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An Active-Clamping ZVS Interleaved
Buck/Boost Bidirectional Converter
With One Auxiliary Switch

Mohammad Reza Mohammadi

Abstract—This article introduces a zero voltage switching
(ZVS) interleaved buck/boost bidirectional converter using
the active-clamp technique. In the proposed converter, by
utilizing a simple auxiliary circuit comprised of an auxiliary
switch, an auxiliary inductor, and a clamp capacitor, ZVS
condition is secured for both the boost and buck operation
modes, regardless of the converter operating duty cycle
or load condition. Furthermore, the converter can operate
with the conventional fixed-frequency pulsewidth modula-
tion (PWM) control procedure. The boost and buck modes
of the proposed converter are analyzed in both conditions
of D > 0.5 and D < 0.5. To confirm the theoretical analysis,
the experimental results of a 350 W-100 kHz prototype are
presented.

Index Terms—Active-clamping converter, interleaved bi-
directional buck/boost converter (IBBC), pulsewidth modu-
lation (PWM), zero voltage switching (ZVS).

[. INTRODUCTION

HE N-PHASE interleaved bidirectional buck/boost con-
T verter (IBBC) is composed of N number of parallel bi-
directional buck/boost converter (BBC) cells where the relative
phase shift between the switching cells is 360°/N. This way,
the current-ripple of the input source, which in many cases is
the energy storage element, is either entirely or partially can-
celed, and the total volume of the converter inductors can reduce
[1]. Due to the current sharing, the reliability improves [2], [3],
thermal management becomes easier [4], and the total ohmic
conduction losses (rI%) reduces. In the bidirectional convert-
ers, the synchronous rectification is feasible, and so, the diode
conduction losses could be negligible. Hence, in the N-phase
IBBCs, the overall conduction losses are significantly reduced.
Despite the desirable features of IBBC, the switching losses in
an IBBC are almost the same with a single-phase BBC at a sim-
ilar condition [5]. The switching losses restrict the possibility of
increasing the converter switching frequency that is needed to
increase the power density. Generally, the primary source of the
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switching losses in the bidirectional converters are the reverse
recovery losses due to the slow body diode of the switches [5].
Also, since the capacitive turn-ON losses of switches are inde-
pendent of the current value, when the number of phases in a
hard-switching IBBC increases, the capacitive turn-ON losses
would raise. Hence, utilizing soft-switching techniques featur-
ing zero voltage switching (ZVS) is essential in IBBCs. Conse-
quently, the excellent efficiency and high-frequency operation
of the converter would achieve, simultaneously.

Compared to the single-phase or unidirectional converters,
it is more challenging obtaining ZVS condition in an N-phase
IBBC. An appropriate method to achieve ZVS in IBBCs is to
design the main inductors in order to the converter can operate
in the near-critical conduction mode (CRM) [6]-[12]. In this
method, the ZVS condition is achieved without any auxiliary
circuit. However, compared to when the converter operates in
continuous conduction mode (CCM), the current ripple of the
input source increases. Besides, in different conditions, to oper-
ate the converter at the optimum operating point, the approaches
such as the variable frequency control methods [7]-[10], vari-
able inductor [11], and variable coupling coefficient [ 12] should
be applied which increases the cost and complexity.

In [13]-[15], the zero voltage transition (ZVT) method is used
to obtain ZVS condition in IBBC while the converter can oper-
ate at CCM with the conventional fixed-frequency pulsewidth
modulation (PWM) control procedure. However, in [13], [14],
for each phase of IBBC, an independent auxiliary circuit in-
cluding two auxiliary switches is utilized. Hence, for example
in a two-phase IBBC, four auxiliary switches and many ad-
ditional passive components are needed which increased the
cost and complexity. Besides, in [15], although a single aux-
iliary inductor is used, still four auxiliary switches are needed
to achieve ZVS condition in a two-phase IBBC. In [16]-[20],
ZN'T unidirectional interleaved converters with reduced auxil-
iary components are proposed. The main idea of these converters
is that a single auxiliary ZVT cell is used to obtain ZVS con-
dition of all phases through an additional diode for each phase.
This method can develop to IBBCs. However, using this method
for IBBC:s still needs two auxiliary switches and two auxiliary
diodes for each converter phase. Another approach to obtaining
ZVS condition in IBBCs is developing the auxiliary circuits that
proposed for the single-phase BBC [21]-[27]. For this purpose,
each auxiliary circuit which proposed for a single phase BBC
is utilized for each phase of IBBC. However, in this way, the
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Fig. 1. Proposed ZVS active-clamping interleaved bidirectional

buck/boost converter.

complexity and cost are increased. For example, to develop the
auxiliary circuits of [21]-[27] to a two-phase IBBC, four aux-
iliary switches are required. Eventually, an important issue that
should be noted is that in all the ZVS methods proposed in [13]—
[26], albeit ZVS condition obtains for the main switches, the
auxiliary switches turn-ON under zero current switching (ZCS).
In fact, the capacitive turn-ON losses of the main switches trans-
fer to the auxiliary switches, particularly if the voltage stress of
the auxiliary switches is equal or more than the main switches.
This issue increases the capacitive turn-ON losses in IBBC,
mainly if the number of phases is increased.

In this article, a simple active-clamping circuit is proposed
to provide the soft switching condition in a two-phase IBBC.
The auxiliary circuit comprises an auxiliary switch, an auxiliary
inductor, and an auxiliary capacitor. In the proposed converter,
the ZVS condition is achieved for all the main switches and
auxiliary switch at both the turn-ON and turn-OFF instants, re-
gardless of the operating duty cycle value, power flow direction
or load condition. Furthermore, in the proposed method, there
is no need for the complex variable-frequency control methods,
and IBBC can operate with the conventional fixed-frequency
PWM control procedure. In Section II, the converter structure
is described, and the operation of the converter is presented for
both boost and buck modes at the conditions of D > 0.5 and
D < 0.5. In Section III, design considerations are given. In Sec-
tion IV, the experimental results of a 350 W-100 kHz prototype
for both the boost and buck modes in full load, 30% of full load
and 10% of full load are presented. Finally, Section V concludes
this article.

Il. CIRCUIT DESCRIPTION AND OPERATION

Fig. 1 depicts the proposed active-clamping IBBC. As seen,
the auxiliary circuit is comprised of an auxiliary switch S,
an auxiliary inductor L,, and a clamp capacitor Cx. Besides,
the capacitors Cys1, Cga, Cgs3, Csy4, and Cgs; are the snubber
capacitors of the switches. Based on the power flow direction,
the proposed converter has two operation modes of boost and
buck modes. In each operation mode, depending on whether
the operating duty cycle is more than 0.5 or not, the converter
operates in two conditions of D > 0.5 and D < 0.5. This section
discusses the converter operation in both conditions. To simplify
the theoretical analysis, the following assumptions are made:

- The converter operates at steady-state condition, and the ele-
ments are ideal.

- The inductors L; and Ly and the capacitor C are fairly large
so that, I11, I, and V. are constant in a switching cycle.
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Fig. 2. Equivalent circuits of half-cycle operating stages for D > 0.5.
(a) Boost mode. (b) Buck mode.

At both the conditions of D > 0.5 and D < 0.5, the converter
involves twelve operating stages in both the boost and buck
modes. Regardless of the converter operating condition, the con-
verter operation consists of two symmetrical half-cycles during
each switching period. Therefore, in each condition, solely half
of the switching cycle is explained.

A. Condition I: D > 0.5

Fig. 2 illustrates the equivalent circuits of the half-cycle oper-
ating stages for D > 0.5 in the boost and buck modes. Besides,
Fig. 3 depicts the fundamental waveforms of the converter in
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this condition. Since the operation of the auxiliary circuit and
the theoretical equations in both boost and buck modes are al-
most similar, only the boost mode is discussed. In boost mode,
the main switches S; and S3 are controlled, and power flows
from Vi to V. Besides, the main switches Sy and S, are OFF,
and their body diodes serve as the converter rectifying diodes.

Before the first stage, it is assumed that S; is OFF, and so, I
conducts through the S5 body diode. Besides, S5 and S, are ON,
and the L, current value is defined as /. Note that, L, current
direction determines according to the current arrow shown in
Fig. I.

Stage 1. [ty—t,]: At ty, the auxiliary switch S, turns OFF
under ZVS condition, due to the snubber capacitor Cg5, Cg1,
and Cg4. At the same time, a resonance starts between L, C's1,
Cs4, and Cgj. During this resonance, C's; and Cg, discharges
from Vi + Vi to zero, and C's5 chargesto Viy + V. Atty, L,
current value is defined as [; . In this stage, the voltage equation
of 1 would be

vs1 = Vi + Veecos(wy (t — to))
+ Zo(Ir1 — Io)sin(wo (t — t0)) (1)

where

wy = 1/3/Ly(Cs1 + Cs4 + Css),
= V/La/(Cs1 + Cs4 + Css).

Stage 2. [t —t2]: At t;, the body diodes of S; and S, turn-ON
under ZVS condition. Hence, the main switch Sy turn ON under
ZVS condition. During this stage, the voltage of L, is clamped
by -Vy and so, L, current equation is as follows:

L (t=to). @)

According to (2), L, current declines to zero, while the in-
ductor L, restricts the current reduction rate of the So and Sy

Za:h—

a

At ty, L, current value is defined as —/3.

Stage 5. [ty—t5]: At ty, the main switch S5 turns OFF
under ZVS condition due to the snubber capacitors Cgs
and Clg4. After that, the snubber capacitors Cg3 and Clgy
charge to Vy + V.. Hence, the voltage equation of S3
would be

It
Css + Csy

At t5, L, current value is defined as I,.

Stage 6. [t;—1g]: In this stage, the Sy body diode conducts
I1,5. Hence, the difference current of iz, and Iys (i, — Ir2)
conducts through S,. Similar to stage 4, the voltage of L, is
clamped by V., and L, current linearly increases. Hence, S,
current decreases to zero and then, increases in the opposite
direction. The S, current equation is as follows:

vs3 =

(t —ta). )

isq = I, —

VC(;
I (t—t5). (6)

a

At the end of this stage, L, current is defined as I5. At tg, the
auxiliary switch S, turns OFF, and the next half of the switching
cycle begins. The next sequence is similar to the operation of
the previous half-period, such as from stages 1 to 6.

B. Condition II: D < 0.5

Fig. 4 depicts the equivalent circuits of the half-cycle operat-
ing stages for D < 0.5 in the boost and buck modes. Besides,
Fig. 5 illustrates the fundamental waveforms of the converter
in this condition. Since the operation of the auxiliary circuit
and the theoretical equations in both boost and buck modes are
almost similar, solely the boost mode is discussed. Before the
first stage, it is assumed that S; and S5 are OFF and so, I7; and
115 conduct through the body diodes of S, and Sy, respectively.
Besides, S, is ON, and L, current value is defined as I;.

Stage 1. [ty—t1]: At ty, the auxiliary switch S, turns OFF
under ZVS condition due to the snubber capacitors Cgs, Cs1,
and Cg3. After that, a resonance starts between L,, Cs1, Cy3,
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Fig. 4. Equivalent circuits of half-cycle operating stages for D < 0.5.
(a) Boost mode. (b) Buck mode.

and Cg5. During this resonance, the snubber capacitor Cygs
charges to Vi + V¢, and the snubber capacitors C's; and Cgs
discharge from Vi + Vo, to zero. In this condition, the voltage
equation of S; would be

vs1 = Vi + Veecos(wa (t — 1))
+ Z1(Ip1 + 1o — Io)sin(wa (t — to)) @)

where wo=1/1/L. (Cs1+Cs5+Cs3), Zi1=+/La/
At 1y, L, current value is defined as /.
Stage 2 [ti—1t5]: In this stage, the body diodes of S; and
S3 turn ON and so, the main switch S; can turn ON under ZVS
condition. During this stage, the voltage of the auxiliary inductor
L, is clamped by -V and L, current decreases to zero. Then

(Cs1+Cs3+Cs5).
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totitats tits

i
tetststy

tigt1s

Fig. 5. Converter fundamental waveforms for D < 0.5.

the reverse recovery of Sy body diode begins. The L, current
equation is

H
L (t —to). 3

According to (8), the inductor L, restricts the current reduc-
tion rate of the Sy body diode at turn-OFF. At the end of this
stage, L, current value is —I; + I19.

Stage 3. [to —t3]: In this stage, a resonance starts between L,
Cgs, Cs3, and Cgs. During this resonance, C's5 discharges to
zero, and, C'so and Cs3 charge to Vi + V.. In this stage, the
current equation of S; is

uzll_

. I’r’?“CSQ
=71 t—t
= e Gy + O cos(ws (t —t2))
+ Cgowy Vsin(ws(t — t9)) 9)

where w3 = 1/\/La (Cs2 + Cg3 + Cg5). At t3, L, current
value is defined as —/5.

Stage 4. [t3—1,]: At t3, the S, body diode turns ON under
ZVS condition and so, the auxiliary switch .S, turns ON under
ZVS condition. During this stage, the voltage of L, is clamped
by Vc.. Hence, according to (10), L, current decreases linearly
to zero and then increases in the opposite direction.

VCc
L,

Besides, the difference current of i, and I 1 (if, — Iz2)is
flowing through S,. At #4, L, current value is defined as /5.

Stage 5. [ty—t5]: At t4, the main switch §; turns OFF under
ZVS condition due to snubber capacitors Cs; and Cgy. After
that, C's; and Cygo charge to Vi + V.. Hence, the voltage
equation of S; would be

ing = —Io +

(t —ts). (10)

I (
Cs1 + Css
At t5, L, current value is defined as 1.

vg1 = t—t4). (1)
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Fig. 6.  Auxiliary switch current waveforms (ig, ) of the simplified oper-
ation. (a) D> 0.5. (b) D < 0.5.

Stage 6. [ts—ts]: In this stage, the So body diode turns ON
under ZVS condition, and so, I is flowing through it. Hence,
the difference currentof iy, and I1,1 + I12 (ipe — Ip1 — Ip2)
is flowing through S,. Similar to stage 4, the voltage of L, is
clamped by V¢, and so, L, current increases linearly. At #;, L,
current value is defined as /5. At g, the auxiliary switch S, turns
OFF, and the next half of the switching cycle begins. The next
sequence is similar to the operation of the previous half-period,
such as from stages 1 to 6.

Ill. DESIGN CONSIDERATIONS

This section presents the design considerations of the pro-
posed converter. To simplify the theoretical analysis, it is as-
sumed that the snubber capacitors are equal (Cs; = Cgo =
Cg3 = Cg4 = Cs5 = Cy). Besides, the currents of the induc-
tors L, and Ly are supposed to be equal (I,; = Iro = I,).

A. V. and Iy Calculation

As discussed, V. is the voltage value of the capacitor C¢,
and [ is the current value of L, at the beginning of stage 1.
These values have an important role in ZVS condition and addi-
tional voltage stress of the main switches. To obtain the values of
Iy and V., some simplifications are necessary; otherwise, the
relations would become cumbersome. Compared to the switch-
ing period, the duration time of the commutation and resonance
stages (stages 1, 2, 3, and 5) is short and can be omitted. This
way, the converter operation is simplified by two stages, 4 and 6.
Fig. 6 illustrates the auxiliary switch current waveforms of the
simplified operation for both conditions of D > 0.5 and D < 0.5.
Consequently, Iy and V. are obtained from this analysis. From
Fig. 6, when D > 0.5, I is derived as follows:

I() = =2, + (VCCT)/QLG (12)
Besides, when D < 0.5, I is
I() =1L, + (VCCT)/2L(L (13)

At the steady-state condition, the average current of the clamp

capacitor is zero. Since ic. = —ig,, and from Fig. 6(a), Vi,
when D > 0.5 is obtained as follows:
Vee = %[IM +1,(1 - D). (14)
Similarly, from Fig. 6(b), Vo when D < 0.5 is
Vee = %[[w + I (1—2D)]. (15)

B. ZVS Condition

To achieve ZVS condition for the main switches in turn-ON
instant, at the end of stage 1, the voltage of the main switches
must reach zero. Hence, before stage 1, the stored energy in L,
should be sufficient to discharge or charge the snubber capaci-
tors. Thus, the following condition should satisfy:

1

—(L,)(Ip)? >3 (;CS(VH + VCC)2> (16)

2
where V. is the voltage value of C, and I is the current value
of L, at the beginning of stage 1. From (16), the ZVS condition
formulates as follows:

In > (Vug + Vo) /2o (17)

where Zy = /L, /3Cs. From (12), (14), and (17), and assum-
ing Vg > V., the following ZVS condition for the condition
of D > 0.5 is achieved:

2[,”,.—|—4IL(1—D) >VH/Z2. (18)

Similarly, from (13), (15), and (17), ZVS condition for the
condition of D < 0.5 is obtained as

I, +2I,(1—2D) > Vi / Zo. (19)

Consequently, to achieve the ZVS condition for the main
switches at turn-ON, the requirements of (18) and (19) must
satisfy. Note, the above conditions are valid in both boost and
buck modes of operation. As seen in ZVS conditions of (18) and
(19), the reverse recovery current of the switches body diodes
(I.) is effective in ZVS condition. From [28], I,., is

/ di
Ir’r' = er %

where, ()., and di/dt are the reverse recovery charge and the
current reduction rate of the diode at turn-OFF, respectively. Q,,
is the inherent feature of the diode, and its maximum value
at the maximum current rating of the diode obtains from the
manufacturer data sheet. The actual value of ()., at the converter
operating point can be estimated as follows [29]:

er = er,spec \/ IL /IF,spec

where Q) _gpec is the maximum value of @Q,,, and Ip p.. is
the maximum current rating of the diode, presented in diode
datasheet. Besides, I, is the average current of each main induc-
tor. Furthermore, the auxiliary circuit determines di/dt. Hence,
from stage 1, when D > 0.5, we have

di/dt = Vi /2L,

(20)

21

(22)
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And when D < 0.5, di/dt is

di/dt = Vi /L. (23)

According to (18) and (19), the worst-case condition of ZVS
operation is when D < 0.5 and the converter operates in light
loads. In this condition, and from (19), if I,,, > V /Z5,the ZVS
operation is obtained for the other operating points. Hence, from
this requirement, and (20), (21), and (23), the following ZVS
condition is obtained

er,spec IL
3Vy

CS < CS,max = (24)

1 F _spec

Note, I, should be calculated in the condition that the con-
verter operates in light loads. Consequently, if the snubber ca-
pacitor of each switch (Cy) is selected according to (24), the
ZVS operation of the converter in the whole operating points is
secured. It should be noted that, according to (3) and (9), the
snubber capacitors values are effective in the current peak value
of the main switches, and also auxiliary switch. Hence, to ob-
tain ZVS condition on a wide range of loads with the minimum
conduction losses, it is desirable to select the minimum value
of the snubber capacitors. The minimum value of the snubber
capacitors is calculated like any snubber capacitor [30]. Note
that, according to (5) and (11), and from stage 1, the equivalent
values of the snubber capacitors for each main switch and aux-
iliary switch are equal to 2C's and 3C, respectively. Hence, it
is feasible to select a lower value for the snubber capacitors.

C. Limiting the Additional Voltage Stress

As seen in the analysis of the proposed converter, the addi-
tional voltage stress of the main switches is equal to the voltage
of capacitor C¢ (Vo). From (14) and (15), in the condition of
D > 0.5 and full load, the value of V. is maximized. Hence,
from (14), (20), and (22), to limit the V. to below 30% of Vy,
the following condition should be satisfied:

0.01Vy 1
fZQTT‘

La < La,max = (25)

0.15P,

1+ Qv+ Ve

1+

where fand P, are the converter switching frequency and maxi-
mum output power, respectively. Note, )., should be calculated
from (21), when D > 0.5 and converter operates in full load.
Consequently, if the value of inductor L, is selected as (25), the
additional voltage stress of the switches (Vi) always limits to
below 0.3 V. Based on (20), (22), and (23), to reduce the value
of I, and so, the additional conduction losses of the proposed
converter, it is desirable to select the maximum value of L,

(La,Jnax)-

D. Control of the Proposed Converter

Generally, in a basic IBBC, to maintain the current balancing
between the phases, and also to control the total current value
of phases, the current mode control methods should be applied.
Fig. 7(a) illustrates the control block diagram of the proposed
converter, which consists of a conventional PWM current mode
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Fig. 7. (a) Control block diagram of the control circuit. (b) Key wave-
forms of the auxiliary control circuit in boost mode.

controller (featuring peak current mode control) and the aux-
iliary control circuit. The role of the auxiliary control circuit
is generating the proper pulse from the main control unit for
the auxiliary switch. A typical way to generate a synchronized
pulse with a controlled pulsewidth (t,,,) and controlled delay
time (¢4) is the use of two series monostables. To illustrate the
operation of the auxiliary control circuit, the key waveforms of
the auxiliary circuit control in the boost mode are shown in Fig.
7(b). As seen, the pulsewidth of the monostables 1 and 3 adjusts
the delay time between the auxiliary switch turn-OFF and the
main switches turn-ON (¢,). Besides, the pulsewidth of monos-
tables 2 and 4 adjusts the OFF-state time of the auxiliary switch

(loff)~

IV. EXPERIMENTAL RESULTS

To verify the proper operation of the proposed IBBC, a lab-
oratory prototype is implemented. Table I shows the values of
parameters and the components of the prototype converter. The
high-voltage level of the implemented prototype is the down-
scaled voltage level (with a ratio of about 0.5) of a dc-bus voltage
with the conventional value of about 380 V.

For all switches, the MOSFET IRFP350 is used which its
body diode specs are @y spec = 8.1 uC and I g, = 15 A.
To secure ZVS condition in a wide range of full load to 10% of
full load, from (24) and by putting I, equal to 0.25 A ({1 in
10% of full load), Cs . is obtained 1.7 nF. For the snubber
capacitors, the output capacitors (Cl, ) of the switches are used
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TABLE |
PARAMETERS AND COMPONENT VALUES OF THE IMPLEMENTED
PROTOTYPE CONVERTER

Symbol Parameter Value
P, Output power 350 W
Vi High-voltage side 200V
Vi Low-voltage side 70V
f Switching frequency 100 kHz
Ly, L, Main inductors 2 mH
L, Auxiliary inductor 10 pH
Ce Clamp capacitor 2.2 uF
Cs1, Csy, Cs3,Cs4, Css Snubber capacitors 660 pF*

*Output capacitor (C, 55 ) of MOSFET IRFP350

vs1 [100 Vidiv] vsa1 [100 V/div]|

C
d b s arrnt (LG LI P SO * 7] o m——

is1 [6 A/div] iss1 [6/A/dIV] |

 Vsa1 [100 V/div]

isa1 [6 AYd iv]!

is2 [6 A/div] o

(b)

Fig. 8. Experimental results at full load (350 W). (a) Boost operation.
(b) Buck operation (time scale is 1 us/div).

(Cs = C,5s = 660pF). Besides, from (25) and (21), L, ax is
obtained 11 pH. L, is selected equal to 10 pH. The control cir-
cuit is implemented using the UCC2822 interleaved dual PWM
controller.

A. Experimental Waveforms Description

The measured waveforms of the main switches of the upper
phase (S; in boost mode and S, in buck mode) and the auxiliary
switch (S,) at full load (350 W), 30% of full load (100 W),
and 10% of full load (35 W) are illustrated in Figs. 8, 9, and
10, respectively. As seen, ZVS condition for all the main and
auxiliary switches of the converter is obtained for a wide range
of loads, and with a fixed switching frequency. These features
achieve for both the condition of D = 0.65 (boost mode) and D
= 0.35 (buck mode).

To verify the proper operation of the proposed converter in
a wide range of duty cycles, the measured waveforms of the
main switches in operating point of V;, =30V, Vi =200V,
and P, = 100 W are shown in Fig. 11. In this operating point,
the theoretical duty cycles of boost and buck modes are 0.85 and
0.15, respectively. As seen, the ZVS condition is secured in a
very large or small value of duty cycles. The above features are
achieved by using only one auxiliary switch. Table II presents
a comparison between the proposed IBBC and another soft
switching IBBCs. To show the transient performance of the
proposed converter, the high-voltage side voltage (vy ) and the

" wstfioovidvy | T Vsa1 [100 V/div]

L1

"~ ise [6 Adiv]|

Vsa1 [100 V/div]|

By isat [6 Aldiv]

(b)

Fig. 9. Experimental results at 30% of full load (100 W). (a) Boost
operation. (b) Buck operation (time scale is 1 us/div).

vs1 [100 Vidiv] | Vsat [TOQ Wdiv']i

st [6 AldiV] _isa1 [6 A/div]

vs2 [100 Vidiv] Vsat [100 V/div]

is2 [6 A/div]

isa1 [6 Aldiv]

(b)

Fig. 10. Experimental results at 10% of full load (35 W). (a) Boost
operation. (b) Buck operation (time scale is 1 ps/div).

" vs1 [100 V/div] Vs2 [100 V/div]|

| B - . | SR W

s [6AdvV] | _ Is2[6 Aidiv]

(a) (b)

Fig. 11.  Experimental results in operating point of V;, =30V, Vi =
200 V, and P, = 100 W. (a) Boost operation (D = 0.85). (b) Buck oper-
ation (D = 0.15) (time scale is 1 ps/div).

total input currents (iz; + ¢z2) are measured in boost mode
(worst case operation mode) at the alternating condition of light
load (35 W) to heavy load (350 W) and vice versa. The measured
waveforms are illustrated in Fig. 12.

B. Power Losses Analysis

To analyze further the effectiveness of the proposed converter,
a losses breakdown analysis is undertaken. Due to the fully
ZVS operation of the proposed converter, the switching losses
are almost eliminated, and the conduction and core losses are
evaluated. Table III presents the measured power losses in dif-
ferent conditions.
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TABLE Il
COMPARISON BETWEEN THE PROPOSED IBBC AND ANOTHER
SOFT SWITCHING IBBCs

&) &) &) =
20 2Y 29 23
FE Bz £z S8
N N N
Number of auxiliary
switch(es) 4 4 4 1
Number of auxiliary
passive element(s) 2 18 ! 2
Main switches
turn-oN condition ZVS8 2C8 ZVs AL
Main switches
turn-OFF condition ZV8 ZV8 ZV8 zvs
Auxiliary switch(es)
turn-oN condition 268 2C8 268 AL
Auxiliary switch(es) 7CS 7CS 7CS VS

turn-OFF condition

Note: The comparison is between the two-phase IBBCs counterpart.

Fig. 12. Transient performance of the proposed converter in boost
mode through the condition of light load (35 W) to heavy load (350 W)
(time scale is 25 ms/div).

TABLE Il
POWER LOSS ANALYSIS OF THE PROPOSED CONVERTER

S| | | O | BT I I

»n glvnn g =] s = ol 8 2 =
2Eleglag|egsgag 2] 2 2
ag45 338 5 5 2|28

8 8 8 @) Q @] =

Boost Mode| 3.46|1.43|4.42(3.75|1.27 |1.13| 0.3 |15.76|95.5
P=350W | W | W AW W W AW W W | %
Boost Mode|| 0.5510.48 12.48 [0.310.71 [{0.27] 0.3 | 5.1 |94.9
P=100W | W | W \\ \\ \\ \\ \\ W | %
Boost Mode[ 0.14]0.10 | 1.73 {0.04|0.50 |0.21 | 0.3 |3.02 |91.4
P,=35W W | W W W W \\ W | %
Buck Mode | 2.16]2.62|5.60 [3.75|1.61 [0.67 | 0.3 |16.71|95.2
P=350W | W | W AW W W AW W W | %
Buck Mode|[ 0.67 [ 0.83 {3.38 {0.31 [ 1.00 | 0.27 | 0.3 |6.76|93.2
P=I00W | W | W | W | W | W |W W | W | %
Buck Mode | 0.21]0.31|2.10(0.04|0.60 (0.15] 0.3 |3.71 |89.4
P,=35W W | W \\%4 W W \\%4 \\ W | %

The switches conduction losses and the inductor copper losses
are obtained from Rpgs(on) T3 s switen a0 RDc TR vis cons Te-
spectively. Rpg(on) i the ON-state resistance of the switches
(Rps(on) = 450 m in junction temperature (7}) of 75°), and
Rp ¢ is the total copper resistance of the inductor coil (Rpc_ra =
60 m2, Rpc 1 = 300 mS) and Rpc_ 1 = 300 mS2). Besides,
Irms switeh and Irms_coil are the root-mean-square (rms)
value of the switch and inductor current, respectively. The rms

Buck Mode Boost Mode

Efficiency (%)

-350 -300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300 350

Output Power (W)

=@= Proposed ZVS IBBC
iy Two-phase ZVT IBBC in [13]
=== Conventional hard-switching IBBC with RCD clamp circuit

Fig. 13.  Efficiency curves of the proposed IBBC, two-phase ZVT IBBC
in [13], and the conventional IBBC with RCD clamp circuit under the
condition of V;, =70V, Vg =200V, and f = 100 kHz.

values of currents in different conditions are measured from the
experimental results waveforms.

The core losses are obtained from the Steinmetz equation,
which is the conventional equation for estimating the core losses
[51, [31], [32]. The Steinmetz equation is as follows:

PC = af"” (Bpk-)y (26)

where P is the core loss density in mW/cm?, fis the switching
frequency in Hertz, and B, is the peak flux density in Tesla
(B, = AB/2). Besides, a, x, and y are the Steinmetz coeffi-
cients provided by the manufacturer. The value of B, in the
linear region is obtained as follows [31]:

AB LA

B = — =
Pk 2 2nA,

27)

where, L is the inductor value, Ai is the inductor current swing,
n is the number of winding turns, and A, is the core effective
cross-sectional area. From, (26) and (27), and by multiplying Po
in V, (effective core volume), the core loss is estimated. For L,,,
the ferrite core EI25/19 (A, = 42 mm?, V, = 2.04 cm®) with
an air gap and 14 turns of winding is used, and for the main in-
ductors L, and Lo, the ferrite core EE42/42/15 (A, = 182 mm?,
V. = 17.6 cm®) with an air gap and 91 turns of winding is ap-
plied. Based on the selected core, the Steinmetz coefficients are
selectedas a = 3.75 % 1073, x = 1.42, and y = 2.88. Note, in the
main inductors L; and Lo, since Ai is very small, the core loss
of each inductor is derived 3.7 mW. Hence, the values of core
lossin L; and Ly are omitted in Table III. Finally, the efficiency
curves of the proposed ZVS IBBC in comparison with two-
phase ZVT IBBC in [13], and the conventional hard-switching
IBBC using the resistor-capacitor-diode (RCD) clamp circuit
are illustrated in Fig. 13. Generally, in ZVT IBBCs, by the cost
of using four auxiliary switches, the ZVS condition of the main
switches is obtained with the minimum circulating current and
no additional voltage stress on the main switches. However, in
these converters, as shown in Table II, the auxiliary switches
turn-ON under ZCS. As a result, there is a constant capacitive
turn-ON loss in the converter which reduces the efficiency, es-
pecially at light loads.
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V. CONCLUSION

A ZVS interleaved bidirectional buck/boost converter was
introduced. By using a simple auxiliary circuit composed of
an auxiliary switch, an auxiliary inductor, and a clamp capac-
itor, ZVS condition was secured for both the boost and buck
modes of the converter. The proposed converter operated with
conventional fixed-frequency PWM control methods. The pro-
posed converter was fully analyzed in both the buck and boost
modes at the conditions of D > 0.5 and D < 0.5. Besides, the
design considerations of the proposed converter, including the
simplified operation analysis of the converter, was presented.
The experimental results of a 350 W-100 kHz prototype were
presented for both the boost and buck operations at full load,
30% of full load (100 W) and 10% of full load (35 W). The
experimental results confirmed the proper operation of the pro-
posed converter.
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