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A ZVT Bidirectional Converter With
Coupled-Filter-Inductor and Elimination
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Abstract—This article proposes a ZVT bidirectional
buck/boost converter. The proposed converter benefits
from the features of the coupled-filter-inductor, while there
are no current notches on the current waveform of the input
source. As a result, the lifetime of the batteries, which are
the primary input source of the bidirectional converters increases, and also, the EMI noises on the equipment which
is connected to the batteries would reduce. In the proposed
converter, ZVS condition of the main switches and ZCS condition of the auxiliary switches are obtained, regardless of
the condition of load, values of the input or output voltages,
and the power flow direction. The proposed converter is
thoroughly analyzed, and to confirm the theoretical analysis, the experimental results of a 200 W–100 kHz prototype
for both the boost and buck modes are presented. Besides,
the harmonic content of the input current is analyzed and
compared, theoretically and practically.
Index Terms—Bidirectional converter, soft switching,
zero voltage transition (ZVT).

I. INTRODUCTION
HE zero-voltage-transition (ZVT) technique has widely
been used in various types of converters to obtain softswitching condition. This method benefits from features such
as zero-voltage switching (ZVS) over the wide load range, low
circulating current, retaining the fixed-frequency pulsewidthmodulation (PWM) operation, and simple matching to the main
control circuit. Generally, in this method, an additional snubber capacitor (or the output capacitor of the switch) provides
the ZVS condition for the main switch at turn-OFF instant. Furthermore, to obtain ZVS condition at turn-ON instant, before
the turn-ON instant of the main switch, this capacitor is discharged by an auxiliary circuit including at least an auxiliary
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switch and an auxiliary inductor. As a result, the switching
losses would be alleviated, and high-frequency operation of the
converter to obtain the high-power density becomes feasible [1],
[2]. The coupled-filter-inductor technique [3] has widely been
used in ZVT converters [3]–[11] where an additional inductor
is coupled with the main inductor. The ZVT converters with the
coupled-filter-inductor present the following advantages:
1) The leakage inductor of the coupled inductors could be
applied as the auxiliary inductor. Hence, there is no need
for an extra magnetic core for the auxiliary inductor.
2) Since the additional inductor is coupled with the main
inductor, a dependent voltage source is obtained which
can be used to control the increasing or decreasing of the
auxiliary circuit current.
The coupled-filter-inductor method has been well matched
with the ZVT bidirectional buck/boost converters (BBCs)
[7]–[11]. The BBC comprises of two basic buck and boost
converters, where power can flow at both directions. This
converter is widely used in the renewable energy systems and
the hybrid/electrical vehicles as the interface circuit between the
energy storage devices and dc bus [12]. In ZVT BBCs with the
coupled-filter-inductor, the leakage inductor can be used as the
auxiliary inductor in both operation modes of BBC. Besides, the
mentioned dependent voltage source could be used to control
the auxiliary circuit current in both the buck and boost modes.
However, the ZVT converters with this method suffer from
undesirable notches on the input source current. To illustrate
this issue, the general circuit of ZVT BBCs with coupled–filterinductor in [7]–[11], and the usual key waveforms of the input
currents are depicted in Fig. 1. The current notches are seen in
the current waveform of the input source (iV L ). These current
notches would reduce the lifetime of the batteries [13] which
are the primary input source of the BBCs in many applications.
Moreover, the high di/dt of the converter input current would
increase the differential-mode electromagnetic emissions
which can interfere with the normal operation of the electronic
equipment powered by the batteries [14], [15]. Thus, the
electromagnetic interference should be taken into account by
the converter designers when improving the efficiency and providing soft-switching condition [16]. All the ZVT BBCs with
coupled-filter-inductor in [7]–[11] suffer from the mentioned
problem. The mentioned notches can be seen in the theoretical
waveforms illustrated in [7], or the experimental waveforms
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Fig. 2. (a) Proposed ZVT BBC with coupled-filter-inductor. (b) Proposed converter with the equivalent circuit of the coupled inductors.
(c) The current waveform of the input voltage source (iV L ) if n = 1.
Fig. 1. General circuit of ZVT BBCs with coupled-filter-inductor in
[7]–[11]. (a) General circuit. (b) Equivalent circuit. (c) Key waveforms
of the input currents.

presented in [9], [10]. The input current notches also exist in
ZVT BBCs [17]–[19]. The reason is that, although in these
converters the coupled inductors have not utilized, the auxiliary
circuit is directly connected to the input voltage source. As a
result, the current shape of the input source would be disturbed
by the current of the auxiliary circuit. The other important issues
that should be considered in ZVT BBCs includes the following.
1) Low voltage stress of the auxiliary switches: Generally,
in ZVT converters, although the ZVS condition obtains
for the main switches, the auxiliary switches turn ON
under zero current switching (ZCS). In fact, the turnON capacitive losses of the main switches transfer to the
auxiliary switches. Hence, it is desirable to reduce the
voltage stress of the auxiliary switches. However, in ZVT
converters [4], [7], [8], the voltage stress of the auxiliary
switches is larger than the main switches, which lead to
high turn-ON capacitive losses.
2) Soft switching of the auxiliary switches: It is desirable
that the soft-switching condition is provided for the auxiliary switches at both the turn-ON and turn-OFF instants.
However, the auxiliary switches in ZVT BBCs [20], [21]
turn OFF under hard-switching condition.
3) ZVS condition at a wide range of duty-cycle variations:
In BBCs, at a given condition of the input and output
voltages, the duty-cycles of the main switches in boost
and buck modes are the complement of each other. Hence,
the utilized ZVT method must be capable of providing the
ZVS condition in a wide range of duty-cycles. However,
in ZVT BBC [19], the ZVS condition would be missed
when D < 0.5. As a result, the ZVS condition would not
achieve in one of the boost or buck modes.
4) ZVS condition at light loads: In many applications, the
BBC operating condition continuously changes from the
full-load to the light-load. Naturally, the ZVT method
obtains the ZVS condition at a wide range of loads. However, the utilized ZVT method should not limit this ability. In ZVT BBC [17], to obtain ZVS condition at light
loads, the main switches with slow body diodes should
be applied, which increases the switching losses.

In this article, a ZVT BBC with the coupled-filter-inductor is
proposed which the current notches of the input voltage source
could be completely eliminated. In the proposed converter, the
ZVS condition for the main switches as well as the ZCS condition for the auxiliary switches is obtained at both the turn-ON
and turn-OFF instants. Besides, the voltage stress of the auxiliary switches is lower than the main switches, and there are
no extra voltage stresses on the main switches. The mentioned
features exist regardless of the condition of load, input and
output voltages or power flow direction. In the next section,
the configuration and operation of the circuit are presented. In
Section III, design considerations are discussed. Section IV
presents the experimental results of a 200 W–100 kHz prototype. In Section V, the harmonic content of the input current
is theoretically and practically analyzed and compared with another ZVT BBC with coupled-filter-inductor. Finally, Section VI
concludes this article.
II. CIRCUIT CONFIGURATION AND OPERATION
Fig. 2(a) illustrates the configuration of the proposed converter. As seen, the auxiliary circuit consists of two unidirectional auxiliary switches Sa1 and Sa2 , an inductor L2 which is
coupled with the filter inductor L1 , an auxiliary capacitor Ca ,
and a snubber capacitor CS . In Fig. 2(b), the coupled inductors
L1 and L2 are modeled by its conventional equivalent circuit
which includes the magnetizing inductor Lm , the leakage inductor Llk and an ideal transformer with turn ratio n. This way,
the inductor Lm is the converter filter inductor.
In the proposed converter, although the coupled-filterinductor method is used, the elimination of the input current
notches is feasible. To illustrate this issue, using the Kirchhoff
current law for the defined currents in Fig. 2(b), the current of the
input voltage source (iV L) would be equal to iL m + (1 − n)iS .
Hence, if the turn-ratio n is selected equal to 1 (n = 1), as shown
in Fig. 2(c), the current iV L would be equal to iL m (iV L = iL m ).
As a result, the current of the auxiliary circuit will not disturb
the current of the input voltage source and the input current
notches would be eliminated.
The proposed converter has eight operating stages in both
the boost and buck operation modes. The equivalent circuits
of the eight operating stages in the boost and buck operation
modes and the related theoretical waveforms are illustrated in
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Equivalent circuit of eight operating stages in (a) boost operation mode and (b) buck operation mode.

- Lm and Ca are large, and iL m and VC a are assumed to be
constant in a switching cycle (iL m = IL m ).
A. Boost Operation Mode
In the boost mode, S1 is the main switch and power transfers
from VL to VH . Before the first stage, it is assumed that all
switches are OFF and IL m flows to VH through the S2 body
diode [as seen at the equivalent circuit of Stage 8 in Fig. 3(a)].
Stage 1 [t0 − t1 ]: At t0 , Sa1 turns ON under ZCS due to
the series inductor Llk . In this stage, the primary-side voltage
of the ideal transformer is VH − VL , and so, the same voltage
appears on the secondary-side (vp = vS = VH − VL ). Consequently, the voltage VH − VC a places across Llk , and iS a1
increase linearly as follows:
iS a1 =
Fig. 4.

Theoretical waveforms of the proposed converter.

Figs. 3 and 4, respectively. Due to the symmetric structure of the
auxiliary circuit, the operation of the proposed converter in the
boost and buck operation modes are almost similar, and so, only
the boost operation is explained. In the analysis, the following
assumptions have considered:
- The converter is in the steady-state condition, and the
elements are ideal.
- The turn ratio (n) is equal to 1 (n = 1).

VH − VC a
(t − t0 )
Llk

(1)

In this stage, iS a1 flows into the dotted terminal of the transformer secondary side, and so, the same current flows out of the
dotted terminal of the primary-side. Hence, the S2 body diode
current (−iS 2 ) linearly reduces as follows:
−iS 2 = IL m −

VH − VC a
(t − t0 ).
Llk

(2)

At the end of this stage, the current of S2 body diode reaches
zero, and S2 body diode turns OFF under ZCS.
Stage 2 [t1 − t2 ]: At t1 , a resonance starts between Llk and
CS , and during this resonance, CS discharges. The S1 voltage
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and Sa1 current would be
vS 1 = VC a + (VH − VC a )cos(ω0 (t − t1 ))

(3)

VH − VC a
sin(ω0 (t − t1 ))
(4)
Z0

√
where, ω0 = 1/ Llk CS , Z0 = Llk /CS . At t2 , CS is completely discharged. Hence, the duration time of this stage would
be


−VC a
1
−1
t2 − t 1 =
cos
.
(5)
ω0
VH − VC a
iS a1 = IL m +

At the end of this stage, the value of iS a1 is defined as I0 .
From (4) and (5), I0 would be

VH (VH − 2VC a )
.
(6)
I0 = IL m +
Z0
Stage 3 [t2 − t3 ]: At t2 , S1 body diode turns ON, and so,
S1 can turn ON under ZVS. In this condition, the voltage −VL
places at the primary-side of the ideal transformer, and so, the
same voltage appears on the secondary-side (vp = vS = −VL ).
Hence, the voltage across Llk would be –VC a , and so, iS a1
linearly reduces as follows:
VC a
(t − t2 )
(7)
Llk
According to (7), iS a1 reduces to zero, and then, the unidirectional switch Sa1 would prevent the current flowing in the
reverse direction. Consequently, after this stage, Sa1 could turn
OFF under ZCS.
Stage 4 [t3 − t4 ]: The boost converter is at its regular operating stage. The main switch S1 is ON, and LM is charged
by VL .
Stage 5 [t4 − t5 ]: At t4 , to maintain the current-second balance
of Ca , Sa2 turns ON. Due to the series inductor Llk , Sa2 turn-on
is under ZCS. In this stage, the voltage of the primary and
secondary sides of the ideal transformer is −VL (vp = vS =
−VL ). Hence, the voltage –VC a places across Llk , and so, iS a2
linearly increases as follows:
iS a1 = I0 −

iS a2

VC a
=
(t − t4 ).
Llk

(8)

In this condition, iS a2 flows to the negative side of VC a , and
the current-second balance of Ca would be obtained. At the end
of this stage, iS a2 is defined as I1 .
Stage 6 [t5 − t6 ]: At t5 , S1 turns OFF under ZVS due to the
snubber capacitor CS . In this stage, CS is charged to VH . At the
end of this stage, iS a2 is defined as I2 .
Stage 7 [t6 − t7 ]: At t6 , the S2 body diode turns ON under
ZVS. In this condition, the primary-side voltage of the ideal
transformer is VH − VL , and the same voltage appears on the
secondary-side (vp = vS = VH − VL ). As a result, the voltage
across Llk would be –(VH − VC a ), and iS a2 linearly reduces as
follows:
VH − VC a
iS a2 = I2 −
(t − t6 ).
(9)
Llk
According to (9), iS a2 reduces to zero, and the unidirectional switch Sa2 would prevent current flowing in the reverse

direction. Consequently, after this stage, Sa2 would turn off
under ZCS.
Stage 8 [t7 − t0 + T]: The boost converter is at its regular
operating stage when, the main switch S1 is OFF, and the stored
energy in Lm transfers to VH .
III. DESIGN CONSIDERATIONS
A. Design of the Coupled Inductors to Eliminate the
Input Current Notches
As discussed before, to eliminate the input current notches,
the turn ratio of the ideal transformer in the used model should
be equal to 1 (n = 1). In Fig. 2(a), for the coupled inductors
L1 and L2 with the coupling coefficient k, the turn ratio of the
ideal transformer in the model shown in Fig. 2(b) is obtained as
follows [22]:

n = k L2 /L1 .
(10)
Besides, the magnetizing inductor Lm is equal to L1 . As
mentioned before, Lm is the filter inductor of the converter and
is designed like the filter inductor of the boost or buck converters.
Hence, to obtain the turn ratio equal to 1, and by using (10), the
value of L2 would be derived as follows:
L2 = Lm /k 2 .

(11)

Hence, if L2 is selected according to (11), the input current
notches would be eliminated. Note that since the typical values
of k are almost equal to 1, the value of L2 would be obtained
almost equal to Lm . However, to achieve an exact elimination of
the input current notches, based on (11), the value of L2 should
be selected slightly more than Lm .
B. ZVS Condition
The capacitor CS is the snubber capacitor and is designed as
follows [23]:
CS > CS

m in

=

iSW tf
2vSW

(12)

where iSW is the value of switch current before the turn-OFF,
vSW is the final value of switch voltage after the turn-OFF, and
tf is the switch current fall time. Due to the additional current
stress of the main switches before the turn-OFF, by a proper over
design, the value of iSW should be selected 3IL m . Note that, the
output capacitor of the main switches (Coss ) is also contributed
in the effective snubber capacitor of each main switch. The
effective snubber capacitor of the main switches is equal to
CS + 2Coss . To obtain the ZVS condition at turn-ON instant of
the main switch, the voltage of the main switch in stage 2 must
reach zero. Hence, using (3), in the boost operation mode, the
following condition must be met:
VC a < VH /2.

(13)

Similarly, in the buck mode, the following condition must be
satisfied:
VC a > VH /2.

(14)
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Simplified waveform of iC a .

Now, it is essential to obtain the value of VC a . For this purpose, some simplifications are necessary; otherwise, the relations would become cumbersome. Compared to the switching period, the duration time of the resonance stages (stages 2
and 6) is short and can be omitted. Fig. 5 depicts the simplified
waveform of iC a . At the steady-state condition, the average of
iC a would be zero. By using this principle and from Fig. 5, the
value of VC a in boost operation mode would be
VC a =

Llk IL m
.
t5 − t4

(15)

Similarly, the value of VC a in buck operation mode would be
VC a = VH −

Llk IL m
t5 − t4

(16)

where, in (15) and (16), (t5 –t4 ) is the duration time of stage 5.
As discussed in Section II, this time is the duration time between
the turn-ON instant of the second auxiliary switch (Sa2 in boost
mode or Sa1 in buck mode) and turn-OFF instant of the main
switch (S1 in boost mode or S2 in buck mode). Hence this
duration time would be adjustable. Consequently, from (13)–
(16), the ZVS condition in both the boost and buck operations
would be expressed as follows:
(t5 − t4 ) >

2Llk IL m
.
VH

(17)

Note, this time should adjust at the worst-case condition that
IL m has the maximum value. This condition is when the converter operates in full load, and the voltage of the low-voltage
side (VL ) has the minimum value. Hence, by adjusting the duration time of stage 5 (t5 − t4 ) according to (17), ZVS condition is
obtained at the wide variations of load or VL . Furthermore, to the
proper operation of the auxiliary circuit at high frequencies, and
also to minimize the conduction losses in the auxiliary circuit,
the maximum value of (t5 –t4 ) should be limited. The duration
times of stages 3 and 5 are almost equal, and the duration times
of stages 1 and 7 are smaller than the duration times of stages
3 and 5. Hence, if the duration time of stage 5 (t5 –t4 ) is limited
at 10% of switching period time (0.1 T), the duration times of
stages 1, 3, 5, and 7 would be smaller than 0.4 T. It should
be noted that, since the value of Llk is directly related to the
value of Lm , as the selected switching frequency is increased,
the value of Lm could be selected smaller, and so the value of
Llk is reduced. Hence, based on (17), the minimum value of (t5
− t4 ) is also reduced, and it would be feasible to select (t5 − t4 )
at lower than 0.1 T.
To analysis the ZVS condition in different operating points,
the detailed diagram of vS 1 and iS a1 in boost mode, during
stages 1–3, are illustrated in Fig. 6. If the duration time of stage
5 (t5 –t4 ) is adjusted on the boundary value (without overdesign),
when IL m is maximized, the value of VC a would be VH /2. From

Fig. 6. Detailed diagram of main switch voltage v S 1 and auxiliary
switch current iS a 1 in boost mode during stages 1, 2, and 3 when
(a) V C a = V H /2. (b) V C a << V H .

the (3)–(6), the theoretical waveforms of vS 1 and iS a1 , and the
related values are shown in Fig. 6(a). Furthermore, when IL m
is reduced, based on (15), the value of VC a reduces. At the
low values of IL m , we have VC a << VH . From the (3)–(6), the
theoretical waveforms of vS 1 and iS a1 , and the related values
are shown in Fig. 6(b).
C. Design of the Capacitor Ca
As discussed in the previous subdivision, the capacitor Ca
and its voltage has the key role in providing ZVS condition in
different conditions. In fact, the capacitor Ca has the role of a
voltage source in the auxiliary circuit, which its voltage value is
determined in boost and buck modes from (15) and (16), respectively. The value of Ca should be chosen large enough to be sure
that the voltage ripple of Ca (ΔVC a ) is limited. During stages
1–3, the capacitor Ca is charged in boost mode, or discharged
in buck mode. Hence, the value of |ΔVC a | would be obtained
as follows:
 t3
1
iC a dt.
(18)
|ΔVC a | =
Ca t 0
By using (18), and from Fig. 5 and (15), the value of |ΔVC a |
is derived as follows:
|ΔVC a | =

(t5 − t4 )2 VH IL m
.
2Ca ((t5 − t4 )VH − Llk IL m )

(19)

To limit |ΔVC a | at less than 2% of VC a , from (15) and (19),
the value of Ca would be designed as follows:
Ca > Ca

m in

=

25(t5 − t4 )3 VH
.
Llk ((t5 − t4 )VH − Llk IL m )

(20)

Note, IL m should be selected for the operating point that IL m
has the maximum value.
D. Design of the Auxiliary Control Circuit
The block diagram of the auxiliary control circuit is illustrated in Fig. 7(a). The auxiliary control circuit has the role of
generating the proper pulses from the main switches pulses for
the auxiliary switches. A typical way to generate a synchronized
pulse with a controlled pulsewidth and controlled delay-time is
the use of two monostables in series. To illustrate the operation
of the auxiliary control circuit, the key waveforms of the auxiliary control circuit in the boost mode are shown in Fig. 7(b).
The pulsewidth values of the monostables 1 and 3 adjust the
delay times between the auxiliary and main switches [(t1 –t0 )
and (t5 –t4 )]. Besides, the pulsewidth value of the monostables 2
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the unidirectional auxiliary switches, the ultrafast diode BYV32
is placed in series with Sa1 and Sa2 . Based on the selected
switches, and from (12), the value of CS m in would be 2.1 nF.
The value of CS is selected 4.7 nF and so, the effective snubber
capacitor of each main switch would be 6.44 nF (CS + 2Coss ).
IV. EXPERIMENTAL RESULTS

Fig. 7. (a) Block diagram of the auxiliary control circuit. (b) Key waveforms of the auxiliary control circuit in boost mode.
TABLE I
DESIGN PARAMETERS

To verify the validity of the theoretical analysis, a prototype
of the proposed converter is implemented under the design procedure presented in Section III. The experimental waveforms
of the implemented prototype for VL = 70 V, VH = 200 V at
full load (Po = 200 W) and 20% of full load (Po = 40 W) are
shown in Figs. 8 and 9, respectively. Besides, Fig. 10 shows the
experimental waveforms for VL = 130 V, VH = 200 V at full
load (Po = 200 W). Also, the photo of the prototype is shown
in Fig. 11.
A. Experimental Waveforms Description

and 4 adjusts the ON-state time of the auxiliary switches (ton ). In
the simplest case, as discussed in subdivision B., based on (17),
the value of (t5 –t4 ) is selected constant. However, since in the
bidirectional converters often the current feedback of the IL m
value is available, based on (17), the value of (t5 –t4 ) could be designed variable. This way, the conduction losses and capacitive
turn-ON losses in the auxiliary circuit would be minimized.

As seen from the current waveforms of the input voltage
source (iV L in boost mode or –iV L in buck mode), no notches
exist on the waveforms. Besides, as seen in the voltage and current waveforms of the main switches (S1 in boost mode or S2
in buck mode), ZVS condition is obtained in both the turn-ON
and turn-OFF instants, and there are no extra voltage stresses on
the main switches. Besides, ZCS condition is achieved for the
auxiliary switches Sa1 and Sa2 in both the turn-ON and turnOFF instants, and the voltage stress of the auxiliary switches at
turn-ON instant is always lower than the voltage of the highvoltage side (200 V). The above features are achieved at different conditions of load and VL . Hence, the proposed converter would provide excellent efficiency at a broad operating condition without any current notches on the input voltage
source.

E. Design Procedure
Here, a design procedure of the proposed ZVT BBC is presented under the parameters specified in Table I. First, we have
Lm = L1 = 640 μH. According to (11), to exact elimination of
the input current notches, and by assuming k = 0.99, the value
of L2 would be 653 μH. Besides, since Llk = (1 − k 2 )L2 , the
value of Llk would be 13 μH. To obtain ZVS condition in various conditions, the condition of (17) should always be met. The
worst-case condition of (17) is when IL m has the maximum
value. Since IL m = Po /ηVL (η is the converter efficiency), the
value of IL m is maximized, when the converter operates at
full-load condition and VL has the minimum value. By assuming η = 0.95, and for the operating point of VL = 70 V and
Po = 200 W, the maximum value of IL m would be 3 A. Hence,
from (17), the minimum value of (t5 − t4 ) would be 0.39 μs.
Besides, the maximum value of (t5 − t4 ) should be limited at
1 μs (0.1 T). By a proper overdesign, the value of (t5 − t4 ) is
selected equal to 0.7 μs. Here, for simplicity, the constant value
of (t5 − t4 ) is used. From (20), the value of Ca m in would be
1.3 μF. By a proper overdesign, the value of Ca is selected equal
to 2 μF. For all the converter switches, the MOSFET IRFP264
(tf = 92 ns, Coss = 870 pF) is utilized. Besides, to implement

B. Loss Analysis and Comparison
To analyze further the effectiveness of the proposed converter, the loss breakdown analysis has undertaken. The calculated power losses in the operating point of VL = 70 V and
VH = 200 V are presented in Table II. The conduction
losses of the switches and inductors have obtained from
RDS(on) I2 RM S Switch and RDC I2 RM S Coil , respectively. RDS(on)
is the ON-state resistance of the utilized switches (RDS(on) =
0.1125 Ω in junction temperature (Tj ) of 75°), and RDC is the
total copper resistance of the utilized inductor coil (RDC L1 =
200 mΩ and RDC L2 = 400 mΩ). The conduction losses of the
auxiliary diodes have obtained from VF Iavg dio de , where VF is
the forward voltage of the utilized diodes (VF = 0.7 V in junction temperature (Tj ) of 75°), and Iavg dio de is the average value
of the diode current. The turn-ON capacitive losses have obtained
from 0.5Coss (VS )2 f , where Coss is the output capacitor of the
utilized switch (Coss = 870 pF), VS is the value of the switch
voltage before turn-ON, and f is the switching frequency.
The efficiency curves of the proposed converter and ZVT
BBCs with coupled-filter-inductor in [7] and [9] are illustrated in Fig. 12. Furthermore, Table III presents a comparison
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Fig. 8. Experimental waveforms for V L = 70 V, V H = 200 V, and P o = 200 W (voltage scale is 100 V/div, current scale is 4.5 A/div and time scale
is 1 μs/div) in (a) boost mode and (b) buck mode.

Fig. 9. Experimental waveforms for V L = 70 V, V H = 200 V, and P o = 40 W (voltage scale is 100 V/div, current scale is 4.5 A/div and time scale
is 1 μs/div) in (a) boost mode and (b) buck mode.

Fig. 10. Experimental waveforms for VL = 130 V, V H = 200 V, and P o = 200 W (voltage scale is 100 V/div, current scale is 4.5 A/div and time
scale is 1 μs/div) in (a) boost mode and (b) buck mode.

Fig. 11.

Photo of the prototype.

between the proposed converter and other ZVT BBCs. As seen
in Table III, the major drawback of ZVT BBC in [7] is the
high voltage stress of the auxiliary switches. This issue would
increase the turn-ON capacitive losses of the auxiliary switches
which are almost constant at the load variations. Besides, typically, the power MOSFETs with a higher voltage rating suffer
from a larger on-state resistance (RDS(on) ). As a result, in ZVT

BBC [7], the conduction loss of the auxiliary switches also increases. In the ZVT BBC in [9], the voltage stress of the auxiliary
switches is significantly reduced. As a result, in this converter,
the turn-ON capacitive losses are negligible. However, in ZVT
BBC [9], although the voltage stress of the auxiliary switches
is reduced, the current stress in the auxiliary circuit and so, the
conduction losses increases. Besides, for the operating points
that D < 0.5, some additional current is required to achieve
ZVS condition. In fact, in ZVT BBC [9] the dominant losses
are the conduction losses in the auxiliary circuit. However, for
specific output power, as VL increased, the level of the currents
in the converter would reduce, and the conduction losses of the
auxiliary circuit are reduced to some extent. To illustrate this issue, the efficiency curves versus input voltage VL of ZVT BBC
[9] and the proposed converter in boost mode under the conditions of full load (200 W) and light load (40 W) are illustrated
in Fig. 13. Note that, in the proposed converter, as VL increased,
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TABLE II
LOSS ANALYSIS OF THE PROPOSED ZVT BBC IN OPERATING POINT OF
VL = 70 V AND VH = 200

Fig. 13. Efficiency versus input voltage (V L ) of the proposed ZVT
and (a) BBC and ZVT BBCs [9] in boost mode under the condition of
V H = 200 V, f = 100 kHz, Po = 200 W. (b) P o = 40 W.

Fig. 14. Experimental input current waveform of the boost mode (current scale is 2.2 A/div and time scale is 5 μs/div) in (a) ZVT BBC [7],
(b) proposed converter.

Fig. 12. Efficiency versus output power (P o ) of the proposed ZVT
BBC and ZVT BBCs in [7] and [9] under the condition of V L = 70 V,
V H = 200 V, and f = 100 kHz (The converters are designed for V L =
70 V − 130 V, and V H = 200 V).
TABLE III
COMPARISON BETWEEN THE PROPOSED ZVT BBC AND OTHER ZVT BBCS

Fig. 15. (a) Theoretical input current waveform with notches (iV L ).
(b) Theoretical frequency spectrum of iV L for Δin = 2.6 A, α = 0.22,
ΔiL m = 0.7 A, D = 0.65, and f = 100 kHz. (c) Theoretical frequency spectrum of iV L with elimination of notches (Δin = α = 0) for
ΔiL m = 0.7 A, D = 0.65, and f = 100 kHz.

∗

in boost mode: V C a < V H /2
∗∗
in buck mode: V C a > V H /2

although the conduction losses are reduced, the overall capacitive turn-ON losses of the auxiliary switches would be increased
to some extent. Hence, in the proposed converter, the efficiency
curves versus VL are almost constant.
V. ANALYSIS AND COMPARISON OF INPUT CURRENT
FREQUENCY SPECTRUM
In this section, to demonstrate the benefits of the proposed
method from EMC viewpoint in comparison with the ZVT BBC
with the coupled-filter-inductor in [7], the harmonic content of

the input currents is theoretically and practically analyzed using
Fourier analysis. For this purpose, ZVT BBC [7] is implemented
under the same condition of the proposed converter. The value
of turns-ratio (n) is selected as 0.3. The other components such
as the values of inductor Lm , snubber capacitor CS and the
type of the switches and diodes are similar to the proposed
converter. The input current waveforms of ZVT BBC in [7] and
the proposed converter are illustrated in Fig. 14.
To analyse the input current waveform, the theoretical waveform of the input current (iV L ) with notches is illustrated in
Fig. 15(a). This waveform is the overall theoretical waveform
of the input current in ZVT BBCs with the input current notches
(such as ZVT BBC in [7]). To simplify the analysis, the shape of
the notches have assumed triangular and symmetric. The coefficients of the Fourier series for the waveform shown in Fig. 15(a)
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Fig. 16. Experimental frequency spectrum of the input current (iV L )
in (a) ZVT BBC [7], (b) proposed converter.

are obtained as follows:


ΔiL m 1 − cos2nπD 1 + sin2nπD
an = −
+
nπ
2nπD
2nπ(1 − D)


2Δin 1 − cos2nπα
−
,
nπ
2nπα


1
ΔiL m sin2nπD
(21)
bn =
D(1 − D)
2(nπ)2
where n is the harmonic order. Besides, the harmonic magnitude
 at the nth frequency (Hn ) would be obtained as Hn =
a2n + b2n . Based on the input current parameters of the ZVT
BBC [7] shown in Fig. 14(a), and from (21), the theoretical
frequency spectrum of iV L for Δinotch = 2.6 A, α = 0.22,
ΔiL m = 0.7 A, D = 0.65, and f = 100 kHz is illustrated in
Fig. 15(b). Besides, Fig. 15(c) illustrates the theoretical frequency spectrum of iV L with the elimination of notches (Δinotch
= α = 0) at the same condition (ΔiL m = 0.7 A, D = 0.65, and
f = 100 kHz). As seen, the elimination of the input current
notches would alleviate the magnitude values of the harmonics.
To illustrate this point from the practical view, the experimental frequency spectrum of the input currents in ZVT BBC [7]
and the proposed converter are shown in Fig. 16. As seen, the
magnitude values of the first harmonic (harmonic of 100 kHz)
in ZVT BBC [7] and the proposed converter are 103 and 96.8
dBμA, respectively, which shows a reduction of 6.2 dBμA in
magnitude of the first harmonic. Besides, the magnitude reduction in the higher order harmonics of the proposed converter
compared with the ZVT BBC in [7] is distinctly clear.
VI. CONCLUSION
A ZVT bidirectional buck/boost converter with coupled-filterinductor was introduced in this article. The proposed converter
benefits from the features of the coupled-inductor-filter method
while there are no notches on the current waveform of the input
voltage source. The operation and design of the proposed converter was presented. The analysis showed that, in the proposed
converter, if the turn ratio of the coupled inductors was equal to
one, the exact elimination of the current notches is feasible. In
the proposed converter, the ZVS switching of the main switches
and the ZCS switching of the auxiliary switches were obtained
over broad operating points of the converter. To confirm the
feasibility of the proposed converter, the experimental results of
a 200 W–100 kHz prototype were presented for both the boost
and buck modes in full load and 20% of full load. Besides,
since the input current notches were suppressed in the proposed
converter, the magnitude of the input current harmonics are reduced which has been confirmed by the theoretical analysis and
experimental results.
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