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ABSTRACT A general PWM method for soft-switching three-phase power converters—Edge Aligned PWM
(EA-PWM) is proposed. It aligns all the high loss commutation instants of the converter bridges in a
switching cycle at the same instant so that all the switches of the three-phase converter can realize zero-
voltage-switching (ZVS) with the help of the resonant auxiliary circuit which operates once each switching
cycle. EA-PWM scheme for ZVS active-clamping three-phase converter is introduced. ZVS condition and
voltage stress of the converters is derived. EA-PWM can adapt to various modulation methods such as
SPWM, Harmonic Injected SPWM, Continuous Pulse Width Modulation (CPWM), Discontinuous Pulse
Width Modulation (DPWM), etc. The ZVS condition of three-phase Compound Active Clamping (CAC)
converter are discussed. Finally, EA-PWM scheme is verified in Back-to-Back (BTB) converter prototype.

INDEX TERMS Zero-Voltage-Switching, active-clamping, edge-aligned PWM, ZVS condition.

I. INTRODUCTION
Three-phase power converters are widely used in renewable
energy generation, motor driving and uninterruptible power
supplies, etc. Three-phase power converters suffer from low
efficiency due to switching loss of the power semiconductor
device when the switching frequency increases, which limits
the system power density. Soft-switching technology is an
effective approach to eliminate the switching loss of the power
semiconductor device.

The DC-side resonant soft-switching converters have the
auxiliary branch on the DC side, so generally only one auxil-
iary branch is required, which means it has simpler structure.
The resonant DC-link (RDCL) converter proposed by Divan
has a significant impact on the development of the DC-side
resonant three-phase power converters [1]. Since the resonant
components in RDCL are in the resonant state most of the
switching cycle, the peak value of the resonant voltage on
the resonant capacitor is as high as twice the DC bus volt-
age, which causes high voltage stress of the main switch. A
modified version, known as active clamping resonant DC-link

(ACRDCL) converter is proposed in [2]–[4] to reduce the
voltage stress on the switches by adding a clamping capacitor.
Both RDCL and ACRDCL features simple auxiliary circuit
structure. However, they all suffer from sub-harmonics in
the ac-side waveform due to variable switching frequency.
In order to overcome this problem, a quasi-resonant DC-link
(QRDCL) soft-switching converter was proposed in [5]. The
DC side of QRDCL converter only resonates to zero shortly
before the commutation instants of the main switches. There-
fore, the main switches can still use SPWM or SVM scheme
and the power quality on the load side is increased. However,
it has more complicated auxiliary circuit and the auxiliary
circuit need to act multiple times in one switching cycle
[6]–[10]. [11] proposes a ZVS technique for inverters by using
reverse recovery of the diode. In this way, ZVS operation for
all switches can be satisfied. But the circuit needs to select a
diode with a slow reverse recovery characteristic to ensure that
there is enough time to add energy to the resonant inductor to
complete the resonant process, which leads to the problem of
limited soft switching range.
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The auxiliary resonant commutated pole (ARCP) converter
achieves zero-voltage turn-on for main switches and zero-
current turn-off for auxiliary switch, and SVM scheme is
used [12]. However, the DC side split capacitor midpoint
voltage needs to be controlled. The inductor coupled ZVT
inverter achieves zero-voltage turn-on for main switches and
near-zero current turn off for auxiliary switches [13], [14].
DC side split capacitor midpoint voltage control is avoided.
The zero-current transition (ZCT) inverter [15] achieves zero
current switching for all of the main and auxiliary switches
and their anti-parallel diodes. It has a higher resonant current
even in the light load, which affects efficiency in the light
load. To reduce the switching times of the auxiliary switch,
a modified PWM scheme is proposed for delta-configured
auxiliary resonant snubber inverter in [16], [17]. It can reduce
the number of actions of the auxiliary circuit to two times in
each switching cycle. Generally speaking, AC-side resonate
three-phase converters have more complex auxiliary circuits
in comparison to DC-side resonant converter [18]–[20].

The ZVS-SVM for three-phase active clamping rectifiers
and inverters has been proposed by Xu in [21]–[23], in which
the auxiliary switch only switches once in each switching
period to realize ZVS for all the switches. The energy stored
in the resonant inductor can be accurately controlled to meet
the ZVS conditions under different load situations. In recent
years, ZVS-SPWM has been proposed for single-phase in-
verters and three-phase inverter/rectifier with either 3-wire or
4-wires [24]–[26]. Meanwhile, the circuit operation principle
and ZVS conditions are separately discussed in 3-wire and
4-wire systems according to SPWM and SVM schemes. The
ZVS condition for ZVS CAC rectifier and inverter are derived
in different load situations. A unified ZVS-PWM method for
the three-phase converter has not been studied.

This paper provides a unified PWM method for soft-
switching active-clamping three-phase power converters—
Edge Aligned PWM (EA-PWM). It can be used in three-phase
three-wire, three-phase four-wire inverter/rectifier, and other
extensions. It is also suited to different modulation schemes
such as SPWM, harmonic-injected PWM, Continuous PWM
and Discontinuous PWM, etc. Since EA-PWM aligns all the
high loss commutation instants of the converter in a switching
period at the same time, the resonant auxiliary circuit only
needs to operate once to realize ZVS turn-on for all main
switches. ZVS condition and voltage stress of the converters
is analyzed. Then the modulation method is extended to soft-
switching back-to-back (BTB) converter. Finally, EA-PWM
scheme is verified in BTB converter prototype.

II. EDGE ALIGNED PWM METHOD
In three-phase converter, there are two types of switching
commutation process. Here takes a switching leg of the con-
verter shown in Fig. 1 as an example. The filter current ia is
assumed as positive.

Switch commutation type 1: It happens when the switch
S1 is turned off. The filter current commutates from switch
S1 to the antiparallel diode D4 of its complementary switch

FIGURE 1. Two types of switching commutation process. (a) Type 1.
(b) Type 2.

FIGURE 2. Active-clamping ZVS three-phase converter.

S4 as shown in Fig. 1(a). The switch (S1) is ZVS turned off
with paralleled output capacitor. For Wide-Band-Gap (WBG)
device, turn-off loss is much smaller than turn-on loss. There-
fore, type 1 commutation need not to take special measure.

Switch commutation type 2: It happens when the switch
S1 is turned on. The filter current commutates from the an-
tiparallel diode D4 to its complementary switch S1 as shown in
Fig. 1(b). S1 will have turn-on loss and the diode will undergo
a reverse recovery process, which causes switching loss in D4

and EMI issue.
The auxiliary circuit can be implemented with CAC or

MVAC circuit [21], [22]. The active-clamping ZVS three-
phase converter topology is shown in Fig. 2.

Typical waveforms of three-phase modulation voltages
uma, umb, umc and three-phase currents ia, ib, ic are depicted
in Fig. 3. The switching instant at tset is selected to illustrate
the EA-PWM scheme.

The conventional PWM scheme is shown in Fig. 4(a). By
comparing the modulation voltages uma, umb, umc with the
triangular carrier vcar , the switch states of each phase can
be determined and mid-point voltage uaN , ubN and ucN of the
converter can be obtained. All the type 2 commutation in-
stants can be easily identified in each switching period as
shown with vertical bold line marks. Actually, whether the
type 2 commutation instant will happen in the upper switch
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FIGURE 3. Three-phase filter current waveforms.

FIGURE 4. Two PWM schemes. (a) Conventional PWM scheme.
(b) EA-PWM scheme.

or lower switch of the phase leg during each switching cycle
is decided by the instant phase current polarity. In order to
achieve ZVS of all these type 2 commutation instants, the
auxiliary circuit needs to operate three times in one switching
period, which will cause higher loss in the auxiliary circuit.
Instead, an EA-PWM scheme shown in Fig. 4(b) is proposed
to replace the conventional PWM scheme. By changing the
triangular carrier to saw-tooth carrier, the sequences of the

type 2 commutation instants are rearranged. For the positive
filter current phase, the ramp-up carrier vcar1 is selected. For
the negative filter current phase, the ramp-down carrier vcar2 is
selected. In this way, all the type 2 commutation instants will
be aligned at the same instant of each switching period. Then
the auxiliary resonant circuit only needs to operate once dur-
ing each switching period and ZVS turn-on can be achieved
for all the type 2 commutation instants. It should be noted
that the rule of equivalent voltage time-integral principle of
PWM modulation in each switching period still holds when
changing triangular carrier to saw-tooth carrier in the pro-
posed EA-PWM method.

For the proposed EA-PWM, the three-phase modulation
signals are selected freely, which encompasses sinusoidal,
sinusoidal with 3rd harmonic injection and other waveforms.
In other words, it can be applied to Continuous PWM or
Discontinuous PWM method. EA-PWM is suitable to both
three-phase three-wire system and three-phase four-wire sys-
tem. For generation of PWM signal for each phase, either the
ramp-up or ramp-down carrier is selected according to the in-
stant current polarity of its filter phase current. In comparison
to the conventional PWM methods, EA-PWM method needs
the information of the instant filter current polarities which is
used to select either the ramp-up carrier or ram-down carrier.
It is the main difference of EA-PWM from traditional PWM
method. In general, EA-PWM is not limited by power factors,
load current unbalance and distortion as the traditional PWM
method.

III. EA-PWM ZVS CONDITION
A. DEDUCTION OF EA-PWM ZVS CONDITION
The ZVS condition for three-phase CAC and MVAC ZVS
converter using proposed EA-PWM method is related to the
operation condition of the converter. This section gives the
unified EA-PWM ZVS condition criterion, which is suitable
for different PWM methods and circuit operation conditions.
CAC converter is taken as an example to illustrate the ZVS
condition deduction.

The key operation waveforms of the circuit in one switching
period is given in Fig. 5, which takes the switching instant tset

as an example. According to the principle of the EA-PWM
scheme, gate signals ug1 ∼ ug6 for each switch can be ob-
tained by comparing its modulation voltage with correspond-
ing carrier signal. During t1∼t6 (D0Ts), the bus voltage ubus is
resonated to zero, all the type 2 commutation instants realize
ZVS turn-on simultaneously. While in the rest of the switch-
ing period, the converter works as the conventional PWM
converter.

There are two resonant stages in each switching cycle to
realize ZVS operation of the main switches and auxiliary
switch respectively. The first resonant stage (t1∼t2) happens
when the auxiliary switch S7 is turned off. The dc bus voltage
ubus will be resonated to zero at the end of the stage. The
circuit state and its simplified circuit are given in Fig. 6.
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FIGURE 5. Key waveforms in one switching period.

According to KVL and KCL, with the simplified circuit of
the first resonant stage, the following state equation is derived:{

(Cres1 + Cr7) dubus(t )
dt = ics1 − iLr (t )

Lr
diLr (t )

dt = ubus (t ) − Vdc
(1)

where Cres1 = Cr1 + Cr6 + Cr2 = 3Cr, ics1 = −ib − ic. The
initial condition of the state variables at t1 can be written as:{

ubus (t1) = Vdc + VCc

iLr (t1) = ILr_t1
(2)

Then the expressions of ubus(t ) and iLr (t ) can be solved:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ubus (t )

= Vdc −
√

V 2
Cc + (

ILr_t1 − ics1
)2

Z2
r sin (ωr (t − t1) − ϕ1)

iLr (t )

=
√(

ILr_t1 − ics1
)2 + V 2

Cc
Z2

r
cos (ωr (t − t1) − ϕ1) + ics1

(3)

where VCc is the voltage of clamping capacitor Cc and can be
regarded as constant in the switching cycle, ωr is the reso-
nance angular frequency, Zr is the characteristic impedance,
and ϕ1 is the initial angle of the first resonant stage. Some of
these key parameters can be expressed as⎧⎪⎨

⎪⎩
ωr = 1

/√
Lr (3Cr + Cr7)

Zr =
√

Lr
/

(3Cr + Cr7)

ϕ1 = arctan
[
VCc

/
Zr
(
iLr_t1 − ics1

)] (4)

FIGURE 6. The first resonant stage. (a) Circuit state. (b) Simplified circuit.

To realize the ZVS turn-on of the main switches, the mini-
mum value of ubus(t) is required to be less than zero. Accord-
ing to (3), following equation should be satisfied:

ILr_t1 ≥ ics1 +
√

Vdc
2 − VCc

2
/

Zr (5)

The second resonant stage happens during (t5∼t6) when
the voltage across the auxiliary switch uCr7 resonates to 0. It
provides the ZVS turn-on condition for the auxiliary switch
S7. The circuit state and its simplified circuit are given in
Fig. 7.

Similarly, following state equation is derived for the second
resonant stage:

{
(Cres2 + Cr7) duCr7(t )

dt = iLr (t ) − ics2

Lr
diLr (t )

dt = VCc − uCr7 (t )
(6)

where Cres2 = Cr4 + Cr3 + Cr5 = 3Cr, ics2 = −ia. The initial
condition of equation (6) at t5 is:{

iLr (t5) = ics2 − iadd

uCr7 (t5) = Vdc + VCc
(7)

iadd is the extra current added to iLr through a shorting
stage (t4∼t5) in Fig. 5. By solving (6), the expression for
uCr7(t ) and iLr (t ) during the second resonant stage can be
obtained:⎧⎪⎨
⎪⎩

uCr7 (t ) = VCc −
√

V 2
dc + Z2

r i2add sin (ωr (t − t5) − ϕ2)

iLr (t ) = ics2 −
√

i2add + V 2
dc

Z2
r

cos (ωr (t − t5) − ϕ2)

(8)
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FIGURE 7. The second resonant stage. (a) Circuit state. (b) Simplified
circuit.

where ϕ2 is the initial angle of the second resonant stage,
which can be expressed as

ϕ2 = arctan
Vdc

Zriadd
(9)

To realize the ZVS turn-on of the auxiliary switch S7, uCr7

should be resonated to 0 and the following inequality should
be satisfied:

VCc −
√

V 2
dc + Z2

r i2add ≤ 0 (10)

As VCc is far less than Vdc, the above equation is always
satisfied, which means the ZVS turn-on for auxiliary switch
S7 is always realized.

The resonant inductor current iLr (t6) can be calculated
through equation (8) with uCr7(t6) = 0:

iLr (t6) = ics2 −
√

Vdc
2 − VCc

2

Z2
r

+ i2add (11)

When the circuit works in steady state, the resonant in-
ductor Lr satisfies the voltage-second balance principle in
a switching cycle. The following equation is formulated by
neglecting two short resonant stages in Fig. 5:∫ Ts

0
vLr (t ) dt = VCc (1 − D0) Ts − VdcD0Ts = 0 (12)

where D0 is the turn-off duty cycle of the auxiliary switch S7.
Then the voltage stress of all the switches can be represented
by:

Vstr = Vdc + VCc = 1

1 − D0
Vdc (13)

FIGURE 8. Waveform of uan with consideration of D0.

FIGURE 9. Waveform of ubn with consideration of D0.

The clamping capacitor Cc should also obey the ampere-
second balance principle in one switching period. The current
of the clamping capacitor is same as iS7 in Fig. 5. Neglecting
the short durations in one switching cycle such as resonant
stages and three type 1 commutation instants, the average
current of the clamping capacitor in one switching period is
approximated by:

∫ Ts

0
iS7dt ≈

∫ t6

t1

iS7(t )dt +
∫ t7

t6

iS7(t )dt +
∫ t9

t8

iS7(t )dt

+
∫ t11

t10

iS7(t )dt +
∫ t13

t12

iS7(t )dt = 0 (14)

The duration of different stages in (14) is decided by the
duty cycle of each phase da, db and dc, which is decided by
both its modulation voltage uma, umb, umc and the turn-off
duty cycle of the auxiliary switch D0.

Due to the existence of D0, the duty cycle of the ZVS
converter is slightly different from those in the hard-switching
converter. For the phase with positive filter current, such as
phase A, the average value of uan in a switching period meet
the following equation according to Fig. 8:

〈uan〉Ts =
(
VCc + Vdc

2

)
(da − D0) − Vdc

2
(1 − da + D0) = uma

(15)

For the phase with negative filter current, such as phase
B, its average value of ubn in a switching period meet the
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FIGURE 10. Waveform of iS7.

following equation according to Fig. 9:

〈ubn〉Ts =
(

VCc + Vdc

2

)
db − Vdc

2
(1 − db) = umb (16)

Therefore, the duty cycle of each phase can be written as:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

da =
(

1
2 + uma

Vdc

)
(1 − D0) + D0

db =
(

1
2 + umb

Vdc

)
(1 − D0)

dc =
(

1
2 + umc

Vdc

)
(1 − D0)

(17)

The current iS7 at t6 meet the following equation:

iS7 (t6) = −
√

Vdc
2 − VCc

2

Z2
r

+ i2add (18)

During t1∼t6, the auxiliary switch is turned off, iS7 equals
0. In the rest time of the switching cycle, iS7 increases with a
constant rate of VCc/Lr. When the type 1 commutation instant
happens, iS7 will have a reduction of the corresponding filter
current value. Fig. 10 shows the typical waveform of iS7.
Then the ampere-second balance equation for the clamping
capacitor in (14) can be rewritten as:

∫ Ts

0
iS7dt ≈

∫ t13

t6

[
iS7(t6) + VCc

Lr
t

]
dt +

∫ t13

t8

ibdt

+
∫ t13

t10

icdt +
∫ t13

t12

(−ia) dt = 0 (19)

By substituting the duty cycles into (19), the turn-off duty
cycle D0 for the auxiliary switch S7 can be obtained:

D0=
2Lr

(
− ibumb

Vdc
− icumc

Vdc
− iauma

Vdc
+ ia

2 − ib
2 − ic

2 +
√

Vdc
2−VCc

2

Z2
r

+i2add

)

VdcTs
(20)

The resonant inductor current iLr meet the following
equation:

iLr (t1) − iLr (t6) = Vdc

Lr
D0Ts (21)

By combining (11), (20) and (21), ZVS condition for the
first resonant stage in (5) can be obtained:

iLr (t1) =
√

Vdc
2 − VCc

2

Z2
r

+ i2add + 2iM ≥
√

Vdc
2 − VCc

2

Zr

(22)
where iM is defined as:

iM = − iauma

Vdc
− ibumb

Vdc
− icumc

Vdc
(23)

It can be concluded from (22) that when iM > 0, ZVS con-
dition is always satisfied and no extra current iadd is needed.
Meanwhile, an extra current iadd is needed when iM < 0.
Therefore, iadd can be expressed as:

iadd =

⎧⎪⎨
⎪⎩

0 iM ≥ 0√(√
Vdc

2−VCc
2

Zr
− 2iM

)2

− Vdc
2−VCc

2

Z2
r

iM < 0

(24)
The ZVS condition in (22) can be applied for different

phase current polarity situations with CPWM modulation
scheme. Meanwhile, when DPWM modulation scheme is
used, the current source ics1 and ics2 in Fig. 6 and Fig. 7 will
be different due to the clamping phase leg in DPWM scheme.
Using the same derivation process, the same ZVS condition
can also be obtained as in (22). But the expression of iM is
different between CPWM and DPWM scheme. Considering
both CPWM and DPWM schemes, the expression of iM in
(23) can be unified as

iM =

∑
i=a,b,c

umiiiki

Vdc
≥ 0, ki =

{
0 if |umi| = Vdc

2−1 otherwise
i = a, b, c

(25)
It should be noted that for three-phase four-wire system and

other N-bridge ZVS circuit topologies, similar ZVS condition
criterion in (25) and expression for iadd in (24) is also appli-
cable according to similar deduction process.

B. DISCUSSION OF ZVS CONDITION
Equation (24) shows that the polarity of iM will influence the
extra added current iadd . The expression of iM in (25) indicates
that the polarity of iM is related to load currents, modulation
voltages and different PWM methods. To analyze the impact
of different operation conditions on the ZVS condition, the
following assumption of three-phase modulation voltages and
ac side currents in three-phase three-wire systems are made:⎧⎨

⎩
uma (t ) = Um sin (ωt ) + uz

umb (t ) = Um sin
(
ωt − 2π

/
3
)+ uz

umc (t ) = Um sin
(
ωt + 2π

/
3
)+ uz

,

⎧⎨
⎩

ia (t ) = Im sin (ωt + θ )
ib (t ) = Im sin

(
ωt + θ − 2π

/
3
)

ic (t ) = Im sin
(
ωt + θ + 2π

/
3
) (26)

Where Um is the amplitude of the phase modulation voltage,
uz is the zero sequence voltage component. Im is the ampli-
tude of the phase currents. θ is the power factor angle. The
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FIGURE 11. Three-phase modulation voltages using DPWM.

TABLE I. Expression of iM at Six Regions

discussion of the ZVS condition can be classified by CPWM
or DPWM scheme in three-phase three-wire system.

In CPWM scheme, three-phase modulation voltages meet:

|uma (t )| 	= Vdc

2
, |umb (t )| 	= Vdc

2
, |umc (t )| 	= Vdc

2
(27)

By combining (23) and (26), the expression of iM in CPWM
scheme can be obtained:

iM = −umaia + umbib + umcic
Vdc

= −3

2

UmIm cos θ

Vdc
(28)

It can be concluded that in CPWM scheme, the polarity
of iM is only related to θ . When θ � [−π /2, π /2], the con-
verter works in inverter modes, iM is always negative, then
an constant iadd is needed to realize ZVS condition. When θ

� [π /2, 3π /2], the converter works in rectifier mode, iM is
always positive, no extra current iadd is needed.

In three-phase three-wire system, DPWM scheme can be
adopted using a particular zero sequence voltage uz. Taking
the DPWM scheme with six clamping regions in one funda-
mental period shown in Fig. 11 as an example to analyze the
ZVS condition.

The expression for iM in six regions is given in Table I, M
is the modulation index, which meets M = 2Um/Vdc. It can be
seen that the polarity of iM is related to the power factor angle

FIGURE 12. iM under different modulation index M at θ = 0.

FIGURE 13. iM under different modulation index M at θ = −π/3 and
θ = π/3.

θ and the modulation index M. Besides, the polarity of iM will
also change at different regions of the fundamental period.

In DPWM scheme, when the converter works in inverter
mode (θ � [−π /2, π /2]), cos θ is positive. Therefore, a larger
modulation index M will result in a smaller iM , which means
the larger the modulation index M is, it is more likely that an
extra current iadd will be needed. When the converter works
under unit power factor (θ = 0), it can be obtained that iM will
be positive in all the regions as long as M is less than

√
3/3.

Fig. 12 shows iM under different modulation index M at θ = 0,
where iM is normalized to Im.

Fig. 13 shows the iM value under different modulation index
M at θ = −π /3 and θ = π /3. It can be seen that the polarity
of iM will alternate in the fundamental period. In the region
iM < 0, an extra current iadd should be added to realize the
ZVS condition.

When the converter works in rectifier mode (θ � [π /2,
3π /2]), cosθ is negative. The larger the modulation index M
is, the larger iM will be, which means it will be easier for the
first resonant stage to realize ZVS operation. Similarly, Fig. 14
shows iM under different modulation index M at unit power
factor (θ = π ). It can be obtained that when M is larger than
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FIGURE 14. iM under different modulation index M at θ = π.

FIGURE 15. iM under different modulation index M at θ = 2π/3 and
θ = 4π/3.

2/3, iM will be positive in all the fundamental period, and no
extra current iadd is needed.

Fig. 15 shows iM under different modulation index M at
θ = 2π /3 and θ = 4π /3.It can be seen that when M equals
its maximum value 1.15, iM is always positive for both power
factor angle. As M decreases, the polarity of iM will alternate
in the fundamental period, extra current iadd is also needed
in the region iM < 0. Similarly, when the power factor angle
decrease to θ � [5π /6, 7π /6], the critical modulation index M
equals to 0.77.

C. IMPLEMENTATION OF EA-PWM SCHEME
Fig. 16 shows the control diagram of the ZVS CAC converter
using the proposed EA-PWM. The main current or voltage
control strategy is same with the conventional converter. The
EA-PWM generator shows the generation of seven driving
signals ug1∼ug7 of the switch S1∼S7. The polarity informa-
tion of the current reference signals i∗a, i∗b and i∗c are used to
determine the PWM alignment style, which is much more
smooth than using the sampled filter current to avoid the
zero-crossing jittering. The extra current iadd is realized by
performing a logical OR operation between the short-circuit

FIGURE 16. Control diagram of three-phase ZVS CAC converter.

FIGURE 17. Three-phase four-wire BTB ZVS converter.

signal ugst with the driving signal of the main switches. ugst

is generated by comparing Dadd with the ramp-up saw-tooth
carrier. Dadd can be written as:

Dadd = iadd Lr

Vdc
(29)

For other ZVS CAC converter topologies, similar EA-
PWM scheme implementation approach can also be applied.

IV. EXPERIMENTAL VERIFICATION
To verify the EA-PWM scheme and its ZVS condition, a 9kW
three-phase four-wire back-to-back CAC converter shown in
Fig. 17 is built. The system parameters are listed in Table II
[27].

Fig. 18 shows EA-PWM scheme for the BTB CAC con-
verter when iai < 0, ibi > 0, ici > 0, iao > 0, ibo > 0, ico < 0,
all the six type2 commutation instants in six bridges are
aligned at the beginning of the switching period. For BTB
CAC converter, when the inverter side is feeding three-phase
balanced load, iM equals 0, and no extra current iadd is needed.
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TABLE II. System Parameters

FIGURE 18. EA-PWM scheme for BTB converter.

FIGURE 19. Waveform of ZVS operation

Meanwhile, when the inverter is feeding unbalanced load, the
polarity of iM will alternate in the fundamental period and
extra current iadd is needed in the region iM < 0.

Fig. 19 shows the ZVS operation waveforms for the main
switches and auxiliary switch at 9kW balanced load situation.
It can be seen that when the driving signal of the auxiliary
switch ug7 is turned off, the bus voltage ubus is resonated to

FIGURE 20. Loss and efficiency comparison of hard-switching and
soft-switching converter.

zero and the voltage of the auxiliary switch uC7 is resonated to
Vdc + VCc at the same time. All the six switches can realize
ZVS turn-on simultaneously. After a turn-off duty cycle of
D0, the voltage of the auxiliary switch uC7 is resonated to 0,
and the bus voltage ubus is resonated to Vdc + VCc, which
provides the ZVS condition for the auxiliary switch S7.

Fig. 20 shows the loss and efficiency comparison between
the hard-switching BTB converter and the ZVS BTB con-
verter. At half load situation, the ZVS BTB has a loss re-
duction of 113W. It can be seen that the turn-on loss in the
hard-switching converter can be totally eliminated. The ex-
perimental efficiency is 94.3% for the hard-switching BTB
converter, and 97.5% for the soft-switching BTB converter. At
full load situation, the ZVS BTB converter has a total loss of
262W comparing to 550W for the hard-switching converter,
which means the ZVS BTB converter has a 3% higher effi-
ciency than the conventional hard-switching converter at full
load. The experimental efficiency for the soft-switching BTB
converter is 97.1%.

V. CONCLUSION
The proposed EA-PWM can be used for 3-phase 3-wire or
3-phase 4-wire systems and other combination ZVS converter
with different modulation methods and different load power
factor. The unified ZVS condition shows that the modulation
index and power factor angle will impact the ZVS operation
condition. When the converter operates with CPWM scheme
in the rectifier mode, no extra added current is needed and the
ZVS condition is easier to be satisfied. However, it needs extra
added current for the resonant inductor in the inverter mode.
With regards to most case with DPWM scheme, an extra
current is needed to boost resonant inductor current to realize
ZVS operation. Only in certain condition in the rectifier mode
with a high modulation index, there is no requirement for extra
added current for the resonant inductor. Finally, the proposed
EA-PWM method is verified with a three-phase four-wire
BTB converter. The ZVS BTB converter has a 3% higher
efficiency than the conventional hard-switching converter at
full load with 150 kHz switching frequency.

258 VOLUME 1, 2020



REFERENCES
[1] D. M. Divan, “The resonant DC link converter-a new concept in

static power conversion,” IEEE Trans. Industry Appl., vol. 25, no. 2,
pp. 317–325, Mar./Apr. 1989.

[2] H. Yonemori, H. Fukuda, and M. Nakaoka, “Advanced three-phase
ZVS-PWM active power rectifier with new resonant DC link and its dig-
ital control scheme,” in Proc. 5th Int. Conf. Power Electron. Variable-
Speed Drives, 1994, pp. 608–613.

[3] D. M. Divan and G. Skibinski, “Zero-switching-loss inverters for
high-power applications,” IEEE Trans. Industry Appl., vol. 25, no. 4,
pp. 634–643, Jul./Aug. 1989.

[4] D. M. Divan, G. Venkataramanan, and R. W. A. A. DeDoncker, “Design
methodologies for soft switched inverters,” IEEE Trans. Industry Appl.,
Vol. 29, no. 1, pp. 126–135, Jan./Feb. 1993.

[5] D. M. Divan, L. Malesani, P. Tenti, and V. Toigo, “A synchronized res-
onant DC link converter for soft-switched PWM,” IEEE Trans. Industry
Appl., vol. 29, no. 5, pp. 940–948, Sep./Oct. 1993.

[6] M. Kurokawa, Y. Konishi, and M. Nakaoka, “Evaluations of voltage-
source soft-switching inverter with single auxiliary resonant snub-
ber,” IEE Proc.- Electric Power Appl., vol. 148, no. 2, pp. 207–213,
Mar. 2001.

[7] Jong-Woo Choi and Seung-Ki Sul, “Resonant link bidirectional power
converter. I. Resonant circuit,” IEEE Trans. Power Electron., vol. 10,
no. 4, pp. 479–484, Jul. 1995.

[8] Yie-Tone Chen, “A new quasi-parallel resonant DC link for soft-
switching PWM inverters,” IEEE Trans. Power Electron., vol. 13,
no. 3, pp. 427–435, May 1998.

[9] S. Mandrek and P. J. Chrzan, “Quasi-resonant DC-Link inverter with a
reduced number of active elements,” IEEE Trans. Ind. Electron., vol. 54,
no. 4, pp. 2088–2094, Aug. 2007.

[10] J. Kedarisetti and P. Mutschler, “A motor-friendly quasi-resonant DC-
Link inverter with lossless variable zero-voltage duration,” IEEE Trans.
Power Electron., vol. 27, no. 5, pp. 2613–2622, May 2012.

[11] M. Mezaroba, D. C. Martins, and I. Barbi, “A ZVS PWM three-phase
inverter with active clamping technique using the reverse recovery en-
ergy of the diodes,” in Proc. IEEE 35th Annu. Power Electron. Special-
ists Conf., 2004, pp. 4785–4790.

[12] R. W. De Doncker and J. P. Lyons, “The auxiliary commutated resonant
pole converter,” in Proc. IAS’90. Conf. Record 1990 IEEE, Oct. 1990,
pp. 1228–1235.

[13] X. Yuan and I. Barbi, “Analysis, designing, and experimentation of a
transformer-assisted PWM zero-voltage switching pole inverter,” IEEE
Trans. Power Electron., vol. 15, no. 1, pp. 72–82, Jan. 2000.

[14] J Lai, J Zhang, and H Yu, “Source and load adaptive design for a high-
power soft-switching inverter,” IEEE Trans. Power Electron., vol. 21,
no. 6, pp. 1667–1675, Nov. 2006.

[15] Y. Li, F. C. Lee, and D. Boroyevich, “A three-phase soft-transition
inverter with a novel control strategy for zero-current and near-zero-
voltage switching,” IEEE Trans. Power Electron., vol. 16, no. 5,
pp. 710–723, Sep. 2001.

[16] N. Hoshi and K. Oguchi, “Control schemes for auxiliary switches
of three-phase pwm resonant snubber inverters,” Elect. Eng. Japan,
vol. 152, no. 4, pp. 57–67, 2005.

[17] N. Hoshi, K. Itoga, and K. Oguchi, “A novel control strategy for three-
phase resonant snubber based soft-switching inverters,” in Proc IPEC-
Tokyo, 2000, pp. 536–541.

[18] S. Byeong-Mun, L. Seong-Ryong, L. Jih-Sheng, “An improved three-
phase auxiliary resonant snubber inverter for AC motor drive appli-
cations,” in Proc. 29th Annu. IEEE Power Electron. Specialists Conf.,
1998, pp. 423–428.

[19] Q. Yu and R. M. Nelms, “State plane analysis of an auxiliary resonant
commutated pole inverter and implementation with load current adap-
tive fixed timing control,” in Proc. IEEE 28th Annu. Conf. Ind. Electron.
Soc., 2002, pp. 437–443.

[20] Y. Li, F. C. Lee, J. Lai and D. Boroyevich, “A novel three-phase
zero-current-transition and quasi-zero-voltage transition (ZCT-QZVT)
inverter/rectifier with reduced stresses on devices and components,”
in Proc. 15th Annu. IEEE Appl. Power Electron. Conf. Expo., 2000,
pp. 1030–1036.

[21] D. Xu and B. Feng, “Novel ZVS three-phase PFC converters and
zero-voltage-switching space vector modulation,” in Proc. 1st Int. Conf.
Power Electron. Syst. Appl., 2004, pp. 222–229.

[22] R. Li and D. Xu, “A zero-voltage switching three-phase inverter,” IEEE
Trans. Power Electron., vol. 29, no. 3, pp. 1200–1210, Mar. 2014.

[23] Z. Ma, D. Xu, R. Li, C. Du, and X. Zhang, “A novel DC-side zero-
voltage switching (ZVS) three-phase boost PWM rectifier controlled
by an improved SVM method,” IEEE Trans. Power Electron., vol. 27,
no. 11, pp. 4391–4408, Nov. 2012.

[24] A. Zhao, K. Shi, C. Hu, and D. Xu, “A zero-voltage-switching three-
phase four-wire four-leg rectifier,” in Proc. IEEE Energy Convers.
Congr. Expo., 2018, pp. 584–591.

[25] N. He, Y. Zhu, and D. Xu, “Zero-voltage-switching SPWM method for
three-phase four-wire inverter,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2017, pp. 3436–3443.

[26] Y. Chen et al., “A ZVS grid-connected full-bridge inverter with a
novel ZVS SPWM scheme,” IEEE Trans. Power Electron., vol. 31,
no. 5, pp. 3626–3638, May 2016.

[27] K. Shi, A. Zhao, J. Deng, and D. Xu, “Zero-voltage-switching
SiC-MOSFET three-phase four-wire back-to-back converter,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2, pp. 722–735,
Jun. 2019.

KEYAN SHI was born in China, in 1987. He re-
ceived the B.S. degree in electronic and infor-
mation engineering from the College of Electri-
cal Engineering, Zhejiang University, Hangzhou,
China, in 2010. He received the Ph.D. degree in
electrical engineering from the College of Elec-
trical Engineering, Zhejiang University in 2020.
Now he is working as a Senior System Engineer
at Kstar Science & Technology Corporation, Shen-
zhen, China. His research interests include high
efficiency power conversion system and its control
strategy.

JINYI DENG was born in China, in 1994. He
received the B.S. degree from the School of In-
formation Science and Engineering, Central South
University, China, in 2017. He is currently work-
ing toward the Ph.D. degree in electrical engineer-
ing at Zhejiang University, Hangzhou, China. His
research interests include resonant converters and
high efficiency power supply.

DEHONG XU (Fellow, IEEE) received Ph.D. de-
grees from the Department of Electrical Engineer-
ing, Zhejiang University, China, in 1989. He be-
comes a full Professor in Zhejiang University since
1996. He was a Visiting Professor in the Depart-
ment of Electrical Engineering in University of
Tokyo of Japan from May 1995 to June 1996, and
Center of Power Electronics System in Virginia
Tech in United State from June to December of
2000 and Power Electronics Lab of ETH in Zurich
from February to April of 2006 respectively. He is

interested in power electronics topology, control, and applications to renew-
able energy and energy efficiency. He has authored ten books and more than
200 IEEE Journal or Conference papers. He holds more than 40 patents. He
received six IEEE transaction or conference prize paper awards. He received
IEEE PELS R. D. Middlebrook Achievement Award in 2016. He is IEEE
PELS Distinguish Lecturer in 2015-2018. He is at-large Adcom member
of IEEE Power Electronics Society during 2020-2022. He is Co-Editor-
Chief of IEEE OPEN JOURNAL OF POWER ELECTRONICS, an Associate Editor
of IEEE TRANSACTION ON POWER ELECTRONICS etc. He was the General
Chair of IEEE International Symposium on Industrial Electronics(ISIE2012,
Hangzhou), IEEE International Power Electronics and Applications Confer-
ence(PEAC2018, Shenzhen) etc.

VOLUME 1, 2020 259



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


