
A Power Electronic Transformer for Three Phase

PWM AC/AC Drive with Loss Less Commutation

and Common-mode Voltage Suppression

Abstract—This paper presents a novel topology for the gen-
eration of adjustable frequency and magnitude PWM three
phase ac from a balanced three phase ac source with a high
frequency ac link. The proposed power electronic transformer
system provides single stage power conversion with bidirectional
power flow capability. This topology along with the proposed
control has the following advantages : 1) Input power factor
correction, 2) Common-mode voltage suppression at the load
end, 3) High quality output voltage waveform (comparable to
conventional space vector PWM modulated two level inverter)
and 4) Minimization of output voltage loss, common-mode
voltage switching and distortion of the load current waveform
due to leakage inductance commutation. A loss less source
based commutation technique for the leakage energy has been
proposed. This results in soft switching of the output side
converter. The entire topology along with the proposed control
scheme has been analyzed and simulated. The simulation results
verify the operation and advantages of the proposed power
electronic transformer.

I. INTRODUCTION

Three phase ac/ac power conversion with a high frequency

ac link has potential applications in generation of electric

power from renewable energy sources [1]. One of the most

important area of application is wind-power systems. A trans-

former is used to match the voltage level and to provide

galvanic isolation. A high frequency transformer (HFT) has

much lower size and volume in comparison with its line fre-

quency counterpart. Replacement of conventional transformer

with HFT implies increase in power density and reduction in

the cost of copper and iron.

Single phase ac to constant frequency controllable ampli-

tude ac with a high frequency ac link is described in [2] and

[3]. For the same topology, a control strategy based on phase

modulated converter is proposed in [4]. This results in soft

switching when the output voltage and current are in the same

quadrant. Single and three phase ac/ac converters with HFT

based on flyback or push-pull topologies with multiple power

conversion stages are proposed in [5], [6] and [7].

This paper focuses on topologies that provide single stage

power conversion with bidirectional power flow capability

without using any storage element. Matrix converter is used

for direct three phase ac/ac power conversion. In literature

[8]–[12] there exist three different matrix converter-based ap-

proaches for single stage three-phase ac/ac power conversion

with a high frequency ac link.

The first method is based on the indirect modulation of the

matrix converter. The input or primary side converter chops

the virtual dc-link into a high frequency square waveform in

an average sense [8], [9]. The load or secondary side converter

synthesizes adjustable frequency and magnitude three-phase

ac from the high frequency ac available at the transformer

secondary. In the second approach, the input three-phase ac

is chopped at a high frequency and applied to the primary of

three HFTs. This can be done either by a full-bridge [10] [13]

or by a push-pull [11] type of configuration in the primary side

converter. A matrix converter is used in the secondary side in

order to generate the required output voltage from the high

frequency three-phase ac.

The windings of a transformer have leakage inductances.

The output load, generally a three phase ac machine, is

inductive. In both of the above-mentioned approaches, any

change in the switching state of the output converter requires

commutation of the leakage energy. Commutation of leakage

inductances with clamp or snubber circuit is lossy. Commuta-

tion also results in the loss of the output voltage and distortion

in the output load current [14]. It also causes common-

mode voltage switching. Topologies described in [9]–[11]

provides common-mode voltage elimination assuming there

is no leakage inductance.

In [15] (third group), a topology has been proposed to

minimize the number of switching transitions between the

secondary winding of the transformer and the output load over

a period in which the output voltage is synthesized along with

a loss less source based commutation method of the leakage

energy. This commutation method results in soft-switching

(ZCS) of all the switches in the load side converter. In a

matrix converter synchronously rotating vectors can be used in

order to get zero common-mode voltage [16]. In this converter

these vectors can also be used. But at any instant of time only

three vectors are available rotating in particular direction, for

modulation. This reduces the quality of the output voltage

waveform.

This paper presents a topology (Fig. 1) that belongs to

the third group, where six synchronously rotating voltage

vectors are available for modulation (similar to a two level

inverter). Modulation with synchronously rotating vectors in

this topology results in high quality output voltage waveform.

Also the loss less source based commutation process is

simpler compared to [15]. In this topology, availability of

more voltage (in comparison with [15]) for leakage energy

commutation implies lower commutation time, higher fre-

quency of operation and high power density. During source
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Fig. 1. Circuit diagram of the proposed topology

based commutation a zero vector gets applied to the load. In

this converter commutation is done when modulation of the

output voltage vector requires an application of zero vector.

This results in less amount of output voltage loss during

commutation. The advantages of the proposed converter are:

1) Voltage matching, isolation and high power density

2) Common-mode voltage suppression

3) A simple loss less commutation of leakage energy

4) Minimization of output voltage loss

5) High quality output voltage waveform

6) Single-stage power conversion (no storage element)

with bidirectional power flow capability

7) Input power factor correction

8) Soft-switching

II. ANALYSIS

The operation of the proposed power electronic system is

described using a set of signals shown in Fig. 2. Ts is the

period over which the average output voltages are synthesized.

When S1 is high, counter clockwise (CCW) vectors are used

for modulation. Clockwise (CW) vectors are used for the rest

of the time. The operation of this converter can be divided

into two parts, modulation and commutation.

0 TS 2TS 3TS 4TS

S1

S2

C1

C2

Carrier

Fig. 2. Control Signals

A. Modulation

When S2 is high power is transferred through the upper

half of the secondary winding of each of the transformers

(Q1 and Q2 is on, Fig. 1). Here the modulation of the output

voltages with CCW vectors is explained in detail ( S1 is high).

The three phase balanced voltages are given in (1). (2) gives

the average output line to neutral voltages generated at the

load end. (3) defines the instantaneous output voltage vector.
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The reference average output voltage vector is given in (4).

Using transformer relationship (5) and definitions (6), (7), (8),

(9) it is possible to get (10). During this state (S1 = 1 and

S2 = 1) Vs1 = Vo and Vo = N2

N1

(VA1B1C1
−VA2B2C2

)

. In Fig. 3 VA1B1C1
= u1 = 3

2Vie
jωit when switches SaA1

,

SbB1
and ScC1

are on. When switches SbA2
, ScB2

and SaC2

are on, −VA2B2C2
= w3 = 3

2Vie
(jωit+

π

3
). Combination of

u1,2,3 withw1,2,3 produces six active voltage vectorsV1,2..,6

( Fig. 3) which are available for modulation in this state. Here,

modulation is similar to that of a two level voltage source

inverter. For example, if at a particular instant of time Vref

is located in a sector formed by vectors V1 and V2, Vref is

synthesized on an average using these two vectors, (11), (12),

(13). Where d1 is the fraction of time for whichV1 is applied,

m is equal to
(

N1

N2

)

Vo√

3Vi

and α = ωot+ φ− (ωit−
π
6 ). The

zero vector is obtained by the simultaneous use of u1 and w1.

A mid point clamped carrier is used and the sequence in which

the vectors are applied is 0120-0210. It is possible to show

that application of these vectors results in zero common-mode

voltage (Vcm = 1
3 (VrNo

+ VyNo
+ VbNo

)).

vaNi
= Vi cosωit

vbNi
= Vi cos

(

ωit−
2π

3

)

vcNi
= Vi cos

(

ωit+
2π

3

)

(1)

vrNo
= Vo cos (ωot+ φ)

vyNo
= Vo cos

(

ωot−
2π

3
+ φ

)

vbNo
= Vo cos

(

ωot+
2π

3
+ φ

)

(2)

Vo = vrNo
+ vyNo

ej
2π

3 + vbNo
e−j 2π

3 (3)

α

θ
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Fig. 3. Modulation with anti clockwise vectors
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Vref = vrNo
+ vyNo

ej
2π

3 + vbNo
e−j 2π

3

=
3

2
Voe

(jωot+φ) (4)

vR1Ns
=

N2

N1
(vA1Ni

− vA2Ni
)

vY1Ns
=

N2

N1
(vB1Ni

− vB2Ni
)

vB1Ns
=

N2

N1
(vC1Ni

− vC2Ni
) (5)

Vs1 = vR1Ns
+ vY1Ns

ej
2π

3 + vB1Ns
e−j 2π

3 (6)

Vs2 = vR2Ns
+ vY2Ns

ej
2π

3 + vB2Ns
e−j 2π

3 (7)

VA1B1C1
= vA1Ni

+ vB1Ni
ej

2π

3 + vC1Ni
e−j 2π

3 (8)

VA2B2C2
= vA2Ni

+ vB2Ni
ej

2π

3 + vC2Ni
e−j 2π

3 (9)

VS1
=

N2

N1
(VA1B1C1

−VA2B2C2
) (10)

Vref =
N2

N1
(V1d1 +V2d2) (11)

mej(ωot+φ−[ωit−
π

6 ]) = d1 + d2e
j π

3 (12)

d1 = m
sin

(

π
3 − α

)

sin π
3

d2 = m
sinα

sin π
3

(13)
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TABLE I
io > 0

Q1 Q2 Q3 Q4 D1 D2 D3 D4 Vp

P 1 X 0 0 0 1 0 0 X

C1 1 0 1 0 0 1 0 1 -Ve

N 0 0 1 X 0 0 0 1 X

C2 1 0 1 0 0 1 0 1 +Ve

TABLE II
io < 0

Q1 Q2 Q3 Q4 D1 D2 D3 D4 Vp

P X 1 0 0 1 0 0 0 X

C1 0 1 0 1 1 0 1 0 +Ve

N 0 0 X 1 0 0 1 0 X

C2 0 1 0 1 1 0 1 0 -Ve

Assuming the load power factor angle to be θ, the output

load currents are given in (14). When vector V1 is applied

ia = N2

N1

(ir − iy), as a is connected to A1 and B2. Similarly

during the application of V2, ia = N2

N1

(ir − ib). The average

input currents during this state are given in (15). Using

definition (16), the average input current vector during this

state is given by (17).

In the following cycle, when S2 is low, power is transferred

through the lower half of the secondary windings. In this

state Vs2 = Vo and Vo = −
N2

N1

(VA1B1C1
−VA2B2C2

).
Vectors V1,2..,6 ( Fig. 4) are used to generate −Vref . This

results in flux balance. In this state, the average input current

vector is given (18). The average Iabc over one complete cycle

of S1 is 3
2Iomejωit i.e. in phase with the input voltage vector.

This results in input power factor correction.

ir = Io cos (ωot+ φ+ θ)

iy = Io cos

(

ωot−
2π

3
+ φ+ θ

)

ib = Io cos

(

ωot+
2π

3
+ φ+ θ

)

(14)

ia =
N2

N1
[(ir − iy) d1 + (ir − ib) d2]

ib =
N2

N1
[(iy − ib) d1 + (iy − ir) d2]

ic =
N2

N1
[(ib − ir) d1 + (ib − iy) d2] (15)

Iabc = ia + ibe
j 2π

3 + ice
−j 2π

3 (16)

Iabc =
3

2
Iome(jωit+θ) (17)

Iabc =
3

2
Iome(jωit−θ) (18)

B. Commutation

Commutation is required at each transition of the signal

S2. Commutation refers to the following processes 1) reversal

of the current in the primary leakage inductance (L1) 2)

exchange of the load current between the leakage inductances

(L2 and L3) of the two halves of the secondary winding.

Commutation is done on a per phase basis by applying a

proper voltage at the transformer primary and controlling the

individual igbts in the secondary side converter. Depending on

the direction of the load current and two possible transitions of

S2, four cases are possible. The switching scheme for Q1,2,3,4

and the direction of the applied primary voltage is given in

Table I and II for all of these four cases. Here, the case when

load current is positive and S2 is making a transition from

high to low is described in detail. Fig. 5(a), depicts the circuit

just before C1 goes high. The commutation stage is given in

Fig. 5(b). According to Table I a negative voltage is required

to be applied at the transformer primary. Say at this instant

of time, it is found that Vab is maximum in magnitude and

negative in sign. Application of this voltage and turning on of

Q3 (at zero current) forward biases diode D4. In this analysis

magnetizing currents are neglected. According to transformer

relationships (19) and (20) are valid. Ir is the value of ir
at this instant of time. By KCL at point r we get (21). (22)

and (23) are obtained by applying KVL to the primary and

secondary windings. Solution of these equations leads to (24).

This gives the rate of change of the leakage inductance current

i3. The commutation time is maximum when the output load

current is at its peak (Io) and the available maximum line to

line voltage is at its minimum (Vi

√

3 cos π
6 ). The time period

for which C1 and C2 is high is chosen to be equal to Tcom,

(25). When i3 reaches Ir, i2 and i1 becomes zero and −Ir
respectively and the commutation process comes to a natural

end. When C1 goes low Q1 is turned off and Q4 is turned on

at zero current (ZCS). Fig. 5(c) shows the circuit configuration

just after the commutation process is over.

e1

N1
=

e2

N2
=

e3

N2
(19)

i1N1 − i2N2 + i3N3 = 0 (20)

Ir = i2 + i3 (21)

vab = L1
d

dt
i1 + e1 (22)

e2 + e3 = L2
d

dt
i2 − L3

d

dt
i3 (23)

d

dt
i3 = −

vab

(

N2

N1

)

(

L2+L3

2

)

+ 2L1

(

N2

N1

)2 (24)

Tcom =

[

(

L2+L3

2

)

+ 2L1

(

N2

N1

)2

Vi

√

3 cos π
6

(

N2

N1

)

]

Io (25)
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III. SIMULATION

The proposed topology along with the suggested control

has been simulated in MATLAB/Simulink. The parameters for

the simulation are given in Table III. Fig. 6 presents simulated

output voltage, load current and current through the upper half

of the secondary winding in phase r. The peak of the output

load current is slightly lower than its analytically predicted

value (Analytical Ir = 44.21A, Simulated Ir = 43.5A). This
is due to voltage loss during commutation. Fig. 7 shows the

filtered input current in phase a along with the corresponding

input line to neutral voltage. This confirms input power factor

correction. Simulated waveforms for one cycle of the signal

S2 is given in Fig. 8. The current in the upper half of the phase

r winding (waveform ilkg) linearly changes to its desired value

during C1 and C2 as predicted by (24). These slopes match

with analytical predictions. The magnetising current of the

transformer in phase r is shown as the waveform im. It verifies

flux balance over one cycle of S2. The last waveform is the

common-mode voltage. It is zero except during commutation

(when C1 and C2 are high).

IV. CONCLUSION

In this paper a new power electronic transformer for direct

three-phase ac/ac conversion has been proposed. Here, the

TABLE III
PARAMETERS

Lload 10mH

Rload 2.5Ω

L1,2,3 40µH

R1,2,3 0.2Ω

Lm 15 mH
N2

N1

1

Vi 500V

fs = 1

Ts
5kHz

ωi 2π60

ωo 2π60

m 0.4
√

3
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v
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i
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i
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)

Fig. 6. Simulation result: a) output voltage b) output current c) current
through the upper half of secondary winding

power flow is bidirectional. A control technique has been

developed which ensures loss less commutation along with

high quality output voltage generation (comparable to space

vector moudulated two level inverter) and common-mode

voltage suppression at load end. Actually as commutation

applies a zero vector to the load and commutation happens

when zero vector is need to be applied due to modulation, the

voltage loss due to commutation is low.The circuit has been

analysed and its operation for leakage energy commutation

and output voltage generation has been described. The follow-

ing advantages of the proposed topology have been confirmed

through the presented simulation results:

1) Common-mode voltage suppression.

2) Minimum number of switching transitions between the

load and the transformer secondary windings. This

319

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:34:26 UTC from IEEE Xplore.  Restrictions apply. 



0.036 0.04 0.044 0.048

−75

−50

−25

0

25

50

75

v
a

N
i
(1

0V
)

an
d

i
a
(A

)

time (s)

Fig. 7. Simulation results: Input voltage and filtered input current

1.6 1.7 1.8 1.9 2

0

1

S
2

1.6 1.7 1.8 1.9 2

0

1

C
1

1.6 1.7 1.8 1.9 2

0

1

C
2

1.6 1.7 1.8 1.9 2

0

20

i
lk

g
(A

)

1.6 1.7 1.8 1.9 2

−1

0

1

i
m

(A
)

1.6 1.7 1.8 1.9 2

−500

500

time (ms)

v
c
m

(V
)

Fig. 8. Simulation results: Commutation

implies lower distortion and loss in the output voltage.

3) Loss less commutation of the leakage energy

4) Zero current switching (ZCS) in all secondary side

switches

5) Input power factor correction

This topology is a promising and comprehensive solution for

direct ac/ac three phase motor drive application with high

frequency ac link. However, since the modulation for output

voltage generation is done in the input side, the circuit has

more number of switches in the input side (usually high

voltage) which may be not be desirable.
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