin 
count=0; 
clkop=~clkop; 
end 
 
else  
count= count+1; 
end  
 
always @ (posedge clkop) begin 
out1 = ~out1; 
//out2 = ~out2; 
end 
 
endmodule 
 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    18:16:05 02/28/2012  
// Design Name:  
// Module Name:    pulse_determine  
////////////////////////////////////////////////////////////////////////////////// 
module pulse_determine(clkop, sq_wv1, max, 
SA_up, SB_up, SC_up, SA_low, SB_low, SC_low  
); 
 
input clkop; 
input sq_wv1; 
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_wv1 == 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_wv1 == 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_wv1 == 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_wv1 == 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_wv1 == 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_wv1 == 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 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    16:15:10 02/01/2012  
// Design Name:  
// Module Name:    four_step_basic  
////////////////////////////////////////////////////////////////////////////////// 
module four_step_basic(SA_a, SB_a, SC_a, SA_b, SB_b, SC_b,  
m1, 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 s1pos = 4'b0011 ;  
parameter s1neg = 4'b0100 ;  
parameter s2pos = 4'b0101 ; 
parameter s2neg = 4'b0110 ;  
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 == 1'b1) && (m2 == 1'b0) && (m3 == 1'b0) && (i_dir == 1'b1)) 
 in_state = 3'b001 ; 
 else if ((m1 == 1'b1) && (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'b1) && (i_dir == 1'b1)) 
 in_state = 3'b101 ; 
 else if ((m1 == 1'b0) && (m2 == 1'b0) && (m3 == 1'b1) && (i_dir == 1'b0)) 
 in_state = 3'b110 ; 
 else //if ((m1 == 1'b0) && (m2 == 1'b1) && (i_dir == 1'b0)) 
 in_state = 3'b111 ; 
  
end 
 
always @(posedge clk_SM) 
begin 
 
 case(next_state) 
s1: 
if ((in_state == 3'b011)||(in_state == 3'b101)) 
 begin 
  next_state <= s1pos; 



 
 
 

144 
 end 
else if ((in_state == 3'b100)||(in_state == 3'b110)) 
 begin 
  next_state <= s1neg; 
 end 
else  
  next_state <= s1; 
 
s2: 
if ((in_state == 3'b001)||(in_state == 3'b101)) 
 begin 
  next_state <= s2pos; 
 end 
else if ((in_state == 3'b010)||(in_state == 3'b110)) 
 begin 
  next_state <= s2neg; 
 end 
else  
  next_state <= s2; 
   
s3: 
if ((in_state == 3'b001)||(in_state == 3'b011)) 
 begin 
  next_state <= s3pos; 
 end 
else if ((in_state == 3'b010)||(in_state == 3'b100)) 
 begin 
  next_state <= s3neg; 
 end 
else  
  next_state <= s3; 
 
s1pos: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1; 
 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s12pos; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s13pos; 
 end 
else  
  next_state <= s1pos; 
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s1neg: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1; 
 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s12neg; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s13neg; 
 end 
else  
  next_state <= s1neg; 
  
s2pos: 
if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2; 
 end 
else if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s12pos; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s23pos; 
 end 
else  
  next_state <= s2pos; 
   
s2neg: 
if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2; 
 end 
else if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s12neg; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s23neg; 
 end 
else  
  next_state <= s2neg; 
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s3pos: 
if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s3; 
 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s23pos; 
 end 
else if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s13pos; 
 end 
else  
  next_state <= s3pos; 
   
s3neg: 
if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s3; 
 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s23neg; 
 end 
else if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s13neg; 
 end 
else  
  next_state <= s3neg; 
   
s12pos: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1pos; 
 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2pos; 
 end 
else  
  next_state <= s12pos; 
   
s12neg: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1neg; 
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 end 
else if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2neg; 
 end 
else  
  next_state <= s12neg; 
   
s23pos: 
if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2pos; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s3pos; 
 end 
else  
  next_state <= s23pos; 
   
s23neg: 
if ((in_state == 3'b011)||(in_state == 3'b100)) 
 begin 
  next_state <= s2neg; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s3neg; 
 end 
else  
  next_state <= s23neg; 
   
s13pos: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1pos; 
 end 
else if ((in_state == 3'b101)||(in_state == 3'b110)) 
 begin 
  next_state <= s3pos; 
 end 
else  
  next_state <= s13pos; 
   
s13neg: 
if ((in_state == 3'b001)||(in_state == 3'b010)) 
 begin 
  next_state <= s1neg; 
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 end 
else if ((in_state == 3'b101)||(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) 
s1:  
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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s1pos:  
begin 
SA_a = 1; 
SA_b = 0; 
SB_a = 0; 
SB_b = 0; 
SC_a = 0; 
SC_b = 0; 
end 
 
s1neg:  
begin 
SA_a = 0; 
SA_b = 1; 
SB_a = 0; 
SB_b = 0; 
SC_a = 0; 
SC_b = 0; 
end 
 
s2pos:  
begin 
SA_a = 0; 
SA_b = 0; 
SB_a = 1; 
SB_b = 0; 
SC_a = 0; 
SC_b = 0; 
end 
 
s2neg:  
begin 
SA_a = 0; 
SA_b = 0; 
SB_a = 0; 
SB_b = 1; 
SC_a = 0; 
SC_b = 0; 
end 
 
s3pos:  
begin 
SA_a = 0; 
SA_b = 0; 
SB_a = 0; 
SB_b = 0; 
SC_a = 1; 
SC_b = 0; 
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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; 
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SC_a = 0; 
SC_b = 0; 
end 
 
s13neg:  
begin 
SA_a = 0; 
SA_b = 1; 
SB_a = 0; 
SB_b = 0; 
SC_a = 0; 
SC_b = 1; 
end 
 
s23neg:  
begin 
SA_a = 0; 
SA_b = 0; 
SB_a = 0; 
SB_b = 1; 
SC_a = 0; 
SC_b = 1; 
end 
 
default:  
begin 
SA_a = 0; 
SA_b = 0; 
SB_a = 0; 
SB_b = 0; 
SC_a = 0; 
SC_b = 0; 
end 
 endcase 
end 
    
endmodule 
 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    17:03:53 03/21/2012  
// Design Name:  
// Module Name:    check_pulse  
////////////////////////////////////////////////////////////////////////////////// 
module check_pulse(sa1, sa2, sb1, sb2, sa3, sb3,  
sa1_corr, sa2_corr,  sb1_corr, sb2_corr, sa3_corr, sb3_corr 
    ); 
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input sa1, sa2, sb1, sb2, sa3, sb3; 
output sa1_corr, sa2_corr, sb1_corr, sb2_corr, sa3_corr, sb3_corr; 
 
 
assign sa1_corr = (sa1^sb2^sb3)&sa1; 
assign sb1_corr = (sb1^sa2^sa3)&sb1; 
assign sa2_corr = (sa2^sb1^sb3)&sa2; 
assign sb2_corr = (sb2^sa1^sa3)&sb2; 
assign sa3_corr = (sa3^sb1^sb2)&sa3; 
assign sb3_corr = (sb3^sa1^sa2)&sb3; 
 
endmodule 
 
 
`timescale 1ns / 1ps 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    16:07:56 03/26/2012  
// Design Name:  
// Module Name:    reset_gen  
////////////////////////////////////////////////////////////////////////////////// 
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 
////////////////////////////////////////////////////////////////////////////////// 
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// Create Date:    14:10:22 02/13/2012  
// Design Name:  
// Module Name:    double_clk  
////////////////////////////////////////////////////////////////////////////////// 
module double_clk(clk, out1, delay_pulse, reset 
   ); 
 
input clk; 
input out1; 
input reset; 
output reg delay_pulse; 
reg delay_pulse1; 
reg delay_pulse2; 
reg [17:0] count1; 
reg [17:0] count2; 
 
initial  
begin 
count1 <= 1; 
count2 <= 1; 
delay_pulse1 <= 0; 
delay_pulse2 <= 0; 
end 
 
assign out2 = ~out1; 
 
always @(posedge clk or posedge reset) 
begin 
if (reset == 1) 
delay_pulse <= 0; 
else 
delay_pulse <= delay_pulse1 | delay_pulse2; 
end 
 
always @(posedge clk or posedge reset) 
begin 
if (reset ==1) 
 begin 
 count1 <= 1; 
 delay_pulse1 <= 0; 
 end 
else if (out1 == 0) 
 begin 
 count1 <= 1; 
 delay_pulse1 <= 0; 
 end 
else if ((out1 == 1)&&(count1<=1250)) 
 begin 
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 count1 <= count1 + 1; 
 delay_pulse1 <= 1; 
 end 
else 
 delay_pulse1 <= 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 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    15:09:30 02/07/2012  
// Module Name:    PDM_wave_generate  
////////////////////////////////////////////////////////////////////////////////// 
module PDM_bit_generate_leg1(clk, clk_20kHz, Slow_leg1, Sup_leg1, reset  
 ); 
input reset; 
input clk; 
input clk_20kHz; 
output Slow_leg1; 
output Sup_leg1; 
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; 
/* 
. 
. 
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_leg1 = PDM_bit; 
assign Slow_leg1 =~Sup_leg1; 
endmodule 
 
 
`timescale 1ns / 1ps 
//////////////////////////////////////////////////////////////////////////////////  
// Create Date:    17:32:56 12/14/2011  
// Design Name:  
////////////////////////////////////////////////////////////////////////////////// 
module dead_time(pulse, out_pulse, clk 
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); 
 
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 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    15:09:30 02/07/2012  
// Design Name:  
// Module Name:    sine_wave_generate  
////////////////////////////////////////////////////////////////////////////////// 
module sine_wave_generate_leg1(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+1; 
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; 
/* 
. 
. 
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 
////////////////////////////////////////////////////////////////////////////////// 
// Create Date:    16:17:23 02/07/2012  
// Design Name:  
// Module Name:    add_accumulate  
////////////////////////////////////////////////////////////////////////////////// 
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; 
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reg signed [24:0] accumulation_error; 
reg signed [11:0] Vout; 
output reg Slow, Sup; 
reg [3:0] count; 
 
//assign 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 


