
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 10, OCTOBER 2016 6855

Research on A Novel Modulation Strategy for
Double Auxiliary Resonant Commutated Pole

Soft-switching Inverter With the Shunt Dead Time
Enhui Chu, Xing Zhang, and Liang Huang

Abstract—Aimed at the problem that the auxiliary commuta-
tion circuit (ACC) of auxiliary resonant commutated pole (ARCP)
inverters has a high loss in commutation processes, this paper
presents a novel modulation strategy with shunt dead time based on
a double ARCP (DARCP) inverter. In comparison with the original
modulation strategy, this modulation strategy cannot only achieve
soft switching for all switches, but also avoid the superposition of
resonance current and load current at commutation moments in
double ACCs (DACCs) and make the maximum current through
DACCs approximately equal to load current in commutation pro-
cesses. So, the circulating current loss in DACCs and the current
stress of auxiliary switches can be effectively reduced. According to
the equivalent circuits in different operation modes under the novel
modulation strategy, this paper analyzes the operation principle,
soft-switching implementation condition, and optimal parameter
design procedure of the DARCP inverter. Finally, a 10-kW–16-kHz
DARCP inverter prototype with insulated gate bipolar transistor-
based switches is built. Experimental results are given to demon-
strate the validity and features of the DARCP inverter under the
novel modulation strategy.

Index Terms—Double auxiliary resonant commutated pole
(DARCP), modulation strategy, shunt dead time, soft-switching
inverter.

NOMENCLATURE

E Input dc voltage.
Vrms Effective value of output line volt-

age.
v Instantaneous voltage.
i Instantaneous current.
Po Output power.
t Time.
fo Output frequency.
fs Switching frequency.
ω Angular frequency.
TS Switching cycle.
Q1(S1/D1), Q2(S2/D2) Main switches.
S3 , S4 The first auxiliary switches.
S5 , S6 The second auxiliary switches.
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C1 , C2 Main resonant capacitors.
C3 , C4 The first auxiliary resonant capaci-

tors.
C5 , C6 The second auxiliary resonant ca-

pacitors.
L1 , L2 The first auxiliary resonant induc-

tors.
L3 , L4 The second auxiliary resonant in-

ductors.
D3 ∼ D10 Auxiliary diodes.
D11 ,D12 Energy regeneration feedback

diodes.
ia Current of phase-a.
iamax Maximum current of phase-a.
iL1max Maximum value of the current

through L1 .
Ca Values of main resonant capacitors.
Cb Values of the first auxiliary resonant

capacitors.
Cc Values of the second auxiliary reso-

nant capacitors.
La Values of the first auxiliary resonant

inductors.
Lb Values of the second auxiliary reso-

nant inductors.
δt11 Shunt dead time (the turn-on delay

time of the first auxiliary switch af-
ter turning OFF main switch).

δt12 Turn-on delay time of main switch
after turning ON the first auxiliary
switch.

δt2 Turn-off delay time of the first aux-
iliary switch after turning ON main
switch.

δt3 Turn-off delay time of the second
auxiliary switch after turning OFF
the first auxiliary switch.

tdead Dead time in conventional hard-
switching PWM inverter.

TZV S Time for S1 to achieve ZVS turn-on.
Deff−max Maximum effective duty cycle.
Dmin Minimum duty cycle.
DS1−D2 Duty cycle of the load current is

commutated from S1 to D2 .
DD2−L1 Duty cycle of the load current is

commutated from D2 to L1 .
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DZVS Duty cycle for S1 to achieve ZVS
turn-on.

DL1−S1 Duty cycle of the load current is
commutated from L1 to S1 .

η Efficiency.

I. INTRODUCTION

NOWADAYS, with the development of soft-switching in-
verter techniques, high-power soft-switching inverters

have become a research focus, which are applied to uninter-
rupted power supply (UPS), static var generator (SVG), active
power filter (APF), the distributed grid-connected generation
and so on [1]–[8]. The application of soft-switching techniques
to inverters cannot only realize high frequency, miniaturization,
and lightweight, but also reduce the electromagnetic interfer-
ence (EMI) and switching noise. Moreover, the quality of output
power can be improved [9]–[19]. Among many inverter topolo-
gies, the auxiliary resonant inverter is an important type. It can
be divided into resonant dc-link inverters [20], [21] and aux-
iliary resonant commutated pole (ARCP) inverters [22], [23],
according to the location of the auxiliary commutation circuit
(ACC) in inverters. Because the current and voltage stresses
of main power switches are not increased, ARCP inverters are
more suitable for high-power applications.

The work in [22] and [23] are two famous ARCP inverter
topologies that were, respectively, proposed by W. Mcmurray
and R. W. De Doncker originally, who initiate the research on
ARCP inverters. Subsequently, many improved ARCP invert-
ers were proposed [24]–[33]. However, these topologies need
either two bulk capacitors or complex coupled inductors, or
transformers with corresponding magnetic flux reset circuits.
Furthermore, the three single-phase resonant circuits of some
inverters are coupled with each other. In addition, in order to
achieve soft switching, some topologies also need additional
detection circuits and peripheral logic circuits. Hence, the main
circuit and control circuit will become complicated.

Then, an improved ARCP inverter topology with the func-
tion of pulse current regeneration was proposed in [34]. It over-
came all the aforementioned problems. The inverter not only
avoids using two bulk capacitors, but also eliminates the neu-
tral point potential variation. Moreover, the three single-phase
ACCs of the inverter are independent of each other, thus var-
ious modulation strategies can be used easily. In addition, be-
cause two groups of auxiliary components are used for two
main switches separately in each phase, the voltage stresses of
auxiliary switches are no more than input dc voltage. Thus, the
inverter topology is more suitable for high-power applications.

In the ARCP inverter in [34], the main power switches can
always achieve zero voltage switching (ZVS) turn-off reliably
because each of them is in parallel with a capacitor. However,
for auxiliary switches, there is a precondition to achieve ZVS
turn-off. The condition is parasitic inductance and capacitance
in circuits equal to zero. In practical application, this condition is
destroyed by parasitic circuit elements, so the auxiliary switches
cannot achieve ZVS turn-off reliably. Moreover, the longer the
distances from auxiliary switch to auxiliary capacitor and input
dc power supply are, the greater the influence of parasitic circuit

elements will be. And this influence is particularly obvious in
high-power applications, due to the complex wiring process.
Therefore, this is a key problem of applying ARCP inverters in
high-power applications and must be solved in the future.

In order to overcome the aforementioned problem, Chu et al.
[35] puts forward a double ARCP (DARCP) inverter topology
and modulation strategy. In comparison with [34], each auxiliary
switch is in parallel with a new increased auxiliary capacitor in
the DARCP inverter. Moreover, to recycle the energy in the
new increased auxiliary capacitors, a new auxiliary resonant
circuit is increased, and the energy in the new increased auxiliary
resonant circuit can be recycled and reused. Thus, the DARCP
inverter can avoid that the ZVS turn-off of auxiliary switches is
influenced by parasitic circuit elements from the wiring process.
And it is assured that the auxiliary switches achieve ZVS turn-
off reliably.

However, most research objectives on ARCP inverters are
focused on achieving soft switching of switches, improving
switching frequency and enhancing inverters’ efficiency. But the
efficiency of most soft-switching inverters is better than hard-
switching inverters’ efficiency only when the output power is
larger than 50% of rated power. When the output power is lower
than 50% of rated power, the soft-switching inverter’s efficiency
is unsatisfactory, even lower than the hard-switching inverter’s
efficiency. The main reason is that in order to achieve soft switch-
ing, there will be an additional resonance current through ACCs,
and the current through ACCs is the sum of resonance current
and load current at the moment of commutation. The resonance
current will cause high current stresses and lead to additional
conduction and switching losses in ACCs. The high loss of
ACCs limits the improvement of inverters’ efficiency. It is the
main problem of applying ARCP inverters to reality and must
be resolved in the future.

In order to overcome the aforementioned problem, this paper
puts forward a novel modulation strategy with the shunt dead
time based on the DARCP inverter [35]. This modulation strat-
egy cannot only achieve soft switching for all switches, but also
avoid the superposition of resonance current and load current at
commutation moments in double ACCs (DACCs) and make the
maximum current in DACCs approximately equal to load cur-
rent in commutation processes. The current stress of auxiliary
switches and loss in DACCs can be reduced effectively. So, the
soft-switching inverter can maintain a high efficiency within the
whole load range.

II. CIRCUIT TOPOLOGY AND OPERATION PRINCIPLE

A. Topology and Characteristics of Circuit

Fig. 1 shows the three-phase DARCP inverter topology. Be-
cause the three single-phase DACCs are identical and can be
modulated by themselves, this paper analyzes one phase leg of
the inverter, representatively. The one phase leg equivalent cir-
cuit of the inverter is shown in Fig. 2 and its DACC consists
of the first auxiliary switches (S3 , S4), the second auxiliary
switches (S5 , S6), main resonant capacitors (C1 , C2), the first
auxiliary resonant capacitors (C3 , C4), the second auxiliary res-
onant capacitors (C5 , C6), the first auxiliary resonant inductors
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Fig. 1. Three-phase DARCP inverter.

Fig. 2. One phase leg equivalent circuit.

(L1 , L2), the second auxiliary resonant inductors (L3 , L4), aux-
iliary diodes (D3 ,D4), (D5 ,D6), (D7 ,D8), (D9 ,D10), and en-
ergy regeneration feedback diodes (D11 ,D12). The main char-
acteristics of the circuit are explained as follow.

During the turn-on period of main switch S1 (S2), the load
current ia > 0(ia < 0) flows through main switch S1 (S2), and
the voltage across main resonant capacitor C1(C2) is zero. When
main switch S1(S2) is turned OFF, main resonant capacitors C1 ,
C2 and the second auxiliary resonant capacitor C5 (C6) will
limit the voltage change rate of main switch S1 (S2) and pro-
vide ZVS turn-off condition to main switch S1 (S2). After the
first auxiliary switch S3 (S4) is turned ON, the current through
the first auxiliary resonant inductor L1 (L2) increases from zero,
which provides zero current switching (ZCS) turn-on condition
to the first auxiliary switch S3 (S4). During the turn-on pe-
riod of the first auxiliary switch S3 (S4), the energy in the first
auxiliary resonant capacitor C3 (C4) transfers to the second aux-
iliary resonant capacitor C5 (C6) totally, and the voltage across
the first auxiliary resonant capacitor C3 (C4) falls to zero. After
the first auxiliary switch S3 (S4) is turned OFF, the energy in
the first auxiliary resonant inductor L1 (L2) begins to transfer
to the first auxiliary resonant capacitor C3(C4), and the charg-
ing voltage across the first auxiliary resonant capacitor C3 (C4)

Fig. 3. Original modulation strategy.

Fig. 4. Novel modulation strategy.

increases from zero, which provides ZVS turn-off condition to
the first auxiliary switch S3 (S4). When the charging voltage
across the first auxiliary resonant capacitor C3 (C4) reaches
to input dc voltage E, the residual energy in the first auxiliary
resonant inductor L1 (L2) feeds back to input dc power supply
through the energy regeneration feedback diode D12 (D11).

B. Operation Principle

Fig. 3 shows the original modulation strategy of the DARCP
inverter. The operating sequences of switches are explained as
follow. To avoid main switch S1 and S2 conducting simultane-
ously, a period of δt1 is set between the switching process of S1
and S2 , which is determined by the dead time tdead in conven-
tional hard-switching PWM inverters. At the moment of turning
OFF main switch S1 (S2), auxiliary switch S4 (S3) is turned
ON immediately. From the moment of turning ON main switch
S2(S1), it is delayed for a period of δt2 , and then, auxiliary
switch S4(S3) is turned OFF. Fig. 4 shows the novel modu-
lation strategy proposed in this paper. In comparison with the
original modulation strategy, the main difference of the novel
modulation strategy is that it sets a fixed delay time δt11 in
switching dead time called shunt dead time. The operation se-
quence of each switch under the novel modulation strategy is
that the moment of turning ON the first auxiliary switch S4(S3)
is prolonged for δt11 compared with that of turning OFF main
switch S1 (S2). The moment of turning ON the second auxil-
iary switch S6 (S5) is prolonged for t2–3 compared with that
of turning ON the first auxiliary switch S4 (S3). The moment
of turning ON main switch S2 (S1) is prolonged for δt12 com-
pared with that of turning ON the first auxiliary switch S4 (S3).
The moment of turning OFF the first auxiliary switch S4 (S3)
is prolonged for δt2 compared with that of turning ON main



6858 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 10, OCTOBER 2016

Fig. 5. Gate-pulse generation circuit.

switch S2 (S1). And the moment of turning OFF the second
auxiliary switch S6(S5) is prolonged for δt3 compared with that
of turning OFF the first auxiliary switch S4(S3). In sine-wave
triangular-comparison pulsewidth modulation (PWM), the op-
eration sequence is designed as the ON and OFF periods of main
switches alternate at intervals of π.

For the three single-phase circuits of the proposed inverter
are identical and can be modulated independently, the gate-
pulse generation circuit of phase-a is shown specifically in
Fig. 5. The gate-pulse generation method of main switches is
the same as conventional hard-switching PWM inverters. The
complementary SPWM pulses (vg1 , vg2) can be extracted by
comparing a triangular wave vtri with a reference sine wave
va−ref . The pulses (vg1 , vg2) go through a rising-edge-delay
(named as Turn-on delay, delay time is δt11 + δt12), which re-
sult in the pulses of main switches (vgS1 , vgS2). The gate-pulse
generation of the first auxiliary switches just depends on the
pulses of main switches. First, the pulse vgS1 and vgS2 go
through a logical OR, which results in the pulse vg3 . Next,
the pulse vg3 goes through a logical NOT, which results in the
pulse vg4 . Then, the pulse vg4 and vg1 go through a logical
AND, which results in the pulse vg5 . The pulse vg4 and vg2 go
through a logical AND, which results in the pulse vg6 . Then,
the pulses (vg5 , vg6) go through a falling-edge-delay (named as
Turn-off delay, delay time is δt2), which result in the pulses
(vg7 , vg8). Finally, the pulses (vg7 , vg8) go through a rising-
edge-delay (delay time is δt11), which result in the pulses of
the first auxiliary switches (vgS3 , vgS4). The gate-pulse genera-
tion of the second auxiliary switches just depends on the pulses
of the first auxiliary switches. First, the pulses (vgS3 , vgS4) go
through a rising-edge-delay (delay time is t2–3), which result in
the pulses (vg9 , vg10). Then, the pulses (vg9 , vg10) go through
a falling-edge-delay (delay time is δt3), which result in the
pulses of the second auxiliary switches (vgS5 , vgS6). The pulses
(vgS1 , vgS2 , vgS3 , vgS4 , vgS5 , vgS6) through the drive circuits
are used to trigger the switches (S1 , S2 , S3 , S4 , S5 , S6), respec-
tively.

In order to facilitate the analysis, several assumptions are
employed as follows:

1) all switches, diodes, capacitors, and inductors are ideal
devices;

2) the values of main resonant capacitors (C1 , C2) are
C1 = C2 = Ca . The values of the first auxiliary reso-
nant capacitors (C3 , C4) are C3 = C4 = Cb . The val-
ues of the second auxiliary resonant capacitors (C5 , C6)
are C5 = C6 = Cc , the values of the first auxiliary res-
onant inductors (L1 , L2) are L1 = L2 = La , the values
of the second auxiliary resonant inductors (L3 , L4) are
L3 = L4 = Lb(Lb � La);

3) the load current ia approximates a constant during one
switching cycle, because the switching frequency fs is
much larger than the output current/voltage frequency fo ;

4) the referential positive directions of physical quantities in
the DACC are consistent with the directions of arrowheads
in Fig. 2.

Under the novel modulation strategy, the key theoretical
waveforms are shown in Fig. 6 and the equivalent circuits of
different operation modes are shown in Fig. 7. In the following,
the operation modes of the circuit during ia > 0 are analyzed in
detail.

Mode 0 [∼t0]: Before t0 , S1 is in the turn-on state, S2 , S3 ,
S4 , S5 , S6 are in the turn-off state, and all diodes are in the
turn-off state. This mode is a stable state that S1 carries load
current, where vC 1 = vC 4 = vC 6 = 0, vC 2 = vC 3 = vC 5 = E,
iL1 = iL2 = iL3 = iL4 = 0, and iS1 = ia .

Mode 1 [t0 , t1 ]: At instant t0 , S1 is turned OFF. And the load
current ia is commutated to C1 , C2 and C5 immediately. The
voltages across C2 and C5 fall linearly from E. At the same
time, the voltage across C1 rises linearly from zero as shown in
the waveforms of Fig. 6. S1 is ZVS turn-off. The voltages and
currents of C1 , C2 and C5 are, respectively

iC 1(t) = −iC 2(t) =
Ca

2Ca + Cc
· ia (1)

iC 5(t) = − Cc

2Ca + Cc
· ia (2)

vC 1(t) =
ia

2Ca + Cc
t (3)
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Fig. 6. Key theoretical waveforms of the circuit.

vC 2(t) = vC 5(t) = E − ia
2Ca + Cc

t. (4)

When the voltages across C2 and C5 decrease to zero, mode
1 ends. According to (3), the duration of this mode is

t0−1 =
E (2Ca + Cc)

ia
. (5)

In the parameter design, the delay time δt11 should not be
less than the time t0–1 , which is determined by (5), under the
condition of the maximum load current iamax .

Mode 2 [t1 , t2]: At instant t1 , the voltage across C1 is charged
to E and the voltages across C2 and C5 are discharged to zero.
Diode D2 starts conducting and the load current ia is com-
mutated to D2 immediately. S2 achieves ZVS turn-on in D2
conduction duration. During this mode, the current through D2
equals to the load current ia . When S3 is turned ON, mode 2
ends.

Mode 3 [t2 , t3]: At instant t2 , S3 is turned ON. Since D2 is
conducting, the voltage across L1 is E. So, the current through
L1 rises linearly from zero. At the same time, the current through
D2 falls linearly from ia . The load current is commutated from
D2 to L1 . S3 achieves ZCS turn-on. In S3 conduction duration,

S5 achieves zero voltage zero current switching (ZVZCS) turn-
on. The currents of L1 and D2 are, respectively

iL1(t) =
E

La
· t (6)

iD2(t) = ia − E

La
· t. (7)

When the current through L1 reaches to ia , the current
through D2 falls to zero, D2 turns OFF naturally, and mode
3 ends. According to (7), the duration of mode 3 is

t2−3 =
La

E
· ia . (8)

Mode 4 [t3 , t4]: At instant t3 , D2 turns OFF, and the load
current ia is commutated to L1 totally. At the moment, C1
and C2 begin to resonate with L1 . And C3 , C5 , and L3 begin
to resonate with L1 , too. C3 is discharged from E, and C5 is
charged from zero. The energy in C3 begins to transfer to C5 .
The voltage across C1 falls from E, and the voltage across C2
rises from zero. The current through L1 is the sum of resonance
current and load current. It is notable that the voltage across C6
is zero and C6 is not participating in the resonance. With the
condition of Lb � La , Cc ≥ Cb , the voltages and currents of



6860 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 10, OCTOBER 2016

Fig. 7. Equivalent circuits of different operation modes. (a) Mode 0. (b) Mode
1. (c) Mode 2. (d) Mode 3. (e) Mode 4. (f) Mode 5. (g) Mode 6. (h) Mode 7.
(i) Mode 8. (j) Mode 9.

C1 , C2 , C3 , C5 , L1 , and L3 are, respectively

vC 1(t) = vL1(t) = Ecosω1t (9)

vC 2(t) = E − Ecosω1t (10)

iC 2(t) = −iC 1(t) =
1
2
· E

ω1La
sin ω1t (11)

iL1(t) = ia +
E

ω1La
sin ω1t (12)

vC 3(t) = E − CcE

Cb + Cc
(1 − cosω2t) (13)

vC 5(t) =
CbE

Cb + Cc
(1 − cosω2t) (14)

iL3(t) = iC 3(t) = −iC 5(t) =
−E

ω2Lb
sin ω2t. (15)

After 1/4 of the resonant cycle T1(T1 = 2π/ω1), the voltage
across C1 falls to zero, and mode 4 ends. The current through
L1 reaches to the maximum value iL1max . According to (9), the
duration of mode 4 is

t3−4 =
π

2ω1
=

π

2
·
√

2LaCa. (16)

According to (12) and (16), the value of iL1max is

iL1max = ia +
E

ω1La
= ia + E ·

√
2Ca

La
(17)

where

ω1 =
√

1
2LaCa

(18)

ω2 =
√

Cb + Cc

LbCbCc
. (19)

In the parameter design, the delay time δt12 from S3 turned
ON to S1 turned ON should not be less than the time (t2–3 +
t3–4) determined by (8) and (16), under the condition of the
maximum load current iamax .

Mode 5 [t4 , t5]: At instant t4 , the voltage across C2 rises to
E and the voltage across C1 falls to zero. The current through L1
reaches to the maximum value iL1max . D1 starts conducting. C3 ,
L3 , and C5 continue resonating. The voltage across C3 continues
falling as (13). The voltage across C5 continues rising as (14).
The energy in C3 continues transferring to C5 . The current
through L1 keeps iL1max invariably. S1 achieves ZVS turn-on
in D1 conduction duration. The voltages and currents of C3 , C5 ,
and L3 are, respectively

vC 3(t) = E − CcE

Cb + Cc
[1 − cosω2(t + t3−4)] (20)

vC 5(t) =
CbE

Cb + Cc
[1 − cosω2(t + t3−4)] (21)

iL3(t) = iC 3(t) = −iC 5(t) =
−E

ω2Lb
sin ω2(t + t3−4).

(22)

When the current through L3 falls to zero, the energy in C3
transfers to C5 totally, and mode 5 ends. According to (16) and
(22), the duration of mode 5 is

t4−5 = π

√
LbCbCc

Cb + Cc
− t3−4 = π

√
LbCbCc

Cb + Cc
− π

2

√
2LaCa.

(23)
In the parameter design, the time (δt12 + δt2) from S3

turned ON to S3 turned OFF should not be less than the time
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(t2–3 + t3–4 + t4–5) determined by (8), (16), and (23), under
the condition of the maximum load current iamax .

Mode 6 [t5 , t6 ]: At instant t5 , the current through L3 falls to
zero. At the moment, the voltage across C3 falls to zero. D5
and D7 turn OFF naturally. The resonance current iL1max flows
through the loop circuit L1–S3–D1 and this state continues until
S3 is turned OFF. When S3 is turned OFF, mode 6 ends.

Mode 7 [t6 , t7]: At instant t6 , S3 is turned OFF. D3 starts
conducting. L1 begins to resonate with C3 . The energy in L1
transfers to C3 . The voltage across C3 rises from zero. There-
fore, S3 achieves ZVS turn-off. The voltages and currents of C3
and L1 are, respectively

vC 3(t) = −vL1(t) = ω3LaiL1 max sinω3t (24)

iL1(t) = iC 3(t) = iL1 max cos ω3t (25)

where

ω3 =
√

1
LaCb

. (26)

When the voltage across C3 rises to E, mode 7 ends. Accord-
ing to (24), the duration of mode 7 is

t6−7 =
1
ω3

· arcsin
(

E

ω3LaiL1 max

)
. (27)

In the parameter design, the time δt3 from S3 turned OFF to
S5 turned OFF should not be less than the time t6–7 determined
by (27), under the condition of the maximum load current iamax .

Mode 8 [t7 , t8]: At instant t7 , the voltage across C3 rises to
E. At this time, D7 and D12 start conducting, and the residual
energy in L1 feeds back to input dc power supply through D3 ,
D7 , and D12 . The currents through L1 and D1 fall linearly.
S5 achieves ZVZCS turn-off during the period of this mode
beginning to S1 turned OFF. The currents of L1 and D1 are,
respectively

iL1(t) = iL1(t7) −
E

La
t (28)

iD1(t) = iL1(t7) −
E

La
t − ia . (29)

When the current through L1 falls to ia , D1 turns OFF natu-
rally, and mode 8 ends. According to (28), the duration of mode
8 is

t7−8 =
La [iL1(t7) − ia ]

E
. (30)

Mode 9 [t8 , t9]: At instant t8 , the current through L1 falls
to ia . D1 turns OFF. The current through L1 continues falling
linearly, and the current through S1 rises linearly from zero. The
load current is commutated from L1 to S1 . The current of L1 is

iL1(t) = ia − E

La
t. (31)

When the current through L1 falls to zero, the load current is
commutated to S1 totally, mode 9 ends. According to (31), the
duration of mode 9 is

t8−9 =
Laia
E

. (32)

At instant t9 , the current through L1 falls to zero. The current
through S1 keeps the load current ia invariably, and the operation
mode is back to mode 0 again.

The operation modes during ia < 0 are similar to the afore-
mentioned modes (ia > 0), so the analysis to the operation
modes during ia < 0 is omitted.

As the analysis mentioned previously (seeing mode 4 and
5 in Figs. 6 and 7), from the moment of turning ON the first
auxiliary switch S3(S4), the energy in the first auxiliary reso-
nant capacitor C3(C4) begins to transfer to the second auxiliary
resonant capacitor C5(C6), the second auxiliary resonant induc-
tor L3(L4) and the first auxiliary resonant inductor L1(L2). In
order to achieve ZVS turn-off reliably for S3(S4), the energy
of C3(C4) must be fully released during Mode 4 and Mode 5.
This asked for the value of C3(C4) is no more than the value
of C5(C6). Furthermore, the charging voltage across C5(C6) is
beneficial for S1(S2) to achieve ZVS turn-off. Thus, in order to
transfer to C5(C6) as much as possible, the energy in C3(C4)
should transfer to L1(L2) as little as possible in the duration of
mode 4. This is asked for the value of L3(L4) is much larger
than the value of L1(L2). Therefore, in the parameter design,
the values of the auxiliary resonant capacitor C3(C4), C5(C6)
and the auxiliary resonant inductor L1(L2), L3(L4) should meet
Cc ≥ Cb , Lb � La .

C. Separation Principle of Resonant Current
and Load Current

As the analysis mentioned previously, the energy stored in
C5(C6) is completely released through load circuits during δt11
(seeing mode 1 in Figs. 6 and 7). When the first auxiliary switch
S4(S3) is turned ON, there is no energy stored in the second aux-
iliary resonant capacitors and the DACC no longer has reactive
energy to exchange. Therefore, the maximum current through
the DACC in commutation processes can be calculated by (17).
Because the value of Ca can be arbitrarily small, the maximum
current through the DACC in commutation processes approxi-
mately equals to the load current at commutation moments.

However, the original modulation strategy has not set the
shunt dead time δt11 . The auxiliary switch S4(S3) is turned ON
as soon as the main switch S1(S2) is turned OFF and the key
operation modes are shown in Fig. 8. When load current ia is
commutated from main switch S1 to freewheeling diode D2 , the
initial voltage values of resonant capacitors are vC 1 = vC 6 = 0
and vC 2 = vC 3 = vC 4 = vC 5 = E. S4 is turned ON as soon as
S1 is turned OFF and the circuit enters into mode 1’ as shown
in Fig. 8(a). C1 , C2 , and C5 begin to resonate with L2 , and C4 ,
C6 , and L4 begin to resonate with L2 , too. The current through
L2 and the voltages across C1 and C6 rise from zero. The
voltages across C2 , C4 , and C5 fall from E. When the voltages
across C2 and C5 fall to zero, the resonant process is finished
and mode 1’ ends. During the process, a part of resonant energy
transfers to the first auxiliary resonant inductor L2 .

When S4 is turned OFF, the circuit enters into mode 2’ as
shown in Fig. 8(b). The energy in L2 transfers to C4 . When the
voltage across C4 rises to E, mode 2’ ends. Unlike the novel
modulation strategy, the reactive energy stored in the DACC is
transferred from the second auxiliary resonant capacitor C5 to
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Fig. 8. Key operation modes under the original modulation strategy. (a) Mode 1’. (b) Mode 2’. (c) Mode 3’. (d) Mode 4’.

the first auxiliary resonant capacitor C4 by the first auxiliary
resonant inductor L2 . And when C4 , C6 , and L4 resonate next
time, the energy stored in the DACC will be transferred from
the first auxiliary resonant capacitor C4 to the second auxiliary
resonant capacitor C6 .

When load current ia is commutated from freewheeling diode
D2 to main switch S1 , S3 is turned ON as soon as S2 is turned
OFF and the circuit enters into mode 3’ as shown in Fig. 8(c).
The current through D2 begins to commutate to L1 and this
mode is same as mode 3 under the novel modulation strategy
(seeing mode 3 in Figs. 6 and 7). When the load current ia
is completely commutated to L1 , D2 turns OFF naturally and
mode 3’ ends.

Because there is energy stored in C6 , assume the voltage
across C6 is E (the voltage can also be smaller than E). When
mode 3’ ends, the circuit immediately enters into mode 4’ as
shown in Fig. 8(d). C1 , C2 , and C6 begin to resonate with L1 ,
and C3 , C5 , and L3 begin to resonate with L1 , too. The energy in
C3 begins to transfer to C5 . The voltages across C1 and C6 fall
from E, and the voltage across C2 rises from zero. The current
through L1 is the sum of resonance current and load current.
After 1/4 of the resonant cycle, the voltages across C1 and C6
fall to zero, and mode 4’ ends. The current through L1 reaches
to the maximum value iL1max

iL1max = ia + E ·
√

2Ca + Cc

La
. (33)

On the basis of the key operation modes analysis under the
original modulation strategy, we conclude that because the aux-
iliary switch S4(S3) is turned ON as soon as the main switch
S1(S2) is turned OFF, the reactive energy stored in the DACC
has no time to be released through load circuits and it is trans-
formed into resonance current through a series of resonance. So,
the peak current through the DACCs is the sum of resonance
current and the load current at the moment of commutation,
which increases the current stress and circulating current loss of
the DACCs.

III. STEADY-STATE CHARACTERISTICS

A. Maximum Current and Voltage Stresses of Components

The voltage and current stresses of each component in the
DARCP inverter under original and novel modulation strategies
are shown in Table I. Under different modulation strategies,
neither the voltage stresses of main switches, auxiliary switches
and diodes, nor the current stress of main switches has changed.
The voltage stresses of main switches, auxiliary switches, and
diodes equal to input dc voltage E. The current stress of main
switches equals to the maximum value of the load current. How-
ever, under the novel modulation strategy, the current stress of
auxiliary switches is significantly lower than that under the orig-
inal modulation strategy. Because the value of Ca can be set to
a very small value that can be negligible, the current stress of
auxiliary switches equals to the maximum value of load current
under the novel modulation strategy. And the novel modulation
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TABLE І
VOLTAGE AND CURRENT STRESSES OF COMPONENTS

Original Modulation
Strategy

Novel Modulation
Strategy

Voltage Stress
Main switches (S1 , S2 ) E E
The first auxiliary switches
(S3 , S4 )

E E

The second auxiliary
switches(S5 , S6 )

— E

Diodes(D1 − D1 2 ) E E
Current stress
Main switches(S1 , S2 ) ia m a x ia m a x

The first auxiliary switches
(S3 , S4 )

E ·
√

2Ca + Cc

La
+ ia m a x E ·

√
2Ca

La
+ ia m a x

The second auxiliary
switches(S5 , S6 )

— E ·
√

2Ca

La
+ ia m a x

strategy effectively avoids the superposition of resonance cur-
rent and load current at commutation moments in DACCs.

B. dv/dt of Main Switches and di/dt of Freewheeling Diodes

Under the novel modulation strategy, according to (3) and
(7), the voltage change rate of main switches during turn-off
transient and the current change rate of freewheeling diodes
during turn-off transient are, respectively

dv/dt =
ia

2Ca + Cc
(34)

di/dt =
E

La
. (35)

According to (34) and (35), we know that the voltage change
rate of main switches during turn-off transient and the current
change rate of freewheeling diodes during turn-off transient are
constants. It means that the voltage across main switches during
turn-off transient and the current through freewheeling diodes
during turn-off transient vary linearly and these change rates
can be designed arbitrarily in the parameter design.

C. Soft-Switching Implementation Condition

According to the analysis of operation principle, the com-
mutation time from main switches (S1 , S2) turned OFF to free-
wheeling diodes (D2 ,D1) turning ON is less than the time from
freewheeling diodes (D2 ,D1) turning OFF to main switches
(S1 , S2) turned ON. So, the soft-switching implementation con-
dition depends on the time (δt11 + δt12) from freewheeling
diodes (D2 ,D1) turning OFF to main switches (S1 , S2) turned
ON.

1) ZVS Implementation Condition of Main Switches: Ac-
cording to the analysis of operation principle, the maximum
commutation time (δt11 + δt12) should not be larger than the
dead time tdead in conventional hard-switching PWM inverters,
so t0–1 + t2–3 + t3–4 ≤ δt11 + δt12 ≤ tdead . According to (5),

(8), and (16), the relationship is

E(2Ca + Cc)
ia

+
La

E
ia +

π

2
·
√

2LaCa ≤ δt11 + δt12 ≤ tdead .

(36)
In order to achieve ZVS turn-on for main switches (S1 , S2),

the commutation time δt12 must meet the relationship δt12 ≥
t2–3 + t3–4 . According to (8) and (16), the time δt12 should
meet

δt12 ≥ La

E
ia +

π

2
·
√

2LaCa. (37)

2) ZVS Implementation Condition of the First Auxiliary
Switches: In order to achieve ZVS turn-off for the first auxiliary
switches (S3 , S4), the voltage across C3 must fall to zero within
(t3–4 + t4–5), so t3–4 + t4–5 ≤ δt12 + δt2–t2–3 . According to
(8), (16), and (23), the time δt2 should meet

δt2 ≥ La

E
ia + π ·

√
LbCbCc

Cb + Cc
− δt12 . (38)

3) ZVZCS Implementation Condition of the Second Auxiliary
Switches: On the basis of the aforementioned analysis, in order
to achieve ZVZCS turn-off for the second auxiliary switches
(S5 , S6), the commutation time δt3 must meet the relationship
δt3 ≥ t6–7 . According to (27), the time δt3 should meet

δt3 ≥
√

LaCb · arcsin

(
E

iL1 max

√
Cb

La

)

. (39)

In order to achieve ZVZCS turn-on for the second auxiliary
switches (S5 , S6), the second auxiliary switches must be turned
ON in the first auxiliary switches (S3 , S4) conduction duration.

D. Maximum Effective Duty Cycle and Minimum Duty Cycle

According to the analysis of operation principle, in order
to achieve ZVS turn-on for main switch S1 , the commutation
time (δt11 + δt12) should meet δt11 + δt12 ≤ tdead . As shown in
Fig. 9, the minimum duty cycle Dmin and the maximum effective
duty cycle Deff−max under the novel modulation strategy are

Dmin = DL1−S1 (40)

Deff−max = 1 − 2DS1−D2 − 2DD2−L1 − 2DZVS − Dmin

(41)

where DS1−D2 = t0−1
Ts

, DD2−L1 = t2−4
Ts

, DZVS = TZ V S

Ts
, and

DL1−S1 = t8−9
Ts

.
t0–1 is the duration of mode 1 (the commutation time when

the load current is commutated from S1 to D2); t2–4 is the sum
of the duration of mode 3 and mode 4 (the commutation time
when the load current is commutated from D2 to L1); TZV S

is the time for S1 to achieve ZVS turn-on, which depends on
the duration of mode 5, mode 6, mode 7, and mode 8. t8–9 is
the duration of mode 9 (the commutation time when the load
current is commutated from L1 to S1).

According to (40) and (41), in comparison with conventional
hard-switching PWM inverters with the dead time, the minimum
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Fig. 9. Maximum effective duty cycle Deff −m ax and minimum duty cycle Dm in .

duty cycle of this inverter increases, the maximum effective duty
cycle of this inverter decreases.

IV. OPTIMAL PARAMETER DESIGN

A. Design Methodology

1) Assume the input dc voltage is E and the output maximum
load current is iamax .

2) The maximum commutation time (δt11 + δt12) should
meet (36).

3) Design of the main resonant capacitor Ca and the second
auxiliary resonant capacitor Cc .
The optimal parameter design condition of the DACC is
making the current through the DACC equal to the load
current at the commutation moment when the load cur-
rent reaches to the maximum value. So, in order to avoid
the superposition of resonance current and load current
when S3 is turned ON, main resonant capacitor C2 and
the second auxiliary resonant capacitor C5 should fully
discharge during δt11 (seeing mode 1 in Figs. 6 and 7).
According to (5), δt11 should meet

δt11 ≥ E(2Ca + Cc)
ia max

. (42)

If the value of Ca meets the condition of ZVS turn-off for
main switches, it can be set to a very small value that can
be negligible.
According to (34) and (42), the values of Ca and Cc can
be calculated.

4) Design of the first auxiliary resonant inductor La .
In order to meet the condition of ZVS turn-on for main

switches, during δt12 , the circuit should finish the commuta-
tion of load current from freewheeling diode D2 to the first
auxiliary resonant inductor L1 , and main resonant capacitor C1
should fully discharge (seeing modes 3 and 4 in Figs. 6 and 7).
According to (8) and (16), δt12 should meet

δt12 ≥ La

E
ia max +

π

2
·
√

2LaCa. (43)

In order to meet the condition of ZVZCS turn-off for the sec-
ond auxiliary switches, δt3 should meet δt3 ≥ t6–7 . According

to (27), δt3 should meet

δt3 ≥ π

2
·
√

LaCb. (44)

According to (35), (43), and (44), the value of La can be
calculated.

During δt12 , the current change rate of freewheeling diodes
basically meets the condition of current change rate.

The voltage change rate of main switches during turn-off tran-
sient and the current change rate of freewheeling diodes during
turn-off transient are determined by (34) and (35), respectively.

B. Design Example

In the following, a design example is explained. The input dc
supply voltage E is 400 V and the output maximum load current
iamax is 50 A.

During δt11 , assume the voltage change rate of main switches
at turn-off transient is dv/dt = 1000 V/μs. According to (34) and
(42), 2Ca + Cc = 50 nF, δt11 ≥ 0.4 μs. Take Ca = 5 nF, then
Cc = 40 nF. As is known from the aforementioned analysis,
Cc ≥ Cb . Take Cc = 2Cb , then Cb = 20 nF.

During δt12 , assume the current change rate of freewheel-
ing diodes is di/dt = 200 A/μs. According to (35) and (43),
La = 2 μH, δt12 ≥ 0.48 μs. On the basis of analysis mentioned
previously, Lb � La . Take Lb = 20 La , then Lb = 40 μH.

During (δt12 + δt2), to achieve ZVS turn-off for the first aux-
iliary switches (S3 , S4), the voltage across C3 must fall to zero,
according to (38), δt2 ≥ 2.55 μs − δt12 .

During δt3 , to achieve ZVZCS turn-off for the second aux-
iliary switches (S5 , S6), according to (44), the time δt3 should
meet δt3 ≥ 0.32 μs.

According to the aforementioned analysis, δt11 and δt12
should meet δt11�0.4 μs and δt12 ≥ 0.48 μs. So, the maximum
commutation time should meet (δt11 + δt12)�0.88 μs.

V. EXPERIMENTAL RESULTS

In order to demonstrate the validity of the aforementioned
analysis, a 10-kW DARCP three-phase PWM soft-switching
inverter prototype is built. The output line voltage is 200Vrms and
the output frequency fo is 50 Hz. A three-phase R–L load is used
in this prototype and R = 4Ω, L = 1 mH. The parameters of the
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Fig. 10. Photo of the 10-kW three-phase soft-switching PWM inverter proto-
type.

modulation strategy are δt11 = 1 μs, δt12 = 2 μs, δt2 = 1 μs,
δt3 = 0.4 μs, and tdead = 3 μs. Fig. 10 shows the photo of
the three-phase soft-switching inverter prototype. Fig. 11 shows
the photo of the control and drive circuits. The parameters of
components in the circuit are shown in Table II.

A. Waveforms Evaluation

Fig. 12(a)–(f) shows the voltage and current waveforms of
main switch S1 , the first auxiliary switch S3 , the second auxil-
iary switch S5 , and freewheeling diode D2 in switching opera-
tions. Fig. 12(g) and (h) show the voltage and current waveforms
of the second auxiliary resonant capacitor C5 and the first aux-
iliary resonant inductor L1 . Fig. 12(a) shows the voltage and
current waveforms of S1 during turn-off transition. Fig. 12(b)
shows the voltage and current waveforms of S1 during turn-on
transition. Fig. 12(c) shows the voltage and current waveforms
of S3 during switching transition. Fig. 12(d) shows the volt-
age and current waveforms of S5 during switching transition.
Fig. 12(e) shows the voltage and current waveforms of D2 dur-
ing turn-off transition. Fig. 12(f) shows the voltage and current
waveforms of D2 during turn-on transition. Fig. 12(g) shows
the voltage and current waveforms of C5 . Fig. 12(h) shows the
voltage and current waveforms of L1 . In Fig. 12, it is known
that main switch S1 achieves ZVS turn-on and ZVS turn-off, the
first auxiliary switch S3 achieves ZCS turn-on and ZVS turn-
off, and the second auxiliary switch S5 achieves ZVZCS turn-on
and ZVZCS turn-off. Furthermore, it can be observed that the
voltage across main switch S1 during turn-off transient and the

Fig. 11. Photo of the control and driver circuits.

TABLE II
COMPONENTS AND PARAMETERS OF THE INVERTER

Components Parameters

Control board DSP TMS320F2812
Driver board SKHI23/17
Input DC voltage (E) 400 V
Switching frequency(fS ) 16 kHz
S1 and S2 SKM75GB063D(600 V,100 A)
S3 ∼ S6 IRG4BC30F (600 V, 31 A)
D3 ∼ D1 2 RHRG3060(600 V, 30 A)
C1 and C2 4.7 nF
C3 and C4 22 nF
C5 and C6 47 nF
L1 and L2 2 μH
L3 and L4 40 μH

current through the first auxiliary switch S3 during turn-on tran-
sient and freewheeling diode D2 during turn-off transient vary
linearly in Fig. 12(a), (c), and (e), respectively. So, the change
rates can be set arbitrarily in the parameter design. In addi-
tion, according to Figs. 12 and 6, experimental waveforms in
Fig. 12 are basically consistent with key theoretical waveforms
in Fig. 6, which demonstrates the validity of the aforementioned
theoretical analysis.

Under the original and novel modulation strategies, the wave-
forms of the voltage across C5 and load current ia (phase cur-
rent) are shown in Fig. 13, and the waveforms of the current
through L1 and load current ia are shown in Fig. 14. As shown
in Figs. 13 and 14, it can be observed that the voltage across
C5 and the current through L1 change with the load current ia .
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Fig. 12. Voltage and current waveforms of the proposed inverter. (a) Main switch S1 turn-off (scales: 100 V/div, 10 A/div, 2 μs/div). (b) Main switch S1 turn-on
(scales: 100 V/div, 10 A/div, 1 μs/div). (c) First auxiliary switch S3 turn-on and turn-off (scales: 100 V/div, 20 A/div, 1 μs/div). (d) Second auxiliary switch S5
turn-on and turn-off (scales: 100 V/div, 20 A/div, 500 ns/div). (e) Freewheeling diode D2 turn-off (scales: 100 V/div, 20 A/div, 1 μs/div). (f) Freewheeling diode
D2 turn-on (scales: 200 V/div, 20 A/div, 1 μs/div). (g) Second auxiliary resonant capacitor C5 (scales: 200 V/div, 5 A/div, 10 μs/div). (h) First auxiliary resonant
inductor L1 (scales: 200 V/div, 30 A/div, 1 μs/div).
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Fig. 13. Waveforms of the voltage across the second auxiliary resonant capacitor C5 and load current ia . (a) Waveforms under the original modulation strategy
(scales: 100 V/div, 50 A/div, 5 ms/div). (b) Waveforms under the novel modulation strategy (scales: 100 V/div, 50 A/div, 5 ms/div).

Fig. 14. Waveforms of the current through the first auxiliary resonant inductor L1 and load current ia . (a) Waveforms under the original modulation strategy
(scales: 50 A/div, 5 ms/div). (b) Waveforms under the novel modulation strategy (scales: 50 A/div, 5 ms/div).

Fig. 15. Experimental efficiency curves. (a) Within whole load range. (b) Within light load range.

Under the original modulation strategy, by watching the wave-
forms of the voltage across C5 and the current through L1 , it can
be known that the voltage across C5 and the current through L1
still maintain a large value when load current ia is in the reverse
direction, which is caused by the resonance current. However,
under the novel modulation strategy, the superposition voltage
and current that are caused by resonance current are almost zero
when the load current ia is in the reverse direction. Because the

experimental prototype installs two main resonant capacitors,
there are tiny voltage and current values in C5 and L1 when the
load current ia is in the reverse direction.

B. Efficiency Evaluation

Fig. 15 shows the experimental efficiency curves of the
DARCP inverter under the different modulation strategies and
the conventional hard-switching inverter. In Fig. 15(a), we can
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see that under the original modulation strategy, the efficiency
of the DARCP inverter is higher than that of hard-switching
inverter when the output power is larger than 50% of rated
power (5 kW). When the output power is lower than 50% of
rated power (5 kW), the DARCP inverter’s efficiency under the
original modulation strategy is unsatisfactory, even lower than
the hard-switching inverter’s efficiency, especially in light load
range. And the lighter the load is, the more unsatisfactory the ef-
ficiency of the DARCP inverter will be [as shown in Fig. 15(b)].
However, under the novel modulation strategy, the DARCP in-
verter’s efficiency in the whole load range is higher than that
under the original modulation strategy and the hard-switching
inverter’s efficiency. Even in the extremely light load range,
the DARCP soft-switching inverter’s efficiency under the novel
modulation strategy also closes to the hard-switching inverter’s
efficiency [as shown in Fig. 15(b)]. In comparison with the
original modulation strategy, the average conversion efficiency
under the novel modulation strategy is improved about 5% when
the output power is lower than 50% of rated power [as shown
in Fig. 15(a)]. Furthermore, the lighter the load becomes, the
more the efficiency will be improved obviously [as shown in
Fig. 15(b)].

VI. CONCLUSION

Aimed at the problem that the ACC of ARCP inverters has a
high loss in commutation processes, this paper presents a novel
modulation strategy based on a DARCP inverter. By theoretical
analysis and experiment on the 10-kW DARCP inverter pro-
totype, the soft-switching inverter under the novel modulation
strategy has the following features.

1) Main switches achieve ZVS turn-on and ZVS turn-off.
The first auxiliary switches achieve ZCS turn-on and ZVS
turn-off. The second auxiliary switches achieve ZVZCS
turn-on and ZVZCS turn-off. It is beneficial to reduce the
switching loss and further improve the switching fre-
quency.

2) The voltage across main switches during turn-off transient
and the current through freewheeling diodes during turn-
off transient vary linearly and their change rates can be set
arbitrarily in the parameter design, which can restrict the
production of EMI and reduce the reverse recovery loss
of freewheeling diodes.

3) The novel modulation strategy can avoid the superposition
of resonance current and load current at commutation mo-
ments in DACCs, and make the maximum current through
the DACC approach to the load current in commutation
processes. This characteristic is beneficial to reduce the
loss of DACCs in commutation processes and the current
stress of auxiliary switches.

4) In comparison with the original modulation strategy, the
average conversion efficiency under the novel modulation
strategy is improved about 5% when the output power is
lower than 50% rated power. Furthermore, the lighter the
load becomes, the more the efficiency will be improved
obviously. So, the novel modulation strategy achieves the
high conversion efficiency of the soft-switching inverter
within the whole load range.
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