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Abstract—A non-isolated bidirectional converter with high
voltage gain is proposed. In the proposed converter, the structure
of the input-parallel-output-series bidirectional converter is inte-
grated with the coupled inductors. The features including high
voltage gain, low voltage stresses, current sharing, and current-
ripple-cancellation are achieved. Due to the proposed converter’s
operation in triangular conduction mode, the desirable benefits
of zero voltage switching, diode reverse recovery elimination, and
reduction of converter filter inductors and, consequently, leakage
inductors are obtained. To recycle the leakage inductors’ energy
and solve the related difficulties for both operation modes, a
simple passive clamp including the minimum number of elements
is utilized. The proposed converter is analyzed and to confirm
the analysis, the experimental results are presented.

I. INTRODUCTION

The DC-DC bidirectional converters (BDCs) are one of
the key components in applications in which energy storage
devices are necessary. Applying the battery cells in a series
connection is usually avoided due to the difficulties such as
charge imbalance between the series battery cells and the need
for additional battery voltage-balancing circuits [1],[2]. As a
solution, the high-voltage-gain BDCs are utilized to match
the low-voltage battery with the high-voltage DC bus. In
these converters, providing the continuous-non-pulsating input
current with a low ripple to maintain the battery life-time
is necessary [3],[4]. Furthermore, the current level of input
source is high, and important issues such as conduction losses
and thermal management should be taken into consideration
[5].

The input-parallel output-series (IPOS) converters are
among the most favorable circuit structures to address the
aforementioned challenges [6],[7]. The structures of these con-
verters are normally based on parallel-interleaved converters to
obtain excellent features such as current sharing and current-
ripple-cancellation. Moreover, each phase’s input terminals are
electrically placed in series to increase the voltage-gain and
reduce the components’ voltage stress.

Utilizing the coupled-inductor with the converter filter-
inductor (i.e., coupled-filter-inductor) is the most common
method to increase the voltage-gain in non-isolated BDCs [8]-
[14]. The general drawback of these converters is the large
current-ripple and/or pulsating state of input current due to the
coupled inductor on the converter filter inductor. In [15],[16],
the coupled inductors are implemented separately from the

converter filter inductor (i.e., built-in transformer). Therefore,
the input current benefits from continuous state and low-ripple.
However, they utilize many components, including eight [15]
and six [16] active switches.

In BDCs [17]-[22], the high voltage-gain is obtained without
using the coupled inductors and based on integrating the basic
BDCs with the switched-capacitor or quasi-Z-source circuits.
Thus, the related mentioned issues with the coupled inductors
do not exist in these converters. However, the voltage-gains
of these converters are generally limited, and to increase the
voltage-gain, additional circuit cells are required [17]. The
other drawback of these converters is that most of these
converters are hard-switched.

This paper introduces a two-phase ZVS bidirectional con-
verter with coupled inductors to address the existing solutions’
issues. Thanks to the IPOS structure, the current sharing is
achieved, voltage-gain is increased, and the voltage stresses
are reduced. Furthermore, the coupled inductors’ secondary
windings are jointly implemented on the common path of
two phases in the form of winding-cross-coupled-inductors
(WCClIs) [23]. Due to triangular conduction mode (TCM)
operation and current ripple cancellation, ZVS and elimination
of the diodes-reverse-recovery losses are obtained without a
large current ripple on the input side. Moreover, the converter
inductors values, including the leakage inductors’ values and
the associated issues, are reduced. For entire solving the
leakage inductors’ difficulties in two phases and both boost and
buck operation modes, a simple passive clamp circuit including
the minimum number of elements is applied.

In sections II and III, the topology and operation of the
circuit are described. Circuit design, results, and conclusions
are presented in Sections III, IV and V, respectively.

II. CIrRCUIT TOPOLOGY

Fig. 1 shows the circuit configuration of the proposed
converter with equivalent circuit of coupled inductors. The
converter circuit comprises two phases in which the inputs
of phases are parallel, and the outputs (Vg; and Vo) are
series. To increase the voltage-gain and obtain the current-
ripple cancellation, the secondary windings of coupled in-
ductors are inserted in the common path of two phases,
in the crossed form. The secondary windings of coupled
inductors contribute to increasing the voltage-gain of both
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Fig. 1. Circuit structure of the proposed converter with equivalent circuit of
coupled inductors.

phases. This leads to a reduced number of coupled inductor
windings compared to other existing converters with WCClIs
[23]. To illustrate the current ripple cancellation feature in
the proposed converter, based on the defined currents in Fig.
1, the current value of input source (iy 1) would be equal
to irap + ipam2 + (No — Np)ipk. Hence, if Ny = N, we
always have iy = ira1 + trae, and, with a phase-shift of
180° between phases, the current ripple cancellation would be
obtained.

The proposed converter also includes a simple passive clamp
circuit which has the role of limiting the voltage of the
switches 57 and Sy at both the boost and buck operation
modes. Otherwise, during the turnoff instants of S; and
Sy, the stored energy in the leakage inductors is depleted
through a resonance with switches output capacitors, causing
an undesirable voltage spike on S; and Ss. In the proposed
converter, the values of magnetizing inductors Ljs; and Ljo
are small enough such that their currents flow in both direc-
tions (i.e., TCM operation). Hence, to obtain ZVS condition,
the energy stored in magnetizing inductors are utilized without
any auxiliary circuit.

III. CIRCUIT OPERATION

The proposed converter has twelve operating intervals in
the boost and buck modes. Since both the boost and buck
operation involves two almost symmetrical half-cycle during
each switching cycle, only the half-cycle of the switching cycle
is explained.

A. Boost Mode

In the boost mode, S; and S, are the main switches and
Ss3 and Sy act as the synchronous switches. The equivalent
circuits of half-cycle operating intervals in boost mode are
illustrated in Figs. 2. Besides, Fig. 3 shows the theoretical key
waveforms of boost mode in a switching cycle.

At the beginning of interval 1, it is assumed that the value
of ira is Io, and izps2 has a negative value of —I). Also,
it is assumed that S; is ON, and the body diode of S is
conducting.

Interval 1 [to — t1]: In this interval and by conducting the S5
body diode, S5 turns ON under ZVS. During this interval, the
voltage of Vi, is placed across Lj;; and Ljyse. Hence, ipa1
increases linearly, and iy 572 reduces linearly in the negative
direction.

Interval 2 [ty — t3]: At t1, S7 turns OFF, and the snub-
ber capacitors Cg; and Cgg start to charge and discharge,
respectively, by means of ¢, 571. Meanwhile, a resonance starts
between L;; and Cgy causes C'gy charging.

Interval 3 [ty — t3]: At to, Cgy is charged to Vo, Dea
is forward biased, and the voltage of Cg; is clamped on
Ve. Hence, the resonance between L;; and C'g4 in interval 2
continues in this interval between L;x, Cs4, and C'ss. During
this resonance, Cgs is discharged from Vi to zero, and Cgy
is charged from Vo to Vi — V. At the end of this interval, the
values of 47,571 and iy, pro are defined I; and —I7, respectively.

Interval 4 [t3 — t4]: At t3, S3 body diode is forward
biased. By conducting S5 body diode, the synchronous switch
S3 turns ON under ZVS, and thus, the current of S3 body
diode conducts through Ss. In this interval, the voltage of
— (Ve —Vy5) is placed across L1, and the voltage of Lo is
V1, as yet. Hence, the equations of i1,/ and 7372 would be:

. Vo =V,
ipmi(t) =11 — %(t —t3), (D
. V

ipaa(t) = —I1 + L]\fm (t —t3). (2)

Interval 5 [ty — t5]: At t4, the current of C¢ reaches zero,
and so, D1 turns OFF. Then, the current of C¢ increases in
the negative direction through D¢3. In this interval, the volt-
ages of Ly and Lyo are —(Ve — Vi) and V, respectively.
Hence, i1 and ip2 continues to reduce and increase,
respectively, at almost the same current rates in interval 4.

Interval 6 [ts — tg]: At ts, the synchronous switch Ss
turns OFF, and the snubber capacitors C's; and Cgs start to
discharge and charge, respectively, by means of iz 371. Mean-
while, a resonance starts between L;; and Cgy causes Cgy
discharging. During this interval, Cs; discharges completely,
Cgs3 charges until Vg1, and Cgy discharges from Vg — Vi to
Vyo. At the end of this interval, the values of i7,5,1 and ip, /2
are defined —I5 and T}, respectively.

At tg, and by conducting S; body diode, S; turns ON, and
the next half of the switching cycle begins. The next sequence
is almost similar to the operation of the previous half-cycle,
such as from intervals 1 to 6.

B. Buck Mode

In the Buck mode, S3 and S, are the main switches, and
the switches S7 and Ss act as the synchronous switches. The
equivalent circuits of half-cycle operating intervals in buck
mode, and the theoretical key waveforms in a switching cycle
are illustrated in Figs. 4 and 5, respectively.

At the beginning of interval 1, it is assumed that ¢7,571 has
a negative value of —I, and the value of ippre is Ij). Also,
it is assumed that S; is ON, and the body diode of S is
conducting.

Interval 1 [tg — t1]: In this interval, S5 turns ON under ZVS
due to conducting the S5 body diode. During this interval, the
voltage of —V7, is placed across Ljys1 and Lpso. Hence, @771
increases linearly in the negative direction, and ¢, reduces
linearly.
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Fig. 3. Key waveforms of boost mode in a switching cycle.

Interval 2 [ty — t3]: At tp, the synchronous switch S
turns OFF. Hence, the snubber capacitors C's; and Clgg start
to charge and discharge, respectively, by means of ir /1.
Meanwhile, a resonance starts between L;; and Cgy4 causes
Cs4 charging.

Interval 3 [ty — t3]: At ta, Cgy is charged to Vy — Vi,
and thus, Dcs is forward biased. In this interval, resonance
continues between L;i, C's1, and Cgs. During this resonance,
C'ss discharges completely, and C'sq charges to V. At the end
of this interval, the values of —iy 1 and —ip 0 are defined
—1I; and I, respectively.

Interval 4 [ts — t4]: At ts, S3 body diode is forward biased.
By conducting S3 body diode, S3 turns ON under ZVS. In
this interval, the voltage of Vo — V, is placed across L1,
and the voltage of Ljso is —V, as yet. Hence, the equations
of —ir a1 and —ig 0 would be:

Ve — Vi,
ST (),
Ly ( 3)

—ipmi(t) = - + 3

5 Ss | S, L, v
L[ S S |[S, —ipaa(t) =11 — i3 Lt —t3). “4)
niiE 7 M2
irm1 """"\,(‘l/"\("”’ Interval 5 [ty — t5]: At t4, the current of C¢ reaches zero,
@?ﬁ/ - =1l 172 and so, D¢g turns OFF. In this interval, similar to interval 4,

the voltage of Lps1, Lase and Ly, are Vo — Vi and —Vp,
respectively. Hence, —ips1 increases linearly and —ip 0
reduces linearly.

Interval 6 [ts — tg]: At ts, S3 turns OFF, and the snubber
capacitors C's; and Cgg start to discharge and charge, respec-
tively, by means of —iy,s1. Meanwhile, a resonance starts
between L;;, and Cgy4 causes Cgy discharging. During this
interval, C's; discharges completely, C's3 charges until Vi1,
and C'g4 discharges from Vi — Vo to Vo, At the end of this
interval, the values of —ir /1 and —ip o are defined I> and
—1I, respectively.

At tg, and by conducting S7 body diode, S; turns ON, and
the next half of the switching cycle begins. The next sequence
is almost similar to the operation of the previous half-cycle,
such as from intervals 1 to 6.

IV. CIrRCUIT DESIGN
A. Converter Voltage-Gain

In the steady-state condition, the average voltage across each
converter inductor is equal to zero (i.e., volt-second balance).
Considering this fact, in an ideal case that coupling is complete
(k = 1) and by ignoring the short resonance intervals 2, 3, 6,
8, 9, and 12, the voltage-gains of the converter in boost and
buck modes would be:

Vi 2(1+N)

Vi 1-D )
v, D

Ve 2(N+1) ©

where, D and D’ are the operating duty-cycle in boost mode
(duty cycle of S and Ss) and buck mode (duty cycle of S3
and Sy), respectively (D + D’ = 1).
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Fig. 5. Key waveforms of buck mode in a switching cycle.

The operating duty-cycle in boost mode (duty cycle of Sy
and S5) and buck mode (duty cycle of S3 and Sy) are D and
D', respectively.

B. Switches Voltage Stress

Based on the analysis of the converter operation, the voltage
stress of the switches S and S5 is equal to V. From (5), and
since Vo = V,/(1 — D), the voltage stress of Sy and S5 is
derived as:

Vi

TN+1)

Moreover, the voltage stress of S3 is V. Besides, the
voltage stress of switch Sy is Vi — Vo. By using the equation
(7), the voltage stress of S, is obtained as:

Ve @)

(2N +1)Vy

SR

®)

C. ZVS Condition

To guarantee the ZVS condition of the proposed converter in
boost mode, at the beginning of intervals 6 and 12, the stored

energy in Ljsq and Lpso should be sufficient to discharge
Csy and Cg3 from Vi to zero, and to charge Cgo and Cgy
from zero to Vi /2. Similarly, in buck mode, at the beginning
of intervals 2 and 8, the sufficient energy should be stored
in Ly and Ly to discharge Cso and Cgy from Vi /2 to
zero, and charge Cg; and Cg3 from zero to V. The current
values of Ly and Ljso at the beginning of intervals 6 and
12 correspond with the negative peak value of iz 71 and 41,572
(=Irm,p™ ). Consequently, the ZVS condition in the proposed
converter would be written as follows:

S e
Where, L]\/j = L]y[l = LMQ, CSL = CSl = CSQ, and CSH =
Cs3 = Cgy. It worths mentioning that the value of L and
Lyra (Lpy) determines the value of —Iz s p~ based on the
operating condition of the converter, which is discussed in the
next subsection (Subsection D).

D. Design of Ly and Lyso to Obtain ZVS Condition

The value of magnetizing inductors Lysy and Lo (Las)
determines the current ripple of izys, and so the value of
—Ir v, p~ . Hence, the value of Ly, has an important role in
providing ZVS condition in (9). To ensure the ZVS condition
(9) in the entire operating range, the value of L;; should be
selected at the worst-case operating point, when, the average
value of ipp1 and ipp0 (Uas) has the maximum value
(IrMm,max)- In this operating point, i7pr1 and ippso has the
maximum level and the value of |—Ipp,p~ | is minimized.
Hence, if the value of Lj,; is designed for this operating
point, in the other operating points where the value of Iy s is
reduced, the value of |—Ipa,p ™ | is increased, and the ZVS
condition of (9) would be satisfied. As a result, the ZVS
condition is obtained for the entire operating range of the
converter.

In the proposed converter, since vy = irp1 + tLm2,
Iy, = P,/Vi, and Ippnn = Ipae = I, the average value
of ir,pm (Iar) would be equal to P,/2V7,. Hence, the value of

_ 1 1
(—Irmp )2 > §CSLV02 + §CSH(
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I1,p is maximized when the converter operates in maximum
output power (P, max) and V7, has the minimum value (V7 min).
Consequently, the maximum average value of 41,371 and iz 79
({1, 0,max) Would be obtained as:
ILM,max == (10)
To simplify the analysis, the value of Ay, is considered
2(1 + o)Irm,max- Hence, the value of the negative peak
(=Irnm,p~) would be —ad7, pr,max. Considering the mentioned
points, the value of L, is

_ VL,mianax
2f(1 + a)ILM,max’

where, f is the switching frequency, and the value of I, as max
is obtained from (10). Besides, Dp.x is the maximum value
of duty cycle in boost mode. From (5), the value of Dy, is
derived as:

Ly

(In

2VYL,min(l + N)

Dipax = 1 —
e VH7max

(12)

Now, to design of Ly from (11), it is important to select the
value of «, such that the value of —Ir,r,p~ is large enough to
satisfy ZVS condition in (9). Since —I7n.p~ = —od 1,1, maxs
if @ > 0, the value of —I; ), p~ would be in the negative
region. By a proper over design, the initial value of « can
be selected equal to one, and so, the values of —Irn p~
and Airps would be —Ippsmax and 207 a7,max. receptively.
Based on these values and the converter specifications, the
ZVS condition in (9) is checked. If the ZVS condition is
satisfied, the design of L), value is finished. Otherwise, the
value of o should be selected larger (a« = « + 0.5), and the
design procedure of Lj; value is repeated.

V. RESULTS

A 400-W prototype of the proposed converter is imple-
mented to verify the theoretical analysis at V=48 V, V=400
V, and switching frequency of 100 kHz. Due to the proposed
converter’s superior voltage-gain, the mentioned voltage con-
version is obtained with a reasonable duty-cycle of 0.6 (in
boost mode), and windings turn ratio of about 0.7. Fig. 6 shows
the experimental waveforms in both boost and buck modes,
and Fig. 7 illustrates the measured efficiency curves. As seen
in Fig. 6, ZVS is obtained, and the input current benefits from
the continuous state. Besides, the voltage of the main switches
is limited at a voltage level of 120 V. Furthermore, Fig. 8
depicts the curves of the proposed converter’s voltage gains
and voltage stresses compared to its counterpart converters
for the operating duty cycle of 0.6 in boost mode.

VI. CONCLUSION

A bidirectional converter is introduced with features of ex-
cellent voltage-gain, very low voltage stress of LVS switches,
current sharing, current ripple cancellation, zero voltage
switching, elimination of diodes reverse recovery, reduced
values of inductors and leakage inductors, and a simple clamp
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Fig. 6. Experimental waveforms (time scale is 4 ©S/div) in (a) boost mode.
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circuit. The converter’s operation in boost and buck modes,
converter’s voltage-gain, voltage stresses, and the circuit de-
sign were presented considering ZVS in the converter’s entire
operating region. The experimental results of a 48 V—400 V,
400 W prototype converter were presented to verify the
analysis.
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