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Abstract—This paper presents a non-isolated bidirectional
converter with high voltage conversion ratio. The structure of
winding-cross-coupled-inductors (WCClIs) is developed in the
two-phase interleaved bidirectional converter to achieve the
excellent features of current-ripple-cancellation, current sharing,
and high voltage-gain. Furthermore, the proposed topology uses
two active and passive clamp circuits to recover the coupled
inductors’ leakage energy and to maintain the overall efficiency
at a high level providing ZVS in boost mode. A rearrangement
is applied to high-voltage-side switches to avoid the interference
of clamp circuits operation in boost and buck modes. Detailed
analysis and design methodology of the proposed converter are
provided and a high gain 500 W, 48 V/380 V prototype is
implemented to verify the performance of the proposed converter.
Peak efficiencies of 96% and 94.3% are measured for boost and
buck modes, respectively.

Index Terms—DC-DC bidirectional converter, High voltage
conversion ratio, Winding cross coupled inductor, Zero voltage
switching.

I. INTRODUCTION

WING to the increasing growth of distributed generation

(DG) systems, renewable energies have received signif-
icant attention over the past years [1]. Energy storage devices
have become a key component of power distribution systems
to address renewable energy sources’ intermittent nature [2].
As the voltage level of storage devices changes in a wide
range and is lower than the load-side voltage level, DC-DC
bidirectional converters (BDCs) are typically utilized between
the storage device at the low-voltage side (LVS) and the output
load at the high voltage side (HVS). In applications such as
grid-connected renewable energy systems and uninterrupted
power supplies (UPSs), the voltage of the DC bus at the HVS
is in the range of 200 — 400 V or more, and the voltage of
LVS storage that is formed by battery cells is in the range of
24 — 48 V [3]. The reason for the low voltage level is that the
series connection of too many battery cells would cause the
charge imbalance problem, and it is more desirable to connect
them in parallel [4]. Therefore, a BDC with voltage gain of
10 or more is needed to meet the voltage difference between
the LVS and HVS.

In BDCs with high voltage-gain, due to the input source’s
low voltage level, the current level in LVS usually is high, and
the issues such as thermal management and conduction losses
should be taken into consideration. Furthermore, since the
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input source is commonly battery, providing the continuous-
non-pulsating input current with a low ripple to maintain the
battery health is necessary. The parallel interleaved structures
are among the most favorable structures to address the chal-
lenges above due to the desirable features such as current
sharing and current-ripple-cancellation [5].

Conventional non-isolated BDC is derived by substitut-
ing the diode of buck or boost converter with a MOSFET
switch [6]-[8]. However, high voltage-gain applications impose
extreme duty cycles, high voltage or current stresses, and
low efficiency. To overcome the voltage-gain limitation of
conventional BDCs, the non-isolated high step-up/step-down
BDCs are introduced [9]-[27]. Different types of non-isolated
high step-up/step-down BDCs can be categorized into non-
coupled inductor BDCs [9]-[17] and coupled inductor BDCs
[18]-[27]. In the non-coupled inductor BDCs, high voltage-
gain is achieved mainly by integrating the conventional BDCs
with the switched-capacitor circuits or quasi-Z-source circuits
[9]-[17]. In these converters, the voltage-gain is normally
limited, and to extend the voltage gain, additional circuit cells
included active switches, are required, which increases volume
and cost [10], [11]. Furthermore, in switched capacitor circuits,
the issue of inevitable current-spikes due to the parallel
unbalanced capacitors should be considered requiring large
capacitors to alleviate this issue [11]-[17]. The other drawback
of these converters is that most of them are hard switched,
which reduces the efficiency at high switching frequencies [9]-
[17].

In [18]-[25], the coupled inductors are utilized in the con-
verter structure to overcome the voltage-gain limitation of the
previous type of BDCs. The coupled-inductor BDCs generally
face two major issues. First, the leakage inductor energy
should be recycled before the turn-OFF instant of switches;
otherwise, there would be additional voltage spikes on the
switches due to the resonance between the leakage inductor
and switches’ capacitors. This issue is more challenging in
the bidirectional converters due to two operation modes in
opposite directions. The second issue associated with coupled
inductor BDC:s is the large current-ripple and/or pulsating state
of LVS current since the converter main inductor is often
included in the coupled inductors [18]-[25]. To overcome this
problem, bulky low-pass-filters are required on the converter’s
high-current LVS, which increases the volume and conduc-
tion losses [18]. The coupled inductor BDCs in [26], [27]
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benefit from the continuous and low-ripple current on LVS.
However, these converters suffer from limited voltage-gain
since the coupled inductors are merely utilized for current-
ripple-cancellation, and the voltage gain is independent of the
windings turns ratio.

The coupled inductor converters with winding-cross-
coupled-inductors (WCCIs) are among the most superior struc-
tures to address the issue of large current ripple and pulsating
state of LVS current in coupled inductor converters [28]-
[31]. These converters are based on multiphase interleaved
structure, where, to obtain the current-ripple-cancellation and
further increase the voltage-gain, the coupled inductors are
implemented in crossed form between phases. As a result,
the excellent features of high voltage-gain, current-ripple-
cancellation, and current sharing are obtained simultaneously.
Although recycling the leakage inductors energy is well solved
in the unidirectional converters with WCCIs using active
or passive auxiliary circuits [28]-[31], solving this issue for
bidirectional power flow is more challenging. The reason is
that this issue should be solved for both operation modes of
BDC, where the additional circuits of each mode may interfere
with the correct operation of the opposite operation mode.

This paper presents a high step-up/down interleaved BDC
to address the existing solutions’ issues in high step-up/down
BDCs. To obtain the excellent features of WCCIs structure,
this concept is developed in the two-phase interleaved BDC.
In the proposed converter, the active and passive clamp circuits
are used to recover coupled inductors’ leakage energy and to
maintain the overall efficiency at a high level. A rearrangement
is applied to the HVS switches to ensure active and passive
clamp circuits’ proper operation without interfering with each
other. Moreover, the active clamp circuits provide the ZVS
condition in boost mode when the battery banks’ stored energy
is injected into the system.

The paper is organized as follows. Section II describes the
circuit configuration and operation principles of the proposed
converter. The design considerations are discussed in Section
III. Section IV provides the power loss analysis of proposed
converter. In Section V, the experimental results, and com-
parison are presented. Finally, conclusions are mentioned in
Section VI.

II. PROPOSED CONVERTER CONFIGURATION AND
PRINCIPLE OF OPERATIONS

Fig. 1(a) shows the circuit configuration of the proposed
converter. The main switches includes switches S7, Ss, S3 and
S4, and, inductors L and L, are the main inductors. Inductors
Ly, Ly and L3, and also, inductors Ly, Ls and Lg are coupled
in the crossed form to obtain high voltage-gain and current-
ripple-cancellation features. Switch S.,; and capacitor C,1,
and, switch S.42 and capacitor C.,o forms the active clamp
circuit of upper and lower phases, respectively. Furthermore,
capacitor Ccp and diodes D.,; and Dg,; make the passive
clamp circuit of upper phase, and similarly, capacitor Cp2 and
diodes D2 and D4, forms the passive clamp circuit of lower
phase. To avoid operation interference of active and passive
clamp circuits in each phase, switches S3 and S, are applied
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(b)

Fig. 1. (a) Circuit topology of the proposed converter. (b) Equivalent circuit
of the proposed converter.

between these circuits. Without applying this rearrangement,
the passive clamp circuit interferes with the active clamp
circuit’s performance in the boost mode, resulting in losing
ZVS condition for switches S7 and Ss.

Fig. 1(b) illustrates the converter’s equivalent circuit, where
the coupled inductors are modeled with a magnetizing inductor
on the primary side, an ideal transformer with three windings,
and leakage inductors on the secondary sides [32]. It worths
mentioning that, in the equivalent circuit, leakage inductors
Ly and Lo are equivalent leakage inductors on secondary
sides. Besides, the magnetizing inductors L,,; and L., act
as the converter filter inductor.

To illustrate the current-ripple-cancellation feasibility of the
proposed converter, and based on defined currents in Fig. 1(b),
the input source current (¢y/7) can be obtained as ip,,1 +
irm2+ (No— N1)(ir1k1 +irik2). If the turn ratios of the ideal
transformers in the model are equal (N7 = N,), regardless of
ilel or ’L'Ll]gl shape, we always have iVL = iL]V[l + iLMQ.
Hence, using the interleaved pattern where a phase-shift of
180° is applied between two phases, the input-current-ripple
cancellation is feasible.

The proposed converter has two overall operation modes
of boost and buck modes, based on whether the power flow
direction is from Vi, to Vi or vice versa. Also, each oper-
ation mode includes twelve operating intervals during each
switching period. Since the converter operation includes two
symmetrical half-cycles in both the boost and buck modes,
merely half of the switching cycle is explained in both boost
and buck modes. In the analysis, the following assumptions
are considered:

o The converter is in the steady-state condition.

o The windings turn ratios are equal (N; = Ny = N).

o The magnetizing inductors L,,; and L,,, are large
enough such that their currents are constant in a switching
cycle (irm1 = Ipm1 and ipmo = Inm2).

o The clamp capacitors Ccq1, Cea2, Cep1, and Cepp are
large enough that their voltages are constant in a switch-
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Fig. 2. Six equivalent circuits of half-cycle operating stages in boost mode.
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Fig. 3. Theoretical waveforms of boost mode.

ing cycle.
« Two phases operate with interleaved pattern and there is
a phase-shift of 180° between them.

A. Boost Mode

In the boost mode, S; and S, are the main switches, and S
and Sy act as the synchronous switches in the complementary
with S7 and S,, considering a sufficient dead-time. Besides,
the gate signals of clamp circuits’ switches S.,1 and Scqo
are the same as Ss and Sy, respectively. The equivalent
circuits of half-cycle operating stages in boost mode and the
corresponded key waveforms are illustrated in Figs. 2 and 3,
respectively.

Stage 1 [ty — t1]: In this stage, S and S5 are ON, and,
L1 and L,,» are magnetized by V.

Stage 2 [t1 — to]: At t1, So turns OFF under ZVS due to
snubber capacitor C'go. In this stage, C'so charges by ip,,1
until Veega.
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Stage 3 [ta — t3]: At tg, Sce2 and Sy body diodes and
diode D.,; are forward biased and turns ON. By conducting
body diodes of S..2 and Sy, these switches turn ON under
ZVS. In this stage, the voltages of —(NVieaz — Voept)
and ((N + 1)Voea2 — Vi) appear across Lyx; and Lo,
respectively. Hence, ir;;1 increases linearly in the negative
direction through D.,1, and i;;2 increases linearly through
S4. Meanwhile, the current of S, reduces in the negative
direction from —I,,2 to zero and then increases linearly in
the positive direction. The important current equations of this
stage are as follows:

_ NVC'ca2 - VCcpl

irik (1) = L (t —t2), (1
inik2(t) = —isa(t) = N+ 12‘2:;2 S (t—t2), (2
isca2(t) = —Im2 — Nigua (t) + (N + Dizua(t),  (3)

is1(t) = Irm1 — Nigua (t) + Nipga(t). “4)

Stage 4 [tz — t4]: At t3, Seqo and Sy turn OFF; thus,
the current of S..o is diverted to snubber capacitor Clgo,
discharging this capacitor. Meanwhile, diode D, 42 turns ON,
and the current of L;x5 conducts through this diode. At the end
of this stage, snubber capacitor C'sq is discharged completely,
and the current values of iy, and i, are defined —Ikq
and I}, respectively.

Stage 5 [ty — t5]: At t4, So body diode turns ON; thus, So
turns ON under ZVS. In this stage, the voltages Vi1 and
—(Vu — Vioep2) appear across Ljgi and Lo, respectively.
Hence, i7;x1 reduces linearly in the negative direction, and
ir1k2 reduces linearly in the positive direction. At the end
of this stage, ir;x1 reaches zero, and D.,; turns OFF. The
important equations of this stage are as follows:

VCcpl
L

irik1(t) = —Iko + (t —t4), )

24,2022 at 01:09:48 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTIE.2022.3159474, IEEE Journal

of Emerging and Selected Topics in Industrial Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS

N  _Nop. a1 N _Nop. N Nop.
Sl S. i At
R Ay s e, U T Do o Ot S R Do
H= +I= =
Con D Cen Cen Dea Cen Doz
Cs
oN _Nep. eN N.jp,
- ~Vut € ez 1L = Vs %
R R Ts, | ™ Uil Do
ok Vi Vi HE
Cep D.o e Cepz D.a
[to—t:] Stage 2 [ti—1t)]
oN o L N L o No 1,
- Ut € S, - - < Sea - - <
o Vnat & Ly g | T A Dea Yle T Tl Den
Hl= | alg I =
Con Des ! o - De ' ZCen Cen Deia
L Ca Csa
N Nep. oN  Nejp. N o Nep,
o, Sea - ~Vege € S - v
a0t S K Do * s | M TS Den “ s | T il Du
3= A FI= = \Z
Cepn Dex 1Cea (o Do 2Cew Cen Dex
Co Ce I
Stage 4 [t3—1] Stage 5 [ti—ts] Stage 6 [t;—1]

Note: The unlabeled current arrows (red arrows) refer to the actual direction of current.

Fig. 4. Six equivalent circuits of half-cycle operating stages in buck mode.
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. Ve — Voep2
ink2(t) = Igg — ———2=(t — ta), (6)
Lk
i51(t) = Ipm1 — Nipa (t) + Nipa(t), (7N
i52(t) = Ipmo + Nipigi(t) — Nipiga(t). (3

Stage 6 [ts — tg]: In this stage, ix2 continuous to reduces
linearly at the same rate as stage 5. At the end of this stage,
i1162 reaches zero, and diode D, 4o turns OFF. Then, the next
half-cycle of the switching cycle begins.

B. Buck Mode

In the buck mode, S5 and S, are the main switches, and S;
and S9 act as the synchronous switches in the complementary
with S3 and Sy, considering a sufficient dead-time. Besides,
the clamp switches S.,1 and S..o are always OFF. The
equivalent circuits of half-cycle operating stages in buck mode
and the corresponded key waveforms are illustrated in Figs. 4
and 35, respectively.
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Stage 1 [ty — t1]: In this stage, S7 and S are ON, and,
L, and L,,5 are demagnetized by V.. Before the end of this
stage, So turns OFF, and its body diode conducts —ip,,5.

Stage 2 [t; — t2]: At t1, Sy turns ON, and, S body diode
is reverse biased and turns OFF. Then, snubber capacitor Cgo
is charged until Vi po through the loop consisting of D 4o,
Ccpg, S4, and 052.

Stage 3 [t2 — t3]: In this stage, the voltages of (NViepe —
Veepr) and (Vg — (N + 1)Vioep2) appear across Ly and
Lo, respectively. Hence, —iy;;1 and —ipgo increase linearly
from zero. The important current equations of this stage are
as follows:

NVCcp2 - VCcpl

irie(t) = T (t —ta), )
Likl
. Vg — (N +1)Vee
inka(t) = 2 (L Wear(; ) (10)
Lik2
i54(t) = —Irmae — Nipiga (t) + Nipga(t), (11)
—ig1(t) = —Ipm1 + Nipgp1(t) — Nipe(t).  (12)

Stage 4 [ts — t4]: Atts, Sy turns OFF, and snubber capacitor
Cgo begins to be discharged. Meanwhile, D.4o is reverse
biased, and current of L;z5 conducts through D.41. At the end
of this stage, snubber capacitor C'sq is discharged completely,
and the current values of —iy ;.1 and —ip ko are defined [y
and I}, respectively.

Stage 5 [ty — t5]: At ty, Sy body diode turns ON; thus,
Sy turns ON under ZVS. In this stage, the voltages —Viep1
and —Vp2 appear across L1 and L2, respectively. Hence,
—irik1 and —ip;ko reduce linearly. At the end of this stage,
ir1%1 reaches zero, thus, diode D.,; turns OFF. The important
equations of this stage are as follows:

. Vee

irik1(t) = Ixo — %(t—u), (13)
) V

inika(t) = Ijeo — LZZ (t — ta), (14)
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Fig. 6. Voltage-gain and switches voltage stresses of the proposed converter.

—i51(t) = —Ipm1 + Nipg (t) — Nipe(t),  (15)

—ig2(t) = —Ipm1 — Nipiei (t) + Nipga(t).  (16)

Stage 6 [ts — tg]: In this stage, i1;x2 continuous to reduces
linearly at the same rate as stage 5. At the end of this stage,
11162 reaches zero, thus, diode D, 4o turns OFF. Then, the next
half-cycle of the switching cycle begins.

III. DESIGN CONSIDERATIONS

This section describes various design parameters of the
proposed converter. For this purpose, the initial points that
should be considered are as follows:

e Due to the similar operation of the two phases, the
counterpart parameters of the two phases are equal
(Lml = Lm2 = Lm’ CSl = CSZ = CS, Ccal = Cca2 =
Cca, Ccpl
VCcpl = VCcp2 = VCCp? It = Ipme = ILm)

o To realize the current-ripple-cancellation, the turn ratios
of the ideal transformers in the model are the same (N7 =
Ny = N)

= Cch = Ccp, Voecar = Voecaz = Veeas

A. Voltage-Gain and Switches Voltage Stress

In the steady-state condition, the average voltage across each
converter inductor is equal to zero (i.e., volt-second balance).
Considering this fact, and by neglecting the short resonance
stages, the value of Vi, in boost mode is derived as Vr,/(1—
Dgoost)- Besides, from stage 3, we have Voo, = Vi /(N +1).
Hence, the voltage-gain of the proposed converter in boost
mode is obtained as

Ve  1+N
VL 1-D Boost ’

Based on the theoretical waveforms of boost mode in Fig. 3,
the voltage stress of switches S1, So, Scq1, and Sgqo in boost
mode is equal to

a7

VCca = VH/(N + 1) (18)

Besides, the voltage stress of switches S3 and Sy is Vg +Viep.
From stage 3, we have Vg, = NVg /(N + 1). Hence, the
voltage stress of S3 and S; in boost mode would be

Vir + Voep = (2N + 1)V /(N +1). (19)
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Similarly, in buck mode, the voltage-gain would be

Vi Dguk

= . 2
Vu 1+ N (20)

Based on the theoretical waveforms of buck mode in Fig. 5,
the voltage stress of S; and S5 would be

Besides, the voltage stress of switches S3 and Sy is Vg +Viep.
From (21), the voltage stress of S3 and S in buck mode is
given by

Vi +Voep = (N +2)Vu /(N +1). (22)

From above equations, the voltage-gain and switches voltage
stresses of the proposed converter are plotted in Fig. 6.

B. Windings-Turns-Ratio Selection

From the voltage-gain equation of (17), the equation of
windings-turn-ration would be obtained as

N = (1 - DBoost)(VH/VL) — 1. (23)

By selecting the reasonable value of 0.75 for the duty-cycle
of boost mode (Dgoost), and based on nominal values of Vg
and V7, the value of windings-turns-ratio (/N) is obtained.

C. Magnetizing Inductors Design

Based on the voltage/current equation of inductor, from
stage 1 of boost mode, and by substitution of Vi, from (17),
the value of magnetizing inductor (L,,) is calculated from

> VH(]- - DBoost)DBoost
m= (1 + N)Aime ’

(24)

where, f is the switching frequency, and Aiy,, is the selected
current ripple of i,,.

D. Clamp Capacitors Design

The main purpose of clamp circuits is to minimize the
voltage ringing and spikes across the switches. To prevent any
voltage ringing across the switches, clamp capacitors should be
selected so that half of the period of resonance formed between
clamp capacitor and leakage inductor becomes larger than the
turn-off time of the switch. Accordingly, the acceptable ranges
for the values of clamp capacitors (C,, and C,,) are

(]- - DBoost)2-N'2

c. >
TN

(25)

(1 - l)Buck)2]\72

Cop >
P= 2Ly, f?

(26)
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Fig. 7. Control structure of the proposed converter.

E. ZVS Condition

To achieve ZVS for main switches in the boost mode, the
energy stored in the leakage inductor Ly at the end of stage
3 should be sufficient to discharge the snubber capacitor Cls.
By neglecting the leakage current of the other phase, the
leakage inductor’s current at the end of stage 3 is obtained as
217, /(N + 1). Therefore, the ZVS condition in boost mode
would be as follows:

> 1 Vit ). 27)

F. Dead-time design

To satisfy the ZVS conditions and realize the proper opera-
tion for the proposed converter in the boost mode, a deadtime
should be considered between the turn-on signal of the clamp
switch and turn-off signal of the main switch. The turn-on
signal of the clamp switch should be applied when its anti-
parallel diode is conducting. Therefore, based on the operation
of the converter in stages 3-5, the deadtime At; should be
smaller than one-quarter of the resonance period of the leakage
inductor and clamp capacitor C,1 2 to make sure that the turn-
on signal is applied to the switch before the direction of the
resonant current changes,thereby

URY Ll k Cca
2N
In the same way, a deadtime should be considered between
the turn-off signal of the clamp switch and turn-on signal of
the main switch. To satisfy the ZVS turn-on condition for the
main switch this deadtime must be smaller than one-quarter of
the resonance period of the leakage inductance and the parallel
capacitor Cy1 2, thereby

Aty < (28)

7 LiCs

Aty <
2=""9N

(29)

G. Control Structure

Fig. 7 shows the control structure of the proposed converter.
To control the current values of each phase and obtain the
current balancing between phases, the conventional average
current mode control can be utilized for each phase. I is the
value of current reference for both phases which is determined
from an outer control unit, based on the condition and re-
quirements of the system. Furthermore, based on the operation
principles of the converter (see Fig. 3), in boost mode, the
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TABLE I
PROTOTYPE SPECIFICATIONS AND COMPONENT VALUES.

Parameter/Component Value/Part Number

Output Power 500 W
HVS Voltage (V) 380 V
LVS Voltage (V) 48V

Switching Frequency (f) 40 kHz

TRFP4868PBF/300 V/70 A

e

Switches S,, 55, 5,41, Scaz

Switches S;. S, IPW65R041CFD/700 V/68 A

Magnetizing Inductances L,,,,, L., 300 pH
Turn Ratio (N) 1
Diodes D, D.y41. D, 5. D g» DSEP29-12A/1200 V/30 A
Clamp Capacitors C,,;.C.,o 2.2 nF/630 V
Clamp Capacitors C.,,;,C,p, 4.7 uF/630 V
Snubber Capacitors Cg,,Cg, 1 nF/630 V

Fig. 8. Photograph of implemented prototype.

gate signal of switches S.,1 and S, are synchronous with
switches S3 and Sy, respectively. Besides, in buck mode, the
switches S.,1 and S..o are always OFF . As seen in Fig. 7, the
gate signals of switches S.,1 and S.,2 is implemented using
two AND logic gates, and the binary signal of V4. Which
is determined by the outer control unit based on the converter
operation mode.

IV. EXPERIMENTAL RESULTS

To verify the theoretical analysis and the proposed BDC’s
performance, a 500 W prototype shown in Fig. 8 is imple-
mented. Table I shows the specifications and components of
the designed prototype.

A. Design Example

Based on the values of V;, and Vj, considering the operat-
ing duty cycle of 0.75 in the boost mode (Dpgost = 0.75),
from (23), the value of turn ratio (/N) is obtained about
1 (N = 1). From (18) or (21), the voltage stress of S,
S9, Seca1, and Sgqo is 190 V. Also, from (19) or (22), the
voltage stress of S3 and Sy is 570 V. For Sy, S3, Scais
and S..o, IRFP4868PBF (Vpg = 300 V) is utilized. Also,
IPW65R041CFD (Vpg = 700 V) is used for S3 and Sy.

From (24), considering f = 40 kHz and Aip,, = 3 A, the
value of L,, is selected 300 pH. As the converter’s maximum
flux density occurs in boost mode, the LI 2 of this mode is
considered for core selection. The utilized core is CO58110A2
high flux core with turns ratio of 1. Besides, the obtained
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Fig. 9. Experimental waveforms of boost mode.

leakage inductance on each secondary sides is about 30 pH.
Hence, the value of equivalent inductances L;;; and Lo
would be 60 pH.

From (25) and (26), the minimum values of C., (Ceq1 =
Ceaz = Ceq) and Cgp (Cop1 = Cepa = Cpp) are obtained
66 nF and 600 nF respectively. The value of C.,; and Cego
is selected 2.2 pF, and the value of 4.7 yF is chosen for Cep;
and Cepo.

Finally, based on the selected components, and from (27),
the ZVS region can be obtained. by selecting the value of
snubber capacitor Cs (Cs; = Cgo = Cg) equal to 1 nF, and
from (27), the minimum value of I, in which ZVS condition
is obtained would be equal to 0.6 A. In fact, ZVS condition
is satisfied for Iy, > 0.6. Assuming that I;,,,1 = I me =
I1m, and since, Iy, =~ P/2V}, the value of Iy, in full-load
condition is 5.2 A. Hence, the ZVS condition is satisfied at
above 11.5% of full load.

B. Experimental Waveforms

Fig. 9 shows the proposed BDC’s experimental results in
the boost mode. Fig. 9(a) shows the voltage waveforms of
main switch S; and clamp switch S.,;. It is clear that there
is no voltage spike across the main switch, and the clamp
circuit operates properly. The voltage waveforms of switches
Ss, Sy are illustrated in Fig. 9(b). The ringings are caused
by the resonance between the leakage inductors with the
output capacitor of the switches and snubber capacitors. As
the amplitude of ringings is smaller than the peak voltage
across the switches, no other clamp circuit is needed. Fig.
9(c) shows the input current waveforms of each phase and the
current waveforms of LVS. The continuous LVS current with
a low ripple allows using smaller filter capacitors to reduce
the converter’s cost and volume. The voltage and current
waveforms of the main switch S; along with the gate signal are

2687-9735 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.or!
NIVERSITY OF ALBERTA. Downloaded on Marcl

Authorized licensed use limited to:

Fig. 10. Experimental waveforms of buck mode.

shown in Fig. 9(d). The negative current passing through this
switch verifies that the anti-parallel diode is conducting when
the gate signal is applied to this switch, and ZVS condition
is satisfied for turn-on transient. Besides, ZVS turn-off can be
easily realized due to parallel capacitor C's;. The voltage and
current waveforms of clamp switch S.51 and its gating signal
are illustrated in Fig. 9(e) to verify that this switch’s anti-
parallel diode is conducting when the gate signal is applied.
Fig. 9(f) shows that the voltage gain of 7.9 is achieved in the
boost mode without reaching extreme duty cycles.

The experimental results for buck mode are illustrated in
Fig. 10. The voltage waveforms of synchronous switches S,
So and the LVS current of each phase are shown in Fig.
10(a). The voltage waveforms of main switches S3, Sy are
presented in Fig. 10(b), which verifies the proper operation of
passive clamp circuits in harnessing the voltage spikes across
these switches. Fig. 10(c) shows the voltage waveform of
synchronous switch S; and its gating signal to confirm that the
deadtimes are selected properly to realize the ZVS. Besides,
the current waveform of the upper phase input current is shown
in Fig. 10(c). The voltage and current waveforms of clamp
capacitor Ccp; and the current waveform of switch Sy are
shown in Fig. 10(d). The LVS current of each phase and the
total LVS current are illustrated in Fig. 10(e). As is shown, the
LVS current ripple is almost zero, which means this converter
needs small filter capacitors. Fig. 10(f) shows that the voltage
gain of 0.12 is achieved without using extreme duty cycle.

C. Loss Analysis and Comparison

Fig. 11 illustrates the proposed converter’s measured effi-
ciency in both boost and buck modes. As can be seen, the
maximum efficiencies of 96% and 94.3% are achieved in boost
and buck modes in 300 W, respectively. Furthermore, Fig. 12
shows the power loss breakdown of the prototype converter
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TABLE 11
COMPARISON OF PROPOSED CONVERTER WITH OTHER BDCs.

I = x w B = ) ® ¥ I P
& 8 8 & = =h = ) ) ) g8
8 8 8 8 £ 8 8 8 8 8 g ¢
Q o) o} o} 8 Q Q o} o} Q g £
=] a Q =] a =] =] =] Q =] [ 6]
m = M M m m M M M
Interleaved Struct. No No No No Yes Yes No Yes No Yes Yes
No. of Phases 1 1 1 1 2 2 1 2 1 1 2
No. of Switches 3 4 4 4 5 5 4 3 8 6
No. of Mag. Cores 3 1 1 1 3 2 1 2 2 3 2
No. of Capacitors 1 2 3 2 1 3 2 3 2 1 4
LVS Cur. Ripple High High High High Low Low Low Low Low Low Low
Continuous LVS Cur. No No No No Yes Yes Yes Yes Yes Yes Yes
Peak Efficiency 91.5% 6% 96% 95% 95.5% 95.3% 94.4% 94.5% 94.7% 96.4% 6%
Switching Cond.
e <Ay AG G Zvs Zvs AG Hard Hard Zvs Hard A G
In Boost Mode
Switching Cond.
ZVSs ZVSs ZVSs ZVSs ZVSs Hard Hard ZVSs Hard ZVSs Hard
In Buck Mode
N - Dependent
i Yes Yes Yes Yes No No No Yes No Yes Yes
Voltage-Gain
Volt. Stress of Vi Vi Vi Vi Lav, Vi Vi Vir Vi Vi Vir
LVS Switches 1+ND 1+N 1+N 1+N " 2 2 1+2N 2-D N 1+N
Max. Volt. Stress NVyy 2N(1- D)V, Vi Vi 2NV, Vi (N +2)Vy
Vi + NV, 7 1.3V A/ A/ v
of Switches fer i % H 1+N 1+N H 2 2 1+2N 2-D H 1+N
Voltage-Gain® 1+ ND 14N 14N 14N 1 2 2 142N 2-D N 14N
Be- 1-D 1-D 1-D 1-D 1-D 1-D 1-D 1-D 1-D 1-D 1-D
* In boost mode (D is the converter duty-cycle in boost mode).
Buck Mode Boost Mode Diuex

Efficiency (%)

-500 -400 -300 -200 -100 0

Output Power (W)

100 200 300 400 500

Fig. 11. Measured efficiency curves of prototype converter.

Boost Mode (500W)

Buck Mode (500W)

9.2 W

1% 22 W

10%

2 W 9.1 W
9% 40%

Total Losses: 22.5 W
Efficiency: 95.5%

Total Losses: 29 W
Efficiency: 94.2%

Switches Conduction Losses
Switches Switching Losses

Switches Cap. Turn-ON Losses

Diodes Losses
Cores Losses

Other Losses

Fig. 12. Power loss breakdown of the prototype converter.

at the full-load condition. As it is clear, the core loss and
conduction loss of switches are taking the largest share of
power loss in the boost mode due to the high current swing and
high RMS current, respectively. Moreover, in the buck mode,
due to the hard switching transients, the additional losses of
switching loss and capacitive turn-ON loss of switches Ss3, Sy
are added to the losses. On the other hand, the conduction
losses of switches are reduced since the switches of clamp
circuits S.,1 and S, are OFF in the buck mode. Note that,
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Fig. 13. Voltage-gain comparison of the proposed converter and previous
counterpart BDCs in boost mode (N = 1).

since the core losses versus the power variation are almost
constant, these losses are dominant in the light loads, resulting
in a sharp reduction of converter efficiency in this region. In
Table II, a comparison is made among the proposed converter
and counterpart BDCs. As can be seen, the maximum voltage
stress of the switches in the proposed converter is above Vi,
corresponding to switches S5 and Sy. It is worth mentioning
that S5 and S, are the high-voltage-side switches that conduct
the low current levels of the high-voltage-side. Therefore,
although providing the low voltage stress for these switches
is desired, using high voltage switches with larger Rpson)
for S3 and S; does not cause significant conduction losses.
Finally, Fig. 13 illustrates the voltage-gain comparison of the
proposed converter and previous counterpart BDCs in boost
mode (N = 1).

V. CONCLUSION

A non-isolated bidirectional converter with winding cross
coupled inductors is proposed. Efficient bidirectional power
flow is achieved using only three switches per phase. High
voltage gain, current-ripple-cancellation, ZVS switching, and
high efficiency are among the proposed converter’s major
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features. The steady-state analysis of the proposed converter
and design procedure was discussed. To verify the theoretical
results, a 500 W prototype converter with 48 V input voltage
and 380 V output voltage was implemented. Peak efficiencies
of 96% and 94.3% were obtained for boost and buck modes
at 300 W, respectively.

REFERENCES

[1] T. Ackermann, G. Andersson, and L. Soder,, “Distributed generation: a
definition,” Electric Power Systems Research, vol. 57, no. 3, pp. 195-204,
Apr. 2001.

[2] J. Lu, Y. Wang, X. Li, and C. Du, “High-Conversion-Ratio Isolated
Bidirectional DC-DC Converter for Distributed Energy Storage Systems,”
IEEE Trans. Power Electron., vol. 34, no. 8, pp. 7256-7277, Aug. 2019.

[3] H. Bahrami, S. Farhangi, H. Iman-Eini, and E. Adib, “A New Interleaved
Coupled-Inductor Nonisolated Soft-Switching Bidirectional DC-DC Con-
verter With High Voltage Gain Ratio,” IEEE Trans. Ind. Electron., vol.
65, no. 7, pp. 5529-5538, Jul. 2018.

[4] N. Tashakor, E. Farjah, and T. Ghanbari, “A Bidirectional Battery Charger
with Modular Integrated Charge Equalization Circuit,” IEEE Trans. Power
Electron., vol. 32, no. 3, pp. 2133-2145, Mar. 2017.

[S] M. R. Mohammadi, “An Active-Clamping ZVS Interleaved Buck/Boost
Bi-Directional Converter with One Auxiliary Switch,” IEEE Trans. Ind.
Electron., vol. 67, no. 9, pp. 7430-7438, Sept. 2020.

[6] M. R. Mohammadi, H. Peyman, M. R. Yazdani, and S. M. M. Mirta-
laei, “A ZVT Bi-Directional Converter with Coupled-Filter-Inductor and
Elimination of Input Current Notches,” IEEE Trans. Ind. Electron., vol.
67, no. 9, pp. 7461-7469, Sept. 2020.

[7]1 M. R. Mohammadi, “A Lossless Turn-On Snubber for Reducing Diode
Reverse Recovery Losses in Bidirectional Buck/Boost Converter,” IEEE
Trans. Ind. Electron., vol. 67, no. 9, pp. 1396-1399, Feb. 2020.

[8] M. R. Mohammadi, H. Farzanehfard, and E. Adib, “Soft-Switching Bi-
Directional Buck/Boost Converter with Lossless Passive Snubber,” IEEE
Trans. Ind. Electron., vol. 67, no. 10, Oct. 2020.

[9] Y. Zhang, Q. Liu, J. Li, and M. Sumner, “A Common Ground Switched-
Quasi-Z-Source Bidirectional DC-DC Converter with Wide-Voltage-Gain
Range for EVs with Hybrid Energy Sources,” IEEE Trans. Ind. Electron.,
vol. 65, no. 6, pp. 5188-5200, June 2018.

[10] S. H. Hosseini, R. Ghazi and H. Heydari-Doostabad, ”An Extendable
Quadratic Bidirectional DC-DC Converter for V2G and G2V Applica-
tions,” IEEE Trans. Ind. Electron., vol. 68, no. 6, pp. 4859-4869, June
2021.

[11] S. M. Fardahar and M. Sabahi, “New Expandable Switched-
Capacitor/Switched-Inductor High-Voltage Conversion Ratio Bidirec-
tional DC-DC Converter,” IEEE Trans. Power Electron., vol. 35, no. 3,
pp. 2480-2487, Mar. 2020.

[12] Y. Zhang, W. Zhang, F. Gao, S. Gao, and D. J. Rogers, “A Switched-
Capacitor Interleaved Bidirectional Converter with Wide Voltage-Gain
Range for Super Capacitors in EVs,” IEEE Trans. Power Electron., vol.
35, no. 2, pp. 1536-1547, Feb. 2020.

[13] Y. Zhang, Y. Gao, L. Zhou, and M. Sumner, “A Switched-Capacitor
Bidirectional DC-DC Converter with Wide Voltage Gain Range for
Electric Vehicles with Hybrid Energy Sources,” IEEE Trans. Power
Electron., vol. 33, no. 11, pp. 9459-9469, Nov. 2018.

[14] Y. Zhang, Y. Gao, J. Li, and M. Sumner, “Interleaved Switched-
Capacitor Bidirectional DC-DC Converter with Wide Voltage-Gain
Range for Energy Storage Systems,” IEEE Trans. Power Electron., vol.
33, no. 5, pp. 3852-3869, May 2018.

[15] D. Flores Cortez, G. Waltrich, J. Fraigneaud, H. Miranda, and I. Barbi,
“DC-DC Converter for Dual-Voltage Automotive Systems Based on
Bidirectional Hybrid Switched-Capacitor Architectures,” IEEE Trans. Ind.
Electron., vol. 62, no. 5, pp. 3296-3304, May 2015.

[16] Y. Zhang, Q. Liu, Y. Gao, J. Li, and M. Sumner, “Hybrid Switched-
Capacitor/Switched-Quasi-Z-Source Bidirectional DC—DC Converter
with a Wide Voltage Gain Range for Hybrid Energy Sources EVs,” [EEE
Trans. Ind. Electron., vol. 66, no. 4, pp. 2680-2690, Apr. 2019.

[17] A. Kumar, X. Xiong, X. Pan, M. Reza, A. R. Beig, and K. A. Jaafari,
“A Wide Voltage Gain Bidirectional DC-DC Converter Based on Quasi
Z-Source and Switched Capacitor Network,” IEEE Trans. Circ. Syst. 1I:
Express Briefs, vol. 68, no. 4, pp. 1353-1357, April 2021.

[18] Y. Zhang, H. Liu, J. Li, and M. Sumner, “A Low-Current Ripple
and Wide Voltage-Gain Range Bidirectional DC—DC Converter with
Coupled Inductor,” IEEE Trans. Power Electron., vol. 35, no. 2, pp.
1525-1535, Feb. 2020.

1 ttec ublication/redistribution requires IEEE permission. See http://www.ieee.or:
Authorized licensed use limited to:PUNIVERSITY OF ALBERTA. Downloaded on Marc

[19] R.Hu,J. Zeng,J. Liu, and K. W. E. Cheng, “A Nonisolated Bidirectional
DC-DC Converter with High Voltage Conversion Ratio based on Coupled
Inductor and Switched Capacitor,” IEEE Trans. Ind. Electron., vol. 68,
no. 2, pp. 1155-1165, Feb. 2021.

[20] W. Hassan, J. L. Soon, D. Dah-Chuan Lu, and W. Xiao, “A High
Conversion Ratio and High-Efficiency Bidirectional DC-DC Converter
with Reduced Voltage Stress,” IEEE Trans. Power Electron., vol. 35, no.
11, pp. 11 827-11 842, Nov. 2020.

[21] H. Liu, L. Wang, Y. Ji, and F. Li, “A Novel Reversal Coupled Inductor
High-Conversion-Ratio Bidirectional DC-DC Converter,” IEEE Trans.
Power Electron., vol. 33, no. 6, pp. 4968-4979, Jun. 2018.

[22] H. Wu, K. Sun, L. Chen, L. Zhu, and Y. Xing, “High Step-Up/Step-
Down Soft-Switching Bidirectional DC-DC Converter with Coupled-
Inductor and Voltage Matching Control for Energy Storage Systems,”
IEEE Trans. Ind. Electron., vol. 63, no. 5, pp. 2892-2903, May 2016.

[23] S. M. P, M. Das, and V. Agarwal, “Design and Development of a Novel
High Voltage Gain, High-Efficiency Bidirectional DC—DC Converter
for Storage Interface,” IEEE Trans. Ind. Electron., vol. 66, no. 6, pp.
4490-4501, Jun. 2019.

[24] Y. T. Yau, W. Z. Jiang, and K. I. Hwu, “Bidirectional Operation of High
Step-Down Converter,” IEEE Trans. Power Electron., vol. 30, no. 12, pp.
6829-6844, Dec. 2015.

[25] P. Das, S. A. Mousavi and G. Moschopoulos, ”Analysis and Design of
a Nonisolated Bidirectional ZVS-PWM DC-DC Converter With Coupled
Inductors,” IEEE Trans. Power Electron., vol. 25, no. 10, pp. 2630-2641,
Oct. 2010

[26] M. R. Mohammadi, B. Poorali, S. Eren, and M. Pahlevani, “A Non-
Isolated TCM Bidirectional Converter with Low Input-Current-Ripple for
DC Microgrids,” IEEE Trans. Ind. Electron., vol. 68, no. 11, pp. 10845-
10855, Nov. 2021.

[27] A. R. Naderi Akhormeh, K. Abbaszadeh, M. Moradzadeh, and A.
Shahirinia, “High Gain Bidirectional Quadratic DC-DC converter Based
on Coupled Inductor with Current Ripple Reduction Capability,” IEEE
Trans. Ind. Electron., vol. 68, no. 9, pp. 7826-7837, Sept. 2021.

[28] W. Li and X. He, “A Family of Interleaved DC-DC Converters Deduced
From a Basic Cell With Winding-Cross-Coupled-Inductors (WCCIs) for
High Step-Up or Step-Down Conversions,” IEEE Trans. Power Electron.,
vol. 23, no. 4, pp. 1791-1801, 2008.

[29] W. Li, Y. Zhao, J. Wu, and X. He, “Interleaved High Step-Up Converter
With Winding-Cross-Coupled Inductors and Voltage Multiplier Cells,”
IEEE Trans. Power Electron., vol. 27, no. 1, pp. 133-143, 2012.

[30] W. Li and X. He, “High Step-Up Soft Switching Interleaved Boost Con-
verters with Cross-Winding-Coupled Inductors and Reduced Auxiliary
Switch Number,” IET Power Electron., vol. 2, no. 2, pp. 125-133, Jan.
2009.

[31] A. Amoorezaei and A. Abrishamifar, “An Efficient Interleaved High
Step-Up Converter with Winding-Cross-Coupled Inductor and Common
Active Clamp for Photovoltaic Applications,” 2017 Iranian Conference
on Electrical Engineering (ICEE), 2017.

[32] M. R. Mohammadi, A. Amoorezaei, S. A. Khajehoddin and K. Moez, A
High Step-Up/Step-Down LVS-Parallel HVS-Series ZVS Bidirectional
Converter With Coupled Inductors,” IEEE Trans. Power Electron., vol.
37, no. 2, pp. 1945-1961, Feb. 2022.

[33] R. Hu et al., ”An Interleaved Bidirectional Coupled-Inductor Based DC-
DC Converter With High Conversion Ratio for Energy Storage System,”
IEEE Trans. Ind. Electron., vol. 69, no. 6, pp. 5648-5659, Jun. 2022.

[34] A. Sharma, S. S. Nag, G. Bhuvaneswari and M. Veerachary, " Analysis
and Transition Techniques for a Bidirectional DC-DC Converter,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 1428-1443, April
2021.

[35] Z. Wang, C. Li and Z. Zheng, ”A High-Step-Up Low-Ripple and High-
Efficiency DC-DC Converter for Fuel-Cell Vehicles,” IEEE Trans. Power
Electron., vol. 37, no. 3, pp. 3555-3569, Mar. 2022.

[36] N. Elsayad, H. Moradisizkoohi, and O. A. Mohammed, “Design and Im-
plementation of a New Transformerless Bidirectional DC-DC Converter
with Wide Conversion Ratios,” IEEE Trans. Ind. Electron., vol. 66, no.
9, pp. 7067-7077, Sept. 2019.

/
24,2022 at %f:09:48 UTC from IEEE Xplore. Restrictions apply.

ublications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTIE.2022.3159474, IEEE Journal

of Emerging and Selected Topics in Industrial Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS 10

Afshin Amoorezaei received his B.S. and M.Sc.
degree in electrical engineering from the Iran Uni-
versity of Science and Technology, Tehran, Iran,
in 2014 and 2017, respectively. He is currently
pursuing the Ph.D. Degree in power electronic and
integrated circuit and systems with University of
Alberta, Edmonton, Canada. His research interests
include DC-DC converters for renewable energy
systems and power management integrated circuits
(PMIC).

Mohammad Reza Mohammadi received the B.S.
degree from the Amirkabir University of Technology
(Tehran Polytechnic), Tehran, Iran, in 2007, and the
M.S. and Ph.D. degrees from the Isfahan University
of Technology, Isfahan, Iran, in 2011 and 2016,
respectively, all in electrical engineering.

From 2016 to 2021, he was an Assistant Professor
in the Department of Electrical Engineering, Islamic
Azad University, Najafabad Branch, Isfahan, Iran.
Currently, he is a Postdoctoral Fellow in the De-
partment of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB, Canada. His current research interest
is high-power-density power conversion.

S. Ali Khajehoddin (S’04-M’10-SM’16) received
the B.Sc. and M.Sc. degrees in electrical engineering
from the Isfahan University of Technology, Isfa-
han, Iran, in 1997 and 2000, respectively, and the
Ph.D. degree in electrical engineering specialized in
power electronics and their applications in renewable
energy systems from Queens University, Kingston,
ON, Canada, in April 2010. After completing his
masters, he co-founded a start-up company, which
was focused on the development and production of
power analyzers and smart metering products used
for smart grid applications. For his Ph.D. research with Queens University,
he focused on the design and implementation of compact and durable mi-
croinverters for photovoltaic grid-connected systems. Based on this research,
Queens University spun off SPARQ systems, Inc., where, as the Lead
Research and Development Engineer, he worked toward mass production
and commercialization of microinverters from 2010 to 2013. He joined the
Department of Electrical and Computer Engineering, University of Alberta,
Edmonton, AB, Canada, in 2013.

He is an Associate Editor for the IEEE Transactions on Power Electronics,
the IEEE Transactions on Sustainable Energy, and the IEEE Journal of
Emerging and Selected Topics in Power Electronics.

2687-9735 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.or
NIVERSITY OF ALBERTA. Downloaded on Marcl

Authorized licensed use limited to:

Kambiz Moez (S’01-M’07-SM’12) received the
B.Sc. degree in electrical engineering from the
University of Tehran, Tehran, Iran, in 1999, and
the M.Sc. and Ph.D. degrees from the University
of Waterloo, Waterloo, ON, Canada, in 2002 and
2006, respectively. Since January 2007, he has been
with the Department of Electrical and Computer
Engineering, University of Alberta, Edmonton, AB,
Canada, where he is currently working as a Profes-
sor. His research interests include the analysis and
design of analog, radio frequency, and millimeter-
wave CMOS integrated circuits and systems for variety of applications includ-
ing wired/wireless communications, biomedical imaging, instrumentations,
radars, and power electronics. Dr. Moez is a registered professional engineer
in the province of Alberta and a senior member of IEEE. He is currently
serving as an associate editor for IEEE Transactions on Circuits and Systems
I: Regular Papers and IET Electronics Letters.

Adib Abrishamifar was born in Tehran, Iran, in
1967. He received the B.S., M.S., and Ph.D. degrees
in electronics engineering from the Iran University
of Science and Technology (IUST), Tehran, Iran, in
1989, 1992, and 2001, respectively.

Since 1993, he has been with the Department of
Electrical Engineering, IUST. His current research
interests include analog integrated circuit design and
power electronics.

/
24,2022 at %f:09:48 UTC from IEEE Xplore. Restrictions apply.

ublications_standards/publications/rights/index.html for more information.



