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ABSTRACT The paper proposes a novel interleaved AC-DC ZCS-PWM boost converter that requires the
use of just a single active auxiliary switch to assist in the turning off the main power circuit switches with
ZCS. The auxiliary switch can be turned on and off with ZCS and its auxiliary circuit allows the converter
to operate without an increase in the main switch peak current or voltage stress. The auxiliary switch in
the converter is active for a much shorter time than in most other ZCS-PWM converter, which allows the
converter to operate at higher power levels than other previously proposed interleaved ZCS-PWM converter
with a single auxiliary switch. The proposed converter’s operation is explained in the paper and its key
features and design considerations are discussed. Experimental results that confirm the operation of the
proposed converter are presented as well.

INDEX TERMS Switch mode power supplies, ac-dc conversion, soft-switching, ZCS-PWM converter.

I. INTRODUCTION
AC-DC boost converters with input power factor correc-
tion (PFC) are widely used in industry as their input
current can meet harmonic standards set by regulatory agen-
cies [1]–[6]. Especially popular are AC-DC PFC converters
that are made up of at least two interleaved boost converter
modules, such as the ones proposed in [7]–[16]. With inter-
leaving, the input current of each module can be made to
be discontinuous so that the size of their input inductors
are reduced as the net input current has a ripple that is
comparable to that of a single boost converter module with
a large input inductor. Moreover, there is less current stress
on the converter components as they handle a fraction of the
overall current and the control is easier as more sophisticated
control methods needed for continuous current mode (CCM)
operation are avoided.

Soft-switching methods for these converters can either be
zero-voltage switching (ZVS) if they are implemented with
MOSFETs or zero-current switching (ZCS) if implemented
with IGBTs. The focus of the paper is on ZCS methods for
IGBT converters [18]–[20], [22]–[25], [27]–[34]. Most of
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these, use an auxiliary circuit that is activated whenever a
main converter switch is about to be turned off, gradually
diverting current away from the switch so that it can turn
off with ZCS. ZCS is beneficial for IGBTs as it eliminates
the current tail that would otherwise exist when turning off.
This current tail overlaps with the switch voltage and causes
significant turn-off losses.

Previously proposed methods in interleaved boost convert-
ers have at least one of the following drawbacks:

a) Each module of an interleaved AC-DC boost converter
must have its own auxiliary circuit to help its main
switch turn off with ZCS, instead of using just one
active auxiliary circuit for both main switches. This
adds cost to the overall converter [18], [19], [33], [34].

b) Auxiliary circuit components must be placed in the
main part of the converter. With more components
in the main path of current, conduction losses are
increased, and the auxiliary circuit components need
to be implemented with higher current rated compo-
nents [20], [22]–[32], [36]–[38].

c) The auxiliary circuit injects current into the main
switches, which increases peak and RMS current
stresses. This is typical of resonant-type auxiliary
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circuits. This creates a need for a higher rated device for
the main switch and also increases conduction losses
that can offset any gain in efficiency caused by the
reduction of switching losses [16], [20], [22], [28].

d) The auxiliary switch does not operate with ZCS, but
operates with hard-switching instead [17].

e) Generally, in any ZCS-PWM converter, the auxiliary
circuit causes the light-load efficiency of the converter
to decrease as it produces more losses than it saves
for light loads [18]–[20], [23], [25]–[32]. Any active
auxiliary circuits that are used to reduce switching
losses are effective when the converter is operatingwith
heavy-loads when there is current in the converter to
create losses, but less sowhen the converter is operating
with light-loads as there is little current in the converter,
thus few current-related losses. These active auxiliary
circuits cannot be disengaged from the converter.

f) Energy pumped into the auxiliary circuit when it is
activated, from the main converter circuit, is trapped in
the auxiliary circuit where it is dissipated. There is no
path for at least some of this energy to be transferred to
the output [17], [19], [20], [22], [23], [27], [28].

g) The auxiliary circuit increases the voltage stress of the
boost diode by a significant amount 20], [23]–[25],
[30]–[32], [36]. This is especially true of resonant-type
auxiliary circuits that present a negative voltage at the
anode of the boost diode while active, which forces
the peak voltage stress of the diode to be greater than
the output voltage.

h) For a two-module interleaved ZCS-PWM converter
that has just a single active auxiliary circuit to help
the main switches turn off with ZCS, the auxiliary
switch in the circuit must be turned on and off twice
during a switching cycle. The switch therefore operates
with double the converter switching frequency as a
result. If this switch needs to be on for a significant
amount of time, then turning it on twice during a
switching cycle increases the RMS current stress of the
auxiliary switch and thus the auxiliary circuit losses.
If an auxiliary switch is to be implemented with a
device that is cheaper and that has better switching
characteristics than that used for the main switches, the
power rating of the converter must be limited so that the
auxiliary switch can handle the power in the auxiliary
circuit [17], [20], [22], [23], [27]–[31].

An interleaved ZCS-PWM AC-DC boost converter that
consisted of two boost converter modules and just one auxil-
iary switch was proposed by the authors in [40]. Although
it addressed a number of the above-mentioned drawbacks,
it did not address all of them. In this article, an improved
version of the converter is proposed. The proposed converter
has none of the above-mentioned drawbacks and can be oper-
ated at higher power levels than other previously proposed
interleaved ZCS-PWM converters with a single auxiliary
switch because the RMS current of the auxiliary switch is
significantly reduced.

FIGURE 1. Proposed interleaved AC-DC ZCS-PWM boost converter.

In this article, the general principles behind the operation
of the proposed converter are discussed and its modes of
operation are explained. Guidelines for the design of key
auxiliary circuit components are given and the features of
the converter are reviewed in detail. The feasibility of the
proposed converter is confirmed with results obtained from
an experimental prototype.

II. GENERAL CONVERTER PRINCIPLES
The proposed AC-DC converter, shown in Fig. 1, consists
of two boost converter modules: one with L1, S1 and D1,
the other with L2, S2 and D2. The gating signals of the
two main switches, S1 and S2 are identical, but shifted 180o

with respect to each other. The currents in L1 and L2 are
discontinuous and identical, but also shifted 180o with respect
to each other.

The two boost modules are connected to the same auxiliary
circuit, which consists of connection diodes Da1 and Da2,
reverse blocking diode Da3, inductors Lr1, Lr2, capacitor Cr,
and a center tap feed forward transformer Ta which has
two diodes DT1 and DT2. The auxiliary circuit is activated
whenever a main switch is about to be turned off and is active
for only a fraction of the switching cycle.

The proposed converter has the following modes of opera-
tion for a half switching cycle when duty cycle D ≥ 0.5 and
when S2 is turned on and S1 is turned off; Typical waveforms
and circuit diagrams for these modes are shown in Fig. 2 and
Fig.3 respectively.

The modes of operation for the other half-cycle when S1 is
turned on and S2 is turned off are identical.
The modes of operation are derived based on the following

assumptions:

• Since the AC input voltage can be considered as an DC
input source in a very short amount of time, the steady-
state analysis is done with DC input voltage.

• The proposed circuit has two boost modules that are
designed to be operated in DCM, so the input inductor
current of each one will become discontinuous. How-
ever, the input current of the converter, which is the sum
of the inductor currents, should be continuous.

• The output filter capacitor, Co, is large enough to be
considered as a voltage source Vo.
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• All switches, diodes, and passive elements are ideal with
no losses.

The description of each mode is presented as follows along
with the modal equations that define it. It should be noted
that due to page limitations, the only solutions that are shown
are those for the equations for Mode 3, as these are related
to the ZCS operation of the converter. The solutions to the
Mode 3 equations are meant to be an example of the type of
solution equations that exist for the converter.

Mode 1 (t0< t < t1): This mode begins when switch S2 is
turned on. When switch S2 is turned on, the rectified voltage
is applied to L2 and leads to a gradual increase of the current
through the L2 and the input current in the input inductor Iin.
The slope of L2, which is equal to the slope of S2, is increased
as follows:

Vin = L2
dL2 (t1)
dt

(1)

By integrating from time t0 to t1, the main switch current can
be written as follows:

IS2 (t1) =
Vin
L2
(t1 − t0) (2)

Mode 2 (t1< t < t2): This mode begins when the auxiliary
switch (Sa) is turned on in preparation to turn off main switch
S1 with ZCS. Sa turns on with ZCS because Lr2 limits the
rise of the switch current. After Sa is turned on, Cr starts to
resonate with Lr2 so that the current in Lr2 rises while the
voltage across Cr decreases. The equations that define this
mode are

VCr (t2) = −Lr2Cr
d2

dt2
VCr (t2) (3)

iLr2 (t2) = iCr (t2)− Cr
d
dt2

VCr (t2) (4)

The initial condition for (3) and (4) are Vcr(0) = Vcm,which
is the maximum voltage of the capacitor, and ilr2(0) = 0.
Solving these equations gives

VCr (t2) = Vcm cos (ω2t2) (5)

iLr2 (t2) =
Vcm
Z2

sin (ω2t2) (6)

where ω2 =
1

√
Lr2Cr

and the characteristic impedance of the

auxiliary circuit is defined as Z2 =
√

Lr2
Cr

. Mode 2 is finished
when the voltage of the auxiliary capacitor Vcr reaches to
zero. Therefore, the duration of this mode can be calculated
by making (5), equal to zero:

t2 − t1 =
π

2

√
Lr2Cr (7)

The maximum current through the auxiliary circuit can be
obtained at the end of this mode by substituting (7) into (6):

iLr2 (t2) =
Vcm
Z2

sin(ω2
π

2
1
ω2

) (8)

iLr2max = isamax =
Vcm
Z2

(9)

FIGURE 2. Typical waveforms.

Mode 3 (t2< t < t3): This mode begins when the voltage
across Cr, VCr, is zero. During this mode, Vcr is charged to a
negative voltage and Da1 and Da2 start to conduct. DT1 starts
to conduct so ccirculating energy from the auxiliary circuit
is transferred to the output during this time. The current
through Lr1 and Lr2 decreases and goes to zero. The currents
through S1 and S2 then become negative and flow through
their body diodes. When this happens, S1 can be turned off
with ZCS.

In deriving the equation of this mode, it should be noted
that because Sa has to be turned off right after turning off
the main switches, the ZCS condition for main and auxiliary
switches must be met in this mode of operation. The modal
equations are as follows:

−VCr (t3)+ Lr2Cr
dilr2
dt

(t3) = 0 (10)

−V X−VCr(t3) − Lr1
dilr1
dt

(t3) = 0 (11)

ilr1 (t3) = icr (t3)+ ilr2 (t3) (12)

iCr (t3) = Cr
dVCr
dt

(t3) (13)
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FIGURE 3. Modes of operation.

The transformer primary is clamped to VX = Vo/N where N
= N2/N1 is the turn ratio.

−
d2VCr (t3)

dt2
−

VCr
LeCr

(t3)−
VX
Lr1Cr

= 0 (14)

dilr1
dt

(t3) = −
(VCr (t3)+ VX )

Lr1
(15)

Solving these equations gives (16)-(18), as shown at the
bottom of the next page, where:

ω1 =
1

√
Lr1Cr

, ωe =
1

√
LeCr

Z1 =

√
Lr1
Cr
,

Ze =

√
Lre
Cr

and Le =
Lr1 ∗ Lr2
Lr1 + Lr2

.

During this mode the current in Lr2 reaches zero because of
its resonance with Cr; then energy in Lr1 is transferred to Cr,
thus increasing its voltage so that VCr becomes less negative

and is in the process of eventually becoming positive. When
the (18-a) and (18-b) are zero or negative, the ZCS for the
main and auxiliary switches is maintained, respectively. The
operation time of Mode 3 is shown in (19), at the bottom of
the next page. By simplifying the equations, the operation
time of the auxiliary switch to perform ZCS for itself and the
main switches can be calculated by (20).

The maximum voltage of the resonant capacitor, which is
the maximum voltage across the auxiliary switch Vcm, should
be derived in Modes 4− 5. Due to page limitations, only the
last formula will be presented. The procedure is the same as
for the previous equations.

Mode 4 (t3< t < t4): This mode begins when Sa is turned
off with ZCS. The voltage across the Vcr keeps increasing.
So, the current through the S2 starts to be less negative. The
negative current through body diode of S2 decrease to zero,
thus auxiliary diode Da2 stops conducting at the end of this
mode.

Mode 5 (t4< t < t5): This mode begins when the net
voltage across the Cr and Lr1 becomes positive, thus D1

VOLUME 9, 2021 41323



R. Rasoulinezhad et al.: AC-DC Interleaved ZCS-PWM BC With Reduced Auxiliary Switch RMS Current Stress

conducts. This mode ends when the current through the Lr1
reaches zero. At the end of this mode, the maximum voltage
across the auxiliary capacitor Vcm can be derived by (21).
Mode 6 (t5< t < t6): This mode begins when ILr1 reaches

to zero thus Da1 and DT1 stop conducting. During this mode,
the current in the magnetizing inductance of the feed forward
transformer is discharged to the output by the DT2. The
voltage across L1 becomes (Vin,rec − Vo) and the current
through L1 starts to decrease linearly.

VCr (t3) =

(
VXw2

1

)
(cos (wet3)− 1)

w2
e

−
(VCmZe) (sin (wet3))

Z2
(16)

iLr1 (t3) =
(VCmLe) (1− cos (wet3))

Z2Lr1

+

(VXLe)
(
t3 −

sin(wet3)
we

)
L2r1

−
VX t3
Lr1

(17)

tisa−ontime = 2(
π − tan−1

(
Vcmw2

eZe
VXw2

1Z2

)
we

) (20)

VCr (t6) = VCm =
(
VCr6 (0)+ VX − VO

)
(cos (w1t6))

+
ilr16 (0) (sin (w1t6))

crw1
− VX + V0 (21)

Mode 7 (t6< t < t7): This mode begins when the current in
L1 reaches zero. This is the last mode of the half- cycle. The
next half-cycle begins when S1 is turned on under ZCS.

III. DESIGN PROCEDURE AND EXAMPLE
The modal equations derived in Section II can be used solved
and then used to as part of a computer program to generate
steady-state characteristic curves of possible converter oper-
ating points that can be used as part of a design procedure.
Due to limitations on paper size, only some example equa-
tions were shown on the previous section to prove the soft
switching. These equations can then be used to develop a
computer program that can be used to determine to generate
graphs of steady-state characteristics. This can be done as

shown in [39]. with these graphs, a procedure for the design
of the auxiliary circuit converter can then be developed.

The design procedure that is presented here is iterative
and requires several iterations before the final design can be
completed. Only the final iteration will be shown in the exam-
ple that follows. The key auxiliary circuit components that
should be designed are the the resonant capacitor Cr. the two
auxiliary circuit inductors Lr1 and Lr2, and the transformer
turns ratio.

The key circuit voltages that need to be considered are
the output voltage V0 = 400 V and the worst-case input
voltage. This input voltage is the voltage at which maximum
current flows through the converter, which is the minimum
input voltage Vin = 8 5 V. Based on (18_a), if the auxiliary
circuit can be designed to maintain ZCS under worst-case
conditions with minimum input voltage and maximum load,
then it can operate under all other conditions. The maxi-
mum input current, assuming a targeted efficiency of 95%
is

iin,max =

√
2Po
ηVin

→

√
2 ∗ 1000

0.95 ∗ 85
= 17.5 A (22)

It should be noted that to maintain ZCS for the main
switches, the value of the maximum current through the
auxiliary switch should be higher than that of the input cur-
rent. In order to ensure ZCS operation of the main switches,
a potential maximum current of 17.5 A may need to be
diverted away from these switches. This means that a current
of at least 17.5 A must be allowed to flow in the auxiliary
switch. To fully ensure ZCS operation, the current that can
flow in the auxiliary switch should be more than this. Assum-
ing a conservative 20% - 30% margin, the converter can be
designed to ensure that the auxiliary switch conducts 22 A of
current and thus (7) can be rewritten as

isa,max =
Vcm
Z2

> iin,max (23)

isamax =
Vcm
Z2
= 22 A (24)

iS1,2 (t3) = iin −

 (VCmLe) (1− cos (wet3))
Z2Lr1

+

(VXLe)
(
t3 −

sin(wet3)
we

)
L2r1

−
VX t3
Lr1

 (18_a)

iSa (t3) = iLr2 (t3) =
Vcm
Z2
−

 (VCmLe) (1− cos (wet3))
Z2Lr2

+

(
VXw2

1

) (
t3 −

sin(wet3)
we

)
Lr2w2

e

 (18_b)

t3 = −

log


√(

VX Le
L2r1
−

VX
Lr1

)
j+(( VcmLeZ2Lr1

)
2
w2
e+

(
VX Le
L2r1

)2

−

(
VX Le
L2r1
−

VX
Lr1

)2

)

VX Le
L2r1

j− VcmLe
Z2Lr1

we

 j

we
(19)
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FIGURE 4. Effects of increasing the key parameters on the ZCS conditions for main and auxiliary switches.

A. RESONANT CAPACITOR (Cr )
In order to have less voltage stress on the auxiliary switch,
Vcr, which is also the peak auxiliary switch voltage is
designed to be approximately 450V, (21), to take into account
the fact that the auxiliary switch is not directly connected
across the anode of a boost diode and ground. It should
be noted that this voltage would be much higher if there
was no transformer Ta to help transfer energy to the out-
put [25], [29]–[31].

Fig. 4 shows graphs of main switch current vs time and
auxiliary switch current vs time for various parameters.
Fig. 4(a) shows graphs for main switch current vs time and
auxiliary switch current vs time with fixed values of Lr1, Lr2,
and N and varying Cr. Fig. 4(b) shows these two graphs with
fixed values of Cr, Lr1, and N with varying values of Lr2.
Fig. 4(c) shows the graphs with fixed values of Cr, Lr2, and
N and varying values of Lr1. Fig. 4(d) shows the graphs with
fixed values of Cr, Lr2, and Lr1 and with varying values of N.
Each of the graphs in Fig. 4 is drawn with the start of Mode
3 as t = 0; this is when current begins to be diverted from
the main switch after the auxiliary switch has been turned
on, which happens during Mode 2. For all the curves in the
graphs, current falls after t = 0. If a current curve in these
graphs reach zero or becomes negative, this is an indication
of ZCS because this means that the current in the switch can
be removed and/or current can flow in the body-diode of the
switch device. If a current curve cannot reach zero, this is an
indication that current cannot be fully removed from a switch
so that that switch cannot turn off with ZCS.

In Fig. 4(a) it can be seen that by decreasing the value of
the resonant capacitor Cr, the maximum current through the
auxiliary switch is decreased, but the ZCS condition of the
main switches is lost as the current cannot fall to zero.

Cr should impose a negative voltage across resonant induc-
tor Lr2 after Sa is turned on to allow current to be transferred
away from either S1 or S2 before a turn-off occurs to ensure
that it can be done with ZCS. A negative Cr voltage allows
current to be diverted away from a main switch to Cr. Cr
should be large enough to ensure that its voltage does not
become positive as this transfer of current is taking place, but
not too large as this will force the auxiliary switch to be on
for a longer time, thus increasing its losses.

According to Fig. 4(a), Cr should bemore than 8 nf in order
to ensure that the main switches and the auxiliary switch can
turn on with ZCS – the main switches will not be able to turn
on with ZCS if Cr is less than 8 nf. Cr, however, should not be
too large as this would increase peak current stress and slow
down the transfer of current away from the auxiliary switch,
which would require that the auxiliary switch be on longer
and thus increase RMS current stress and conduction losses.
In order to have a margin for ZCS and maintain the maximum
current through the auxiliary switch between 18-22 Amps, Cr
is chosen to be 12 nf.

B. RESONANT INDUCTOR (Lr2)
With a value of Cr chosen and the maximum auxiliary switch
current set to be 22 A as described at the start of this section,
a value of Lr2 can be determined as follows:

isamax =
Vcm
Z2
=

Vcm√
Lr2
Cr

= 22 A (25)

22 =
450√
Lr2

12e−9

→ Lr2 = 4.9 µH (26)

This value of Lr2 is a preliminary value that can only be set
in conjunction with Lr1, as will be described next.
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C. RESONANT INDUCTOR Lr1
The choice of Lr1 can be made by using the graphs of Lr2/Lr1
in Figs 4(b) and 4(c). As can be seen from Fig. 4(b), the
ratio of Lr2/Lr1 should be small enough to minimize the
time that the auxiliary switch is on to reduce RMS switch
current stress and conduction losses. It should, however, also
be large enough to reduce auxiliary peak current. Based on the
characteristic curves in Fig. 4(c), the value of Lr1 should be
greater than that of Lr2 because the current through Lr1 should
be less than current through Lr2 in Mode 3 of operation to
divert the current from the auxiliary circuit and turn it off with
ZCS. In other words, Lr2/Lr1 should be less than 1 because the
auxiliary switch will not be able to turn off with ZCS. Lr2/Lr1
should not be too small, however, as the maximum current
through the auxiliary switch is increased. As a result, a ratio
of Lr2/Lr1 = 0.95 is chosen to have lower peak current, but
with ZCS. With ratio and Lr2 = 4.9 uH, Lr1 can be set to be
5.15 uH.

Lr1 > Lr2 → Lr1 = 5.5 µH (27)

D. TRANSFORMER (Ta) TURN RATIO (N)
The value of N, defined as the ratio of N2/N1, cannot be too
large or too small as the converter switches will not be able
to operate with ZCS in either case. As shown in Fig. 4(d),
by increasing the value of N, the ability of the auxiliary switch
to turn off with ZCS is reduced as the current in the switch
becomes less likely to fall to zero. According to Fig. 4(d),
the auxiliary switch cannot be turned off with ZCS if N > 5.
On the other hand, if too small a value of N is chosen (e.g.
N < 3), the ZCS condition for the main switches will be lost
because if N is too small, then the counter voltage produced at
the transformer’s primary will be too high and will counteract
the voltage across Cr to such an extent that the full switch
current will not be diverted from the main switch. As a result,
the value of N should be between 3 and 5.

Fig. 5 shows the power that the transformer transfers to the
load for different turn ratios. It can be seen from this graph
that as N is decreased, the transformer must handle more
power and thus must be made larger. As a result, if the range
of N that allows the converter switches to operate with ZCS
is between 3 and 5, then a value of N = 5 should be chosen
to minimize the amount of power that the transformer must
handle and thus its size.

E. OPERATING TIME OF THE AUXILIARY SWITCH
The time that the auxiliary switch operates which is the time
it needs to perform ZCS for itself and the main switches was
derived in (20). By substituting the values of the parameters
that has been chosen in this section: lr1 = 5.15 uH, Lr2 =

4.9 µH, N= 5, Cr = 12 nF, and the Vcm = 450, the time that
the auxiliary switch needs to perform ZCS for main switches
and itself is equal to 0.6 µs.

tisa−ontime = 2 ∗
π − tan−1

(
450w2

eZe
VXw2

1Z2

)
we

(28)

FIGURE 5. Auxiliary transformer power vs turn ratio.

IV. COMPARISON OF POWER LOSSES
The key power losses of the converter are discussed in this
section; just the key power losses are covered to simplify
the discussion. The loss analysis of the proposed converter
is made based on three main sources of losses: conduction
losses, switching losses and transformer losses. In addition,
a comparison is made for the proposed converter when it
works with ZCS and without ZCS.

There are three main sources of conduction losses in the
proposed converter: power losses in IGBT devices, power
losses in diodes (e.g. device body diodes, output and auxiliary
diodes), and transformer winding losses. Switching losses
will be considered only when the converter is operating with-
out ZCS. More details will be explained as follows:

A. CONDUCTION LOSSES OF THE IGBT TRANSISTORS
In the proposed converter there are twomain switches and one
auxiliary switch and the power dissipation when current is
flowing through the IGBT switches can be determined using

Pc =
1
Ts

∫ Ts

0
Pc (t) dt = vCE0Isavg + rcI2srms (29)

where, Ts is the switching cycle, Vceo is the collector-emitter
saturation voltage, rc is the collector resistor when the tran-
sistor is turned on, Isavg is the collector average current and
Isrms is the collector-rms current. The conduction losses of the
main switches S1 − S2 can be determined by

Pc_m = 2(vCE0Ism_avg + rcI
2
sm_rms) (30)

Ism_avg and Ism_rms can be determined by integrating the
current waveform of each main switch in DCM operation for
a conventional boost converter as follows:

Ism_avg =
(
VinD1

Linfs

)(
D1

2

)
(31)

Ism_rms =
(
VinD1

Linfs

)√
D1

3
(32)

where Vin is the input voltage, Lin is the input inductor for
one leg, D1 is the duty cycle during on time, fs is the switching
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frequency for main switch, and vco and rc can be determined
by the transistor specifications.

The other conduction loss is the power loss in the auxiliary
switch Sa, and it can be determined by using

Pc_a = vCE0Isa_avg + rcI2sa_rms (33)

Isa_avg and Isa_rms are the average and rms collector currents
for the auxiliary switch and they can be calculated by using
Fig. 2 as follows:

Isa_ang =
1
Ts

(∫ t2

t1
isa (t) dt +

∫ t3

t2
isa (t) dt

)
(34)

Isarms =

√
1
Ts

(∫ t2

t1
i2sa (t) dt +

∫ t3

t2
i2sa (t) dt

)
(35)

It should be noted that current isa during time (t1 − t2) is
determined by (6) and current isa during time t2 − t3 is
determined by (18-b).

B. CONDUCTION LOSSES OF THE DIODES
The power dissipation when current is flowing through the
body diodes of the converter switches and through the output
and auxiliary diodes can be determined by multiplying the
average value of the current, IFavg, with the forward voltage
drop, VF, as follows:

PCD = VF IFavg (36)

In the proposed converter, the body diodes of the IGBTs
devices conduct for very small time, thus, the conduction
losses in these diodes will be neglected in this analysis. The
total conduction losses of the diodes in the proposed converter
is

PC_D = 2
(
VFD1 IFavgD1

)
+ 2

(
VFDa1 IFavDa1

)
VFDa3IFavDa3

+VFDT1 IFavDT1 + VFDT2 IFavDT2 (37)

C. TRANSFORMER LOSSES
Two kinds of transformer losses will be considered in this
analysis: core loss and copper (winding) loss. The core loss
depends on the size of the transformer thus the transformers
size will be selected first. The core size of the transformers in
the proposed converter can be selected by using

AP =
Pt (104)

Kf KuBmJfsw
(38)

where Ap is the area product, Bm is the density, J is the current
density, Ku is the window utilization factor, Kf is the wave-
form coefficient, fsw is the switching frequency, and Pt is the
transformer apparent power. In this design ETD 29 is selected
to be the cores of auxiliary transformer. The transformer core
losses can be estimated from themanufacturer’s datasheet and
the transformers ohmic losses can be estimated as:

Pwind−Tr =
(
RpriI2prms + RsecI

2
srms

)
(39)

where, Rpri and Rsec are the primary and secondary wind-
ing resistances for the auxiliary transformer respectively,

Iprms and Isrms are the rms primary and secondary currents
for the auxiliary transformer, respectively.

D. SWITCHING LOSSES
During a switching transition, there is an overlap between the
voltage across the switch and the current flowing through it
and it is this overlap of voltage and current that creates the
losses. Switching losses of IGBTs devices in the proposed
converter when it works without the auxiliary circuit will be
considered in this analysis as there are no switching losses
when the auxiliary circuit is engaged. There are two types
of switching losses: turn-on losses and turn-off losses. The
switching losses for one of the main switches is represented
as:

Psw = (Eon + Eoff )fsw (40)

where Eon is turn-on energy, Eoff is turn-off energy and fsw is
switching frequency.

Since the proposed converter works under DCM mode of
operation, the turn-on losses will not be considered as the
switches turn on with ZCS. In other words, the proposed
converter only has turn-off losses when it works without the
auxiliary circuit, which are the dominant losses in the IGBTs.
The turn-off losses can be calculated as follows:

Psw =
[(
Aoff Ic + Boff

)
Z
]
fsw (41)

Z =
Eoff (Rguser )

Eoff (Rgdatasheet )

VDCoff (user)
VDCoff (datasheet)

Eoff (Tj)
Eoff (Tjmax )

(42)

where, Aoff and Boff are parameters that can be calculated
using the datasheet of the IGBT transistor as in [41], Ic is the
collector current when the switch is turned off. Since the gate
resistor of the gate drive used in this article does not have
the same value as the gate resistor in the test circuit specified
in the datasheet, the actual values related to the gate drive
are considered. Eoff(Rguser) is the turn-off energy at used gate
resistor, Eoff(Rgdatasheet) is the turn-off energy in datasheet,
VDCoff(user) is the actual collector voltage when the switch
is turned off, VDCoff(datasheet) is the collector voltage in the
datasheet, Eoff(Tj) is the turn-off energy at the operating tem-
perature, and Eoff(Tjmax) is the turn-off energy at maximum
temperature.

E. POWER LOSS COMPARISON
In this section, a loss comparison between the proposed
converter operating with and without the auxiliary circuit
(conventional interleaved converter) is presented.

The comparison is made at full load and 20% of rated
power based on different power losses: conduction of the
switches (PC_S), switching (Poff), conduction of the diodes
(PC_D), transformer (PTr), and other losses. The power loss
breakdown for each converter is shown in Fig. 6.

As can be seen, at light load, the hard-switching converter
is more efficient, while at rated power, the proposed soft-
switching converter has considerably better efficiency than
the standard converter. Since the proposed converter has the
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capability to operate with hard-switching at light loads and
operate with soft switching at heavier loads, high converter
efficiency can be maintained throughout the load range.

V. CONVERTER FEATURE
The features of the proposed converter are reviewed in this
section. The features that are discussed in this section address
the eight drawbacks that are stated in the Introduction of this
article.

(a) The proposed converter has only one auxiliary circuit
that helps the main switch in both modules turn off with
ZCS. Although this circuit may seem complicated, the
number of passive elements in the circuit is comparable
to that of two previously proposed active circuits in
many cases, and there is just one active switch instead
of two.

(b) There is no auxiliary circuit component in the main
current path so that less expensive, lower current and
power rated devices can be used as auxiliary circuit
components.

(c) The auxiliary circuit does not inject current into the
main converter switches, as is the case with resonant-
type auxiliary circuits in other ZCS-PWMconverters as
there is a blocking diode for each module that prevents
the auxiliary circuit from doing so. This makes the
current stresses of the main switches the same as those
of the main switches of a hard-switched PWM boost
converter.

(d) The auxiliary switch has a ZCS turn-on because induc-
tor Lr2, limits the rise of current that starts to flow
through it when it is turned on and a ZCS turn-off as
described in Mode 3 of Section II.

(e) If desired, the auxiliary circuit does not have to be
used when the converter is operating under light-load
conditions. This is unlike many ZCS-PWM converter
that require the auxiliary circuit to be used even under
light-load conditions where it is actually detrimental as
there are components in the main part of the circuit.
This helps improve light-load efficiency.

(f) Energy that is pumped into the auxiliary circuit is not
trapped inside it as the auxiliary circuit transformer pro-
vides a mechanism by which some of it can be removed
through diodes DT1 and DT2. Without the transformer,
energy that is pumped into the auxiliary circuit from
the main modules would have to be dissipated in the
auxiliary circuit, which could create losses.

(g) The boost diode in each module has a lower peak volt-
age stress that that found in other previously proposed
ZCS-PWM converter with resonant auxiliary circuits
as the auxiliary circuit transformer makes the voltage
of the anode less negative since it provides a counter-
voltage to the voltage across resonant capacitor Cr.
For example, in [24], which has a transformer in its
auxiliary circuit, the transformer does not provide such

a counter voltage, thus the peak voltage stress on the
boost diode can be 1.6-1.7 times the output voltage.

(h) The RMS current stress of the auxiliary switch is signif-
icantly less than that found in other ZCS-PWMconvert-
ers. This allows the auxiliary circuit to be implemented
in a two-module interleaved boost converter and be
used to assist bothmain converter switches turn off with
ZCS and do so while allowing the converter to operate
at a higher power level than that of other previously
proposed interleaved ZCS-PWM converters.

A more detailed explanation of this final feature is given
here. In ZCS-PWM converters, current must be gradually
diverted away from the main switch in order for it to able
to turn-off with ZCS. If the transfer is performed too quickly,
the main switch IGBT device will not have a soft turn-off
due to residual charge in the device. In converters where a
snubber capacitor is connected across the main switch/series
inductor, the snubber capacitor voltage can swing to as high
as –Vo. If this voltage swing from Vo to –Vo is too fast, then
the current diversion away from the main switch will be too
fast as well. As a result, this voltage swing needs to occur
gradually, which means that the snubber capacitor needs to
be discharged gradually so that the auxiliary switch must
conduct current for some time (but not as long as the main
switch) in order for the main switch to turn off with ZCS.

In the proposed converter, since the transformer in the
auxiliary circuit in placed in series with capacitor Cr where it
is like a counter positive voltage source, the current transfer
will automatically be more gradual as the net voltage across
Lr1 is reduced. Capacitor Cr can thus be discharged more
quickly, so that the polarity of its voltage does swing to
negative (which allows current to be diverted away from a
main switch), but the counter voltage produced by Ta prevents
this capacitor from then being charged too quickly so that
the time window for ZCS is lost. As a result, the auxiliary
switch in the proposed converter does not have to stay for as
long as the auxiliary switch in other ZCS-PWM converters
as it can be used just to quickly Cr. RMS current stress is
lower and cheaper and lower current-rated device can be used
as the auxiliary switch. Even more important, given the fact
that the auxiliary switch is activated twice during a switching
cycle, as stated in the Introduction, it allows the proposed
multi-module converter to operate at higher power levels with
one auxiliary switch than other previous proposed interleaved
multi-module ZCS-PWM converters that that have just one
auxiliary switch.

Table 1 shows a list of previously proposed ZCS-PWM
converters that use auxiliary switch to perform ZCS. The key
things to note from this table are as follows:

• Table 1 includes references of ZCS-PWM converters
that consist of just one module are non-interleaved. This
is to examine whether these converters can be adapted to
two-module interleaved converters.

• The proposed converter is the only converter that has all
the eight features that are discussed in this section.
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FIGURE 6. Loss comparison for the proposed converter and the converter without ZCS. (a) rated load, (b) 20% load.

FIGURE 7. Prototype picture.

• The on-time of the auxiliary switch after it has been
activated is much less than that of almost all the
other converters, as can be seen in the one before the
last column. With some of the other converters, this
on-time is so long, that the auxiliary circuit must han-
dle a considerable amount of power. If lower power-
rated components are used in the auxiliary circuit,
this places limitations on the power that the converter
can operate with, as can be seen in the last column.
It should be noted that non-interleaved ZCS-PWM con-
verters cannot be adapted for use in ZCS-PWM inter-
leaved converters if the auxiliary switch on-time is
significant.

VI. EXPERIMENTAL RESULTS
A prototype of the proposed converter was built to con-
firm its feasibility. The prototype was built with the fol-
lowing specifications as indicated at Table 2: Input voltage
Vin = 85-265 Vrms, output voltage Vo = 400 Vdc, switching

frequency fsw = 50 kHz, maximum output power Po,max =

1 kW. The picture of the prototype, which is a simple proof-
of-concept prototype, is shown in Fig.7 and the experimental
results are shown in Fig.8.

Fig. 8(a) shows typical input voltage and input current
waveforms. It can be seen that the input current is sinusoidal
and input phase with the input voltage and that the input
current is continuous. Fig. 8(b) shows current waveforms for
input boost inductors L1 and L2. It can be seen that these
currents are discontinuous and identical. Fig. 8(c) shows the
interleaved current that is a sum of the current in L1 and L2.
Fig. 8(d) shows typical current and gating signal wave-

forms for one of the main switches. It can be seen that the
switch can be turned on with ZCS and can be turned off with
ZCS, without a current tail, because the current through the
switch goes to zero before turning it off. The samewaveforms
are shown in Fig. 8(e) for the auxiliary switch and it can be
seen that the auxiliary switch turns on and off with ZCS as
well. Fig. 8(f) shows the voltage and the current of one of the
main boost diodes where the maximum voltage of the diode
is clamped to the output voltage which is 400 V. Fig. 8(g)
shows the voltage across the auxiliary capacitor which is less
than 450 V as discussed in the design procedure.

It should be noted that there is some voltage oscillation in
the waveforms of Fig. 8(d) and 8(f) when one of the main
switches is turned on. This oscillation is caused by interaction
of the input inductor and the output capacitance of the main
switch in a module This phenomenon arises when the input
inductor current of a module is discontinuous. It has nothing
to do with the proposed auxiliary circuit and can be found
in any boost converter operating with a discontinuous input
current. A full explanation of this phenomenon can be found
in [35].
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FIGURE 8. Experimental.

Eefficiency measurements show a maximum converter
efficiency above 97% and an improvement in light-load effi-
ciency by 7% when the auxiliary circuit is disengaged. Fig. 7
shows an efficiency comparison of the proposed ZCS-PWM
interleaved boost converter and a conventional hard switch-
ing PWM interleaved boost converter. Both converters were
implemented on the same prototype—one with the auxiliary
circuit and one without.

As can be seen from Fig. 9, the efficiency of the conven-
tional converter is decreased by increasing the load while
the efficiency of the proposed converter is increased. The
proposed converter has a significantly better efficiency than
the conventional PWM boost converter above 40% of the full
load, which is 1 kW, and that its efficiency is consistently
about 95%.

The main reason for this, is that the auxiliary circuit losses
dominate when the converter is operating under light loads.

Auxiliary circuit losses include the turning on and off
of the auxiliary switch and additional conduction losses
as there can be an increased amount of circulating cur-
rent flowing in the converter. ZCS-PWM converters achieve
their improved efficiency over hard-switching converters at

heavier loads when switching losses of the main switches
that are eliminated- especially the IGBT current tail losses
- are greater than the auxiliary circuit losses. It should be
noted that it is possible with the proposed converter to oper-
ate the converter with hard-switching when the converter is
operating with light loads and with ZCS when it is operating
with heavier loads, so that the converter can operate with
‘‘maximum’’ efficiency throughout the load range.

The proposed converter needs only one auxiliary circuit
with just one active switch to help the two main converter
switches turn off with ZCS. This auxiliary circuit does not
need to be used when the converter is operating with light
loads and its switch can be turned on or off with ZCS. None
of its components are in the main path of current of any of the
modules so that cheaper, lower current power rated devices
can be used as auxiliary circuit components. Blocking diodes
prevent the auxiliary circuit from injecting current into any of
the main switches.
• The proposed converter has a transformer in its auxiliary
circuit. This transformer allows energy that would other-
wise be trapped in the auxiliary circuit to be transferred
to the load.
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TABLE 1. Comparison of ZCS-PWM converter features.

FIGURE 9. Interleaved boost converter efficiency with input voltage
Vin = 85 V and output voltage V0 = 400 V.

• Since there are no auxiliary components in the path of
the main boost diodes, the peak voltage stress across
them is clamped to the output voltage. This is signif-
icantly less than the 2Vo stress found in some other
ZCS-PWM converters.

• The auxiliary circuit transformer helps reduce the RMS
current stress of the auxiliary switch, as explained in
SectII. Due to how the transformer is placed in the

TABLE 2. Specification of the converter components.

auxiliary circuit, the on-time of the auxiliary switch and
thus its RMS current stress can be reduced significantly.
For the proposed converter, on-time of 0.6 µs was used,
which is much less than the on-time typically found in
other ZCS-PWM converters.
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To the best knowledge of the authors, no other presently
existing ZCS-PWM interleaved boost converter has all these
features.

It should also be mentioned that it is the existence of
transformer Ta and its appropriate placement in the auxiliary
circuit that allow the auxiliary switch to be implemented with
an on-time that is lower than that of the auxiliary switch in
other previously proposed interleaved ZCS-PWM boost con-
verter. The transformer puts a counter-voltage in the resonant
circuit path that slows down the transfer of current away from
the main circuit module switches so that the auxiliary switch
needs to be on for only a very short amount of time to quickly
change the polarity of Cr. As a result, it becomes possible to
implement an interleaved AC-DC boost converter with just
one auxiliary circuit for heavier loads because the auxiliary
switch will not have severe RMS stresses. This removes the
need for a second auxiliary circuit, so that any increase in
cost, size, and weight due to Ta is more than offset by the
elimination of a second auxiliary circuit.

VII. CONCLUSION
A new AC-DC interleaved ZCS-PWM converter is proposed
in this article. In the paper, its operating principles, modes
of operation, and features were discussed. An analysis of
the converter’s steady-state operation was performed, and the
results of the analysis were used to generate graphs of char-
acteristic curves for various parameters that were then used
to develop a design procedure. The design procedure was
demonstrated with an example and the results of the exam-
ple were used to implement a proof-of-concept experimental
prototype that confirmed the feasibility of the converter.
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