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Three-Leg Active Bridge-Based Bidirectional
Resonant Converter Using Hybrid S1/SiC Switches

Cheol-Hwan Kim, Student Member, IEEE, Changkyu Bai, Member, IEEE, Sang-Won Lee
Eun-Ha Park, and Minsung Kim

Abstract—This article proposes a bidirectional resonant con-
verter that uses a three-leg active bridge and hybrid Si/SiC switches.
The use of a three-leg active bridge on the secondary side of the
transformer transfers twice as much power compared with the use
of a single active bridge; one of the three legs is shared, which
reduces the number of active power devices in the development
process. The phase-shift modulation has been adopted for both
power flow directions, which enables zero-voltage switching turn-
ON for all the switches. On the secondary side, the shared leg only
requires the use of two SiC MOSFETs, because these particular
switches undergo high conduction loss and high turn-OFF loss
during both forward and backward operations. This trait reduces
the implementation cost of the circuit further. The primary-side
windings of the transformer are connected in series and each
secondary-side winding has wound in the opposite direction. The
resulting symmetric architecture of the dual transformer connected
to a three-leg active bridge and the corresponding pulsewidth
modulation (PWM) naturally balance the currents flowing through
the middle leg and right leg on the secondary side. A 1-kW rated
prototype that converts 150-200 V input to a 400 V output is
designed and tested to validate the concept for cost-effective battery
charging and discharging.

Index Terms—DC-DC power converters, power conversion,
power semiconductor devices, resonant converters.

1. INTRODUCTION

ATTERIES are an efficient source of energy and one of
the most convenient mediums to store power. Electric
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automobiles, such as electric cars, electric scooters, and aerial
electric vehicles, have an increasing demand for battery-
powered machinery and equipment. Also, the intermittent nature
of renewable energy sources, such as solar panels, thermo-
electric modules, and small-size wind turbines, necessitates the
use of batteries. Of course, the primary driving force behind the
growth of the global battery market is the significant expansion
of the electric automobile industry. It is projected that the global
battery industry will achieve a worth of $182.96 billion by
2027, with a compound annual growth rate of 9.20% during
the period spanning from 2022 to 2027 [1]. The battery voltage
can vary from very low to high when it is charged from a
deeply discharged state. Besides, the power capacity of recently
developed batteries is increasing. Therefore, the converters that
interface between a dc bus and a battery must be highly efficient,
tolerate high power, and be able to operate under a wide range
of battery voltage.

Single-phase linear-type bidirectional topologies have been
widely evaluated for bidirectional power transfer applications.
Different topologies, such as bidirectional flyback [2], [3],
push—pull [4], [5], [6], dual half-bridge [7], [8], dual active
bridge (DAB) [9], [10], [11], [12], and other topologies have
been selected for bidirectional dc/dc converter. DAB converters
have become preferred because they benefit from high power
density and straightforward control logic. By means of two
active bridges and the phase shift between them, a DAB con-
verter can accomplish simple bidirectional power conversion.
Nevertheless, the switches may experience high current when
turned OFF, they cannot guarantee zero-voltage switching (ZVS)
turn-ON over a wide spectrum of battery voltage.

A series resonant converter usually consists of a full bridge
or a half bridge at the primary side, a resonant tank at the
secondary side, and a diode bridge at the secondary side; the
switching modulation is applied to the full bridge or the half
bridge at the primary side. Then, this converter can transfer
the power with soft switching, but it is inherently buck-type.
If the buck operation is necessary for power to flow in one
direction, then the boost operation will naturally be needed for
power to flow in the opposite direction. However, the operation
of this buck-type converter is valid only in the forward power
flow direction. To enable bidirectional power transfer for the
resonant converter, a CLLC resonant tank has been adopted
in the converters in [13], [14], and [15]. These converters can
accomplish soft switching by using primary-side and secondary-
side series resonant tanks. To ensure uniform characteristics for


https://orcid.org/0000-0002-4793-4236
https://orcid.org/0000-0001-9354-6528
mailto:regin1006@dgu.ac.kr
mailto:christin13@dgu.ac.kr
mailto:mkim@dgu.ac.kr
mailto:changkyu.bai@hlcompany.com
mailto:swlee@kongju.ac.kr
https://doi.org/10.1109/TPEL.2024.3396848

9864

bidirectional power transfer, the secondary LC resonant tank
is designed to be the same as the primary LC resonant tank.
However, when battery voltage varies widely, the symmetric
CLLC design can lead to the operation at an undesirable high
switching frequency. To address this problem, an asymmetric
CLLC resonant tank design has been proposed in [16] and
[17], but the design of a resonant tank becomes complicated.
Furthermore, the hard switching problem can still occur when
battery voltage varies widely. Resonant DAB converters [18],
[19], [20], [21] are capable of achieving soft switching while
preserving the buck/boost capability of the DAB converter.
However, when the battery voltage varies widely, the converter
experiences high instantaneous reactive current, which causes
an increase in conduction loss, thus reducing the efficiency of
power conversion. A resonant DAB converter in [22] has reduced
instantaneous reactive current at higher output power. However,
it still suffers from high instantaneous reactive current when
the battery voltage varies widely. A bidirectional resonant con-
verter using a T-type active voltage doubler has been proposed
to address this problem [23]. In the forward power flow, this
converter operates as a full-bridge resonant boost converter by
switching the high-voltage side switches at a high frequency.
When power flows in the opposite direction, it is activated as
a T-type resonant buck converter. The switches achieve soft
switching by utilizing the voltage fluctuation of the resonant
capacitor. Nonetheless, when operating at higher power levels,
the current flowing through the active power components on
the high-voltage side increases. This causes MOSFETS that have
high voltage ratings to experience high conduction loss, leading
to heat accumulation. The interleaving structure [24] can help
distribute the heat among the switches, but this structure also
significantly increases the number of power components.

To overcome this problem, we propose a bidirectional reso-
nant dc/dc converter that uses a three-leg active bridge, with the
goal of obtaining high power transfer. Main contributions can
be summarized as follows.

1) By incorporating the three-leg active bridge on the
secondary-side of the transformer, we can transfer the
same power as the converter with two full-bridge circuits
on the secondary side; the left leg is shared in the power
processing and so reduces the development cost.

2) The conventional duty modulation can turn on the switches
at the secondary-side left leg with ZCS. In contrast, the
proposed phase-shift modulation enables all the switches
turned ON with ZVS for both power flow directions.

3) The conventional duty modulation can generate high turn-
OFF switching loss at the secondary-side four switches in
both power flow directions. On the contrary, the proposed
phase-shift modulation generates high turn-OFF switching
loss only at the secondary-side left leg in both power flow
directions; the use of SiC MOSFETs only on that leg further
reduces development cost.

4) This symmetric configuration of the transformer with re-
gard to the middle point of the secondary side winding
balances the current flowing through the secondary-side
middle leg and right leg. To confirm the proposed analysis
and design, a 1-kW prototype was constructed.
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Fig. 1. Schematic diagram of the proposed bidirectional converter; the hard-
switching and soft-switching parts are highlighted in red and orange back-
grounds, respectively.
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The rest of this article is organized as follows. Section II de-
scribes how the bidirectional resonant converter operates, while
Section III examines its steady-state performance. Section IV
provides an in-depth analysis of the design considerations. The
experimental results are presented in Section V. Discussion is
shown in Section VI. Finally, Section VII concludes this article.

II. TOPOLOGY DESCRIPTION AND OPERATING PRINCIPLES

The proposed bidirectional converter (see Fig. 1) comprises
a full-bridge circuit, a dual transformer, and three active-leg
bridges. In Fig. 1, the circuit components are labeled as follows:
switches are denoted by S;, Dg, and Cg/; (i ranging from
1 to 10); the transformer is represented by 7" and has a turns
ratio of n = (Ng1 + Ns2)/N, and N,:Ng1: N2, where N, is
the number of primary winding turns, Ny; is the number of
upper-side primary winding turns, and No is the number of
lower-side secondary winding turns. Other circuit components
and electrical quantities are the upper-side secondary magnetiz-
ing inductor (L,,1), lower-side secondary magnetizing inductor
(Lin2), resonant inductor (L,.), resonant capacitor (C,.), primary
capacitor (C),), secondary capacitor (C), a primary voltage
source (V},), a secondary voltage source (V), the voltage across
C) (vey), primary voltage of 1" (vyy), upper secondary mag-
netizing current (¢z,1), lower secondary magnetizing current
(iLm2), current through L, (ir,), current through S; (igy),
primary current (), and secondary current (I).

During forward operation, the converter operates as a
pulsewidth modulation (PWM) resonant boost converter, where
S1 and S, form one diagonal switch pair, and So and S5 form
the other. Two pairs of diagonal switches are controlled by two
PWM signals that have the same duty cycle of 0.5—t4¢ /7T and
the same dead-time t47, but are out of phase with each other by
180°. S5 is turned ON immediately after So and S5, and turned
OFF in D;T,. Sg is turned ON immediately after S; and Sy,
and turned OFF in D}Ts. S7—S19 are always OFF. The variable
duty modulation in forward operation results in zero-current-
switching (ZCS) turns ON at S5 and Sg (see Table I). By adopting
the variable phase-shift modulation in forward operation, Sy
and Sg can be turned ON with ZVS. Also, this modulation can
reduce the conduction loss because the current flows while these
switches are turned ON. In this variable phase-shift modulation,
S5 and Sg are controlled by two same PWM signals used for
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TABLE I
HARD-SWITCHING/SOFT-SWITCHING COMPONENTS ACCORDING TO THE
SWITCHING MODULATION

Turn-orr | Turn-oN/OFF
No. Modulation with hard- | with soft-
switching | switching
Variable duty modulation
1 Y Ss.S6 S1—S54
in forward operation
Variable phase-shift modulati
5 ariable phase-shift modulation .56 S-S,
in forward operation
Variable duty modulation
3 ' uy e 55,597,599 | S56,5s,510
in backward operation
4 Variable phase-shift modulation 5.5 S1—S10
in backward operation

*In case 1, S5 and Sg are turned on with ZCS.

*In case 2, S5 and Sg are turned oN with ZVS.

(S1, S4) and (S, Ss3), but adjusted with 27D /T, degrees of
phase. During backward operation, the converter operates as a
PWM resonant buck converter, where S5, S7, and Sg form one
switch group, and Sg, Ss, and S1o form another switch group.
Both groups are driven by two PWM signals that have the same
duty cycle of 0.5—t4,/Ts and the same dead-time ¢4, but are
out of phase with each other by 27Dy, /T, degrees. S1—S, are
always OFF. The use of variable duty modulation in backward
operation results in turn-OFF with hard-switching at S5, S7, and
Sg [25], but the variable phase-shift modulation in backward
operation results in turn-OFF with hard-switching at S5 and Sg
as in forward operation (see Table I). By adopting the variable
phase-shift modulation, only two SiC switches are needed for
S5 and Sg. In this variable phase-shift modulation, (57, S9) and
(Ss, S10) are controlled by two same PWM signals used for Sg
and S5, but adjusted with 27Dy, /T degrees of phase.

We make the following two assumptions to formulate the
circuit equations that correspond to different operating states
in the steady-state.

1) The switches S; through S are ideal, except for their
body diodes (Dg1 to Dg10) and output capacitors (Cgy to
Cs10). The capacitance values for C's; through Cgy are
equal, Cg5 is equal to C'sg, and Cg7 through C's1( are
equal.

2) The transformer is characterized by magnetizing induc-
tance L,,; and L,,» as well as secondary leakage in-
ductance. The leakage inductance of the transformer is
connected in series with an external inductance to make
up L,. Both L,,; and L,,5 have the same values.

In the steady-state analysis, the proposed converter is split

into four states in forward and backward operations during the
half switching period T/2. The description of states is only
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(d)

Fig. 2. Equivalent circuits during the first half of the switching period in
forward operation. (a) State 1. (b) State 2. (c) State 3. (d) State 4.

given for the first-half switching period due to the symmetric
operation. (Figs. 2-5).

A. Analysis in Forward Operation

State 1 [tg, t1]: At time tg, S7 and Sy are turned ON with
ZVS as their corresponding diodes Dg; and Dg, are already
conducting. Dgg and Dgy are acting as diodes [see Fig. 2(a)].
i1, resonates with v, i, increases quickly (see Fig. 3). The
state equation is formulated as

dir,(t)
dt

d’UCT (t)

Ly
dt

= 0.5nV,, +ver(t), ir(t) =C, (1
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with iz, (to) = 0and ve, (o) = 0.5nV,, — ry cos 7. Solving (1)

i (t) = ;—1 sin(r — wy (t — to)) 2)
ver(t) = 0.5nV, + 11 cos(m — w,(t —to)) 3)

with the radius of the trajectory path r; = 0.5nV,, + AV,, the

resonant angular frequency w, = ———, and the characteristic

VL.C,’
impedance Z, = \/g where AV, is the voltage ripple of the
resonant capacitor.

State 2 [t1, to]: At time t1, Sg is turned OFF. Sy is turned ON
with ZVS as its corresponding diode Dgs is already conducting.
Dgg, Dgs, and Dgyg are acting as diodes [see Fig. 2(b)]. In
this interval, ¢z, resonates with vc, (see Fig. 3), but with
different applied voltages; iz, goes to zero sinusoidally. The
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state equation is presented as

dig, (t) . dvc, (t)
L. =0. — V. - () =C.
r dt 0 5”‘/11 V; + ver (t)7 1Ly (7‘) C’r di
(4)
with  ip,.(t1) = % sina  and  wve,(th) =0.5nV, — Vi +

rocosca, where « = cos’l(% cos(m — w,(t; — tg)) + ‘T/—;)
Solving (4)

i (t) = ;i sin(a — wy(t — 1)) (5)

ver(t) = 0.5nV, — Vy + rocos(a —w,(t — 1)) (6)

with the radius of the trajectory path ro = —0.5nV, + V +
AV,

State 3 [to, t3]: Attime to, i1, becomes zero and v¢, reaches
at its maximum. In this interval, nir,,1, nig,2 flow through Sy
and Sy [see Fig. 2(c)]; the value of iy, is kept small since L,,
is typically selected with a large value. Consequently, (51, S4)
is turned OFF with almost ZCS at time 3 (see Fig. 3).

State 4 [ts, t4]: At time t3, S; and 54 are turned OFF with
almost ZCS. In this interval, nir,,; and nir,,» appear as a
current source to the primary side, charging C's; and Cgy and
discharging Cso and C's3 [see Fig. 2(d)]. This causes S5 and S5
to turn ON with ZVS in the subsequent state [see Fig. 3]. During
the second half switching period, the waveforms in states 1, 2,
3, and 4 are symmetrical to those of the first half.

B. Analysis in Backward Operation

State 1 [tg, t1]: At time t(, the voltages across S7 and Sy are
zero and i 1, flows through D g7 and Dgg, with S; and Sg turned
ON using ZVS. Dgs and Dgj3 are acting as diodes [see Fig. 4(a)].
i, resonates with ve,; iz, increases sinusoidally (see Fig. 5).
In this interval, the state equation is formulated as

dip,-(t)
dt

dve, (t)

Ly
dt

= 0.5nV, — Vs +ver(t), ire(t) =C,
(7N

with iz, (to) = 0and ve,(tg) = 0.5nV,, — Vi + r3. Solving (7)

i (t) = ;isin(wr(t — ) @)

T

ver(t) = 0.5nV, — Vi + 73 cos(w, (t — to)) 9)

with the radius of the trajectory path rs = —0.5nV, + V, +
AV,,.

State 2 [t1, t2]: At time t1, Sg is turned OFF. After the dead
time, S5 is then turned ON with ZVS as its corresponding diode
Dgs is conducting. Dgs and Dgg are still acting as diodes [see
Fig. 4(b)]. In this interval, i1, resonates with vc,., but with
different applied voltages; i1, goes to zero quickly (see Fig. 5).
The state equation is

dig,(t)
dt

dl}cr (t)
dt

Lr = OSan + Uc,.(t), Z.Lr(t) = C,,« (10)
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Fig. 4. Equivalent circuits during the first half of the switching period in
backward operation. (a) State 1. (b) State 2. (c) State 3. (d) State 4.

with ip,.(t1) = Z-sin 8 and v, (t1) = 0.5nV), + r4 cos 3,
where 3 = cos’l(:—z cos(wy(t1 — o)) + ‘7{—4) Solving (10)

r

i (t) = 7 sin(B — ot = 1)

ver(t) = 0.5nV, + 14 cos(f — wy(t —t1))

Y
(12)

with the radius of the trajectory path 74 = 0.5nV,, + AV,

State 3 [ts, t3]: At time t5, The magnetizing current flows
through S7 and Sy [see Fig. 4(c)]. By selecting L,,1 and L,,,5 to
make g7 and ig9 very small, S; and Sg can be turned OFF with
almost ZCS (see Fig. 5).

State 4 [ts, t4]: At time t3, S7 and Sy are turned OFF with
almost ZCS, and the converter enters the dead-time zone. The
current nir,,; and nir,,2 act as a current source to the low-
voltage side, charging C'g7 and Cgg and discharging C'sg and
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Cs10 [see Fig. 4(d)]. When Csg and C'gy( are fully discharged,
im1 and ip,,,5 flow through Dgg and Dgy¢, and Sg and Sy are
turned ON with ZVS (see Fig. 5).

III. STEADY-STATE ANALYSIS
A. Voltage Conversion Ratio in Forward Operation

To determine the voltage conversion ratio of the proposed
converter in the forward operation, the first step is to compute
AVe,. The resonant current during the switching period is
equivalent to the average output current, and it can be calculated
as

P, 1 bt
Is::[/ 74—1sin[7r—w,.(T—tl)]dT
to

QTlV;,CrAVCr

V. . (13)

to ro
+/ — sin [awr(rtg)]dT} =
t 4

T
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Rearranging (13) for AV, yields
P,Ty
2nV,C,"

From (2)-(6), we have the circle equations for states 1 and 2
i (15)

o ’]"1
=72 (16)

AVe, = (14)

(vor(t) — 0.5nV,)? + (Zir(t))?
(ver(t) — 0.5nV, — Vs)2 + (ZTiLT(t))Q
The two circles meet at ¢ = ¢1, so equating (15) and (16) at

t = t; yields
(vor(tr) — 0.5nV,)? — r? = (vo,(t) — 0.5nV, + Vi)? — 73
a7

Dy = o, ) (18)

where M f:fl—“iﬁ- is the voltage conversion ratio of the proposed
P

Applying (t1—t¢) = DT and (14) to (17), we have

L oot (VePT M2 = My) + 4VEC,
AV3C, + V,P,TM?

converter operating in forward operation.
Rearranging (18) for M gives

. By + \/B]% — 4BCy(A2 — 1)
I B(Af+1)

with Ay = cos (w,TuDy), By = Vi P,T,, and Cy = V3C,.
Fig. 6(a) shows a 3-D plot of M as a function of Dy and P;.

19)

B. Voltage Conversion Ratio in Backward Operation

By applying the identical approach used to obtain the voltage
conversion ratio in the forward operation, we have

\/tl T3 -
—— Sin
to Zr

+/ — sin [a—wr(T—tg)]dT} =
t T

1

—2-z| forlr — t1))dr

40, AV,
—F 0

Rearranging (13) for AV, yields
PSTS
V.G,

From (8)—(12), we have the circle equations for states 1 and 2

AVe, = 21

(ver(t) — 050V, + Vi) + (Zyine(t))* = r}

(vor(t) — 0.5nV,)? + (Zyir, (1)) = ri.

The two circles meet at ¢ = ¢1, so equating (22) and (23) at

t =t yields

(ver(tr) — 050V, 4+ V)2 = r2 = (ver(t) — 0.5nV,)2 — 13
24

Applying (t1—tg) = DyTs and (21) to (24) yields

VsPsTs(QMb - 1)
+4V3C, (M, — 1)

4V3C, (M, — 1) — V,P,T,

-1

Voltage Gain, Mf

3 (22)
7 (23)

(25)
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where Mb:Z—“jﬂ is the voltage conversion ratio of the proposed
converter operating in backward operation.
Rearranging (25) for M, gives
M — AyBy + AyCy — By — Gy,
’ AyBy — By — 2C,

(26)

where A, = cos (w,TsDy), By = 4V3C,., and Cy, = V, P, Ts.
Fig. 6(b) shows a 3-D plot of Mj as a function of Dy, and Ps.

IV. DESIGN CONSIDERATION

A. Turns Ratio of Transformer
The voltage conversion ratio of the proposed bidirectional
converter can be used to find the turns ratio of the transformer.
The maximum possible value for the turns ratio n is calculated
by dividing twice the secondary source voltage Vs by maximum

primary source voltage V), max.

2V, 2x400
200

= 4.00. 27

n <
Vo_max

According to (27), the resulting n becomes 4.0.



KIM et al.: THREE-LEG ACTIVE BRIDGE-BASED BIDIRECTIONAL RESONANT CONVERTER USING HYBRID Si/SiC SWITCHES

B. Magnetics Design

To set the size of the cores for the transformer and resonant
external inductor, we need to obtain core geometry K, first [27].
The magnetics design was conducted when the peak current
flows through the circuit within the predetermined input/output
voltage range and at full load. The peak current flowing through
the upper magnetizing inductor %y, 1.1 is 2.8 A; the total cur-
rent flowing through primary-side winding and secondary-side
winding of the upper transformer 47,1 = %pri + 7 X fgec1 1S
19.2 A; the peak current flowing through resonant inductor
ipk.Lr 18 15.5 A; root mean square current flowing through
external resonant inductor iy, 7, is 6.4 A; we set the peak
of magnetic flux density for the upper transformer By; 7,1 as
0.17 and for the resonant external inductor B,y 1, as 0.16 to
ensure low transformer core loss; the copper losses at the upper
transformer and the resonant external inductor are assumed to
be Py toss,7r1=11.3 W and P, joss,.»=3.68 W; we set window
utilization constant for the upper transformer K, 7,1 as 0.5 and
we set window utilization constant for the resonant external in-
ductor K, 1., as 0.4. Then, we have the following core geometry
for the upper transformer and the resonant external inductor:

2 2 -2
PLmllpk,Lmﬂtot,Tm % 10

Kg,Trl > P}
Bpk:7TT1 Pcu,loss,TrlKu,Trl

L7 x 1076 x (700 x 1076)% x 2.82 x 19.22 o

0.172 x 11.3 x 0.5 10°
=1.474 cm® (28)
L2y 1y 1
Kor 2 B§k7L7-éIzjoss,Lr}léu,Lr < 10°
_ L7x 1070 (30 x 107%)? x 15.52 x 647 s
0.162 x 3.68 x 0.4
=0.039 cm® (29)

where p = resistivity = 1.7 x 107°Q-cm. According to [28] and
considering core geometry for transformer and resonant external
inductor, we used PQ5050 for transformer core and PQ3535 for
resonant external inductor core.

Second, we set the airgap according to the following equa-
tions:

2
toLm1 Yok, Lm1

Lozr1 2 B2, 1r1Ac, PQ5050 X 10°
47 x 1077 x 700 x 106 ,
_ IRECRvEr X 28 104 = 0727 mm  (30)
NOLri2k,Lr
Ly, > —BZk-,LrAcp,PQ3535 x 10*
41 x 1077 x 30 x 1076 ,
_ TR 1.92 155 104 =1805 mm (1)

where 1o = permeability of free space = 47 x 1077 H/m,
Ac’pQ5050 = 3.28 Cm2, and Ac,PQSSSS =1.96 cmg.
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Third, we set the number of turns according to the following
equations:

Lmlipk,Lml

Ng x 10%

Y

By mr1Ac, PQ5050
700 x 1076 x 2.8
— 10* = 35.1
017 <328 <10 =315

Lripk,Lr

(32)

N, x 10*

By, rAc,pg3sss

30 x 1076 x 15.5
= x 10* = 14.82.
0.16 x 1.96
According to (32), we set the number of turns for the secondary-
side of the upper and lower transformers as Ng; = Ny = 36.
Then, the number of turns for the primary-side of the transformer
is obtained as IV, = w = 18. According to (33), we set

the number of turns for the resonant external inductor as 19.
Finally, we obtain the allocation of window area as

(33)

ap=—P —0.34

. (34)
Ltot, T'r1

ag = 2l 66, (35)
Ltot, Tr1

Window area from the core PQ5050 is obtained as W, pgs050 =
4.33 cm?; window area from the core PQ3535 is obtained as
Wa,pq3s3s = 2.20 cm?. Then, we obtain the wire area as

o Ky 11 Wa, PQ5050

Aw,p < = 0.0408 cm? (36)
NP
SKU T Wa
Ay < 28T WaPQS0 _ 4384 cm? (37
Nsl
Koo W,
Aw,Lr < w = 0.0488 cm?. (38)
Lr

At the switching frequency of 100 kHz, the recommended
diameter of single strand of litz wire is 38 AWG. To satisty
(36)—(38), we set the number of strands for the primary-side
winding of the transformer, the secondary-side winding of the
transformer, and the winding of the resonant external inductor
as 340, 260, and 200.

C. Magnetizing Inductance

Compared with the switching period, the dead times of
the primary-side switches in forward operation (t4r) and the
secondary-side switches in backward operation (t4,) are very
short. Then, 77,,; and i7,,2> act as constant current sources
I1m1 and Ip,,o. If the magnitude of i1, is very high, we can
only consider I, in obtaining the ZVS region. However, the
magnitude of iy, is not very high in the proposed converter.
To obtain the ZVS region accurately in forward operation, we
need to consider both ¢7,,,1 and ¢ 1,.. During the dead time in the
forward operation, ir,,1 and iy, discharge Cso and C'g3 and
charges Csq and C'gy. To attain ZVS, ¢ 1,,,, should fully discharge
Cga, Cgs. Thus, the ZVS condition in the forward operation is
obtained and simplified using sin(w,t) ~ w,t when w,t is very
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small
taf
VpCsa < / [ (ipmi(T) + ip-(7))] dr
0
leTth
~nlpmitar — " T). 39
nlpmitar 57, (wrT) (39)
. . nV,Ts - .
Substituting I1,m1 = 3 L’;l into (39) yields
2V, Tt
Lml < o ar 5
8‘/1)052 + 47‘1wrtdf/Z,a
N 1,500 uH when P, = 1kW 40)
~ 12,2004H when P, = 200 W.

Solving (40) yields a simple ZVS region in forward operation
according to the value of L, .

During backward operation, iy,,1 discharges C'sg and C's1q
and charges C's7 and C'sg during the first-half switching period.
i1m1 must fully discharge C'sg and C'g1¢ to achieve ZVS. Then,
the ZVS condition in the backward operation becomes

(0.5nV, + AV — Vi) (Cs7 + Css + Csg + Cs10)

tay
< / n- iLml (T)d’]’ = ILmltdb- (41)
0
Substituting 17,1 = % into (41), we have

nVy(Dy + Dy.)Tstap

Lo <
! 4(0.5nV, + AV, — Vi)(Cs7 + Css + Cs9 + Csio)

) 1,500 pH when Py = 1kW 42)
~ | 2,600uH when P, = 200 W.
Here, the falling duty-ratio Dy, is identified as
Dy = —cos™t | L (Vi = AVer — 0.50V,)
bz — T, COS rs s Cr ONVp
1 4V2C,. My(1 — My) — P, T,
= Lot (HeCM(1 - M) @)
wT’TS 4Vg20rMb(]- - Mb) + PsTs

By choosing a small magnetizing inductance in (40), it is pos-
sible to achieve full-range ZVS during forward operation. By
substituting (26) and (43) into (42), we demonstrate the ZVS
region during backward operation using the values of L,,1 2,
Irmi2, Py, and M, (see Fig. 7). While a small L,,; > can
increase the ZVS region of the proposed converter, it may also
generate high peaks in ¢7,,1,2 and disrupt ZCS. In addition,
a large L1 2 inevitably generates a large leakage inductance.
Thus, an appropriate value of L,,1 » must be selected to achieve
both an acceptable ZVS region and a low peak in ¢7,,1,2. The
resulting Ly, 2 is 700 pH.

D. Resonant Inductance and Resonant Capacitance

In order for the converter to function properly, C). needs to
satisfy

AV, < V. (44)
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Fig. 7. ZVS region of the proposed converter with respect to I1,m1, Irm2,
Ps, and Mj, at backward operation.

Substituting (14) into (44), we then have

1,000 x 100 000

o> BTs
2 x 4.0 x 200 x 400

—15.65 nF.
TR TATA !

(45)

When P is high, the voltage fluctuation in the capacitor becomes
high, and so the capacitor must have a sufficiently high value to
satisfy (45). Using w, = 1/y/L,.C,. and (45) yields
L, < 2%l
w2 P Ty
B 2 x 4.0 x 200 x 400
(109827 x 2m)2 x 1,000 x

100 000

= 134.4 pH. (46)

To increase the rated power of the converter, L, must be reduced.
However, it is also important to keep the current stress on the
active devices to a minimum. To achieve this, L, should be as
large as possible, but not so large as to violate (46). If f,. is
set higher than f;, then the converter can meet ZCS condition
during forward operation

Dy + Dy, <0.5 @7
where the falling duty-ratio Dy, is identified as
1 11
Dy, = cos | — (Vs — AV, — 0.5nV,,)
Wrds T2
27,2 1)
= cos ! nv, Cr(My —1) - BT, . (43)
w,Ts n2V2C.(My — 1) + P,
Rearranging (47) with regard to L, yields
1 0T
L, < 0.5 . (49

C, ot (VP TuMy(2 — My) + 4V3C,
AV3C, + V. P, M?
n?V2C,(My — 1) — P,T,
+ cos™1
n2V2C,(My — 1) + PT,




KIM et al.: THREE-LEG ACTIVE BRIDGE-BASED BIDIRECTIONAL RESONANT CONVERTER USING HYBRID Si/SiC SWITCHES

Y,
My
Iy
7 T
/ e
il

.
~
g
- Y
o )
g 7
g 2
3] 7 ") "//j//////// Wy
/ | L
3 o A
] : i)
Y .
£ 45 % | resion P
- = 7, 7
=
<
=
)
3

7

ZCS region

Wiy
IR My
;/,/,///// ////////////////

V7, -
7 M,

0,
-
]
77

%,
i,

0
. 800
Voltage gain, My 1000 Power, P;
(@)

x10”

8 S

7 h .

ZCS region \
6 m\
Non-ZCS
59 region

Resonant inductance, L,
S~
L

3

25 _—

1 o [,=40 pH

0 — =30 uH [
-200

-400 0.9

-600 0.8
0.7

Voltage gain, M,

-800

-1000 0.6
(b)

Power, P

Fig. 8. ZCS region of the proposed converter according to the different values
of L,. The colored curved surfaces depict the upper boundary value of L, to
satisfy the ZCS condition for a given voltage conversion ratio and power. The
flat surfaces display the values of L, for the comparison. (a) Forward operation.
(b) Backward operation.

In the backward operation, the ZCS condition is

Dy + Dy, < 0.5. (50)

Rearranging (50) with regard to L, yields

I < 1 0.5T%
TG, cos1 VP, Ts(2My — 1) + 4V2C,.(My — 1)
AV3C,.(My — 1) — Vs PsTs
1 4VSQCTMb(1 — My) — PTy
-+ cos
4VvSQCTMb(1 - Mb) + P,T;
(51)

To achieve ZCS in both power flow directions, L, must meet the
conditions given in (49) and (51). Once appropriate values for
L, and C,. have been chosen, the ZCS condition will always be
satisfied for both forward operation [see Fig. 8(a)] and backward
operation [see Fig. 8(b)]. The resulting L, is 30 ©H.
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TABLE II
PARAMETERS AND COMPONENTS OF THE PROTOTYPE

Parameters Symbols Value
Primary source voltage Vo 150 — 200 V
Secondary source voltage Vs 400 V
Output power P 1 kW
Switching frequency fs 100 kHz
Resonant frequency ” 109.8 kHz
Turns ratio Np:Ng1:Ns2 18:36:36
Magnetizing inductance Lom1,Limo 700 pH
Resonant inductance L, 30 uH
Resonant capacitance C, 70 nF
Primary capacitance Cy 20 uF
Secondary capacitance Cs 20 uF
Dead time tar.tdp 150 ns
Components Symbol Part number
Primary side switches S1 — Sy TPP200N25N3
Secondary-side switches Ss, Se UJ3C065030K3S
Secondary-side switches S7— S1o IPP60R060C7
Transformer core T PQ5050 x 2
Resonant inductor core L, PQ3535

V. EXPERIMENTAL RESULTS

To demonstrate the performance of the proposed converter,
we carried out experiments using a 1-kW prototype that we
built in-house. The primary voltage source ranged from 150
to 200 V, and the secondary voltage source was fixed at 400 V,
with a rated secondary power of 1-kW. We included the general
circuit component values and specific components used in the
experiment (Tables II and III). SiC MOSFETs experience much
smaller switching losses at turn-ON and turn-OFF instants than Si
MOSFETs. In the proposed converter, only two switches are turned
OFF with hard switching in both power flow directions thanks
to the switching modulation. Therefore, we used SiC MOSFETS
(Part number: UJ3C065030K3S) at those two switches. We have
used Si MOSFETs (Part number: IPP200N25N3) for the primary-
side switches; we have also used Si MOSFETs (Part number:
IPP60R060C7) for the secondary-side switches at the middle
leg and right leg. TMS320F28377D digital signal processor is
used to execute the proportional—integral current control algo-
rithm. When operating in the forward operation, the converter
acts as a PWM resonant boost converter. After turning on .Sy
and Sy, the current in the resonant inductor rises rapidly [see
Fig. 9(a)]. When Sg is turned OFF, iy, drops sinusoidally to
zero. During the dead-time, the magnetizing inductor current
discharges Cs1, which is then switched ON with ZVS at full
load [see Fig. 9(b)]. Since ig; has the same waveform as that
of 154, Sy is turned ON with ZVS. S5 and Sg are turned ON
with ZVS [see Fig. 9(c)]. Full-load current flows through Sg.
Half of the current flows through S; and Sy [see Fig. 9(d)]. On
the other hand, when operating in the backward operation, the
converter operates as a PWM resonant buck converter, and the
current ¢ 7, begins to flow through L,. in a sinusoidal curve as S
and Sy are turned ON [see Fig. 10(a)]. Unlike forward operation,
the current 7 ,- during backward operation includes the current
flowing through the magnetizing inductor. Here, the resonant
current approaches zero following the sinusoidal waveform. S;
is turned ON with ZVS [see Fig. 10(b)]. S7 is turned ON with
ZVS and OFF with almost ZCS [see Fig. 10(c)]. Similar to
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TABLE III

SPECIFICATION OF THE MAGNETIC COMPONENTS

Parameters of transformer

Value

Core shape
Core material

Core size

Primary winding
Secondary winding

PQ (0T45050UG, Magnetics)
Ferrite T material
32.0/51.0/50.0 mm

(Length/Width/Height)
18 turns, 340 strands of 38 AWG
36 turns, 260 strands of 38 AWG

Magnetizing inductance 700 puH
Leakage inductance 2.1 pH
Parameters of

Value

external resonant inductor

Core shape
Core material

Core size

PQ (0T43535UG, Magnetics)
Ferrite T material
26.6/35.8/32.1 mm

(Length/Width/Height)
Winding 15 turns, 200 strands of 38 AWG
Inductance 27.9 uH

forward operation, full-load current flows through Sg. Half of
the current flows through S7 and Sy [see Fig. 10(d)]. The power
conversion efficiency of the proposed converter was assessed
using a Yokogawa WT3000 digital power meter [see Fig. 11].
The results indicated that the maximum efficiency was 97.9%
in the forward direction and 97.2% in the backward direction.
Power loss distributions of the proposed converter are obtained
in both power flow directions at full load (see Fig. 12). The switch
loss is dominant in total loss in both forward and backward
operations. When we operate Sz, ..., S1p at V,, = 200 V and at
full-load in the synchronous rectification (SR) mode in forward
direction and operate S1, ..., S1o in the SR mode in backward
direction, theoretical efficiency increases by 0.31% in forward
direction and by 0.81% in backward direction.

VI. DISCUSSION

‘We compared the proposed converter with conventional bidi-
rectional converters in terms of topology, shape of inductor
current, efficiency, the number of components, voltage/current
stress, etc. (see Table IV, Table V, and Fig. 13). Note that
we have conducted the simulation under the same operating
condition and obtained the theoretical efficiencies in both for-
ward and backward operations. DAB converter [9] has been
widely used for bidirectional power transfer while keeping the
benefits of phase-shift full-bridge (PSFB) converter. However,
this converter inevitably suffers from the high circulating current
problem and high switching loss at the turn-off instant. To reduce
the turn-OFF loss, CLLC converter [13] has been proposed. It
can transfer the power resonantly and so the switching loss at
turn-OFF instant is alleviated. However, the battery voltage varies
widely, and the switching frequency needs to be high, which
increases the switching loss. Resonant DAB converter [19]
has been proposed. This converter is controlled based on fixed
frequency but with a variable duty-ratio. Therefore, it does not
experience high switching loss under the wide battery voltage
variation. However, the design of this circuit is complicated
and it has a relatively narrow ZVS region. When operating at
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Fig. 9. Experimental waveforms of the proposed converter in forward opera-
tion at an intermediate primary voltage V}, = 175 V and full load. (a) vey, iLr»
and vpri. (b) vgs1, vgs1, and ig1. (€) Vgss, Vass, and igs. (d) ige, 57, and
159.

higher power levels, the current flowing through the active power
components on the high-voltage side increases. To reduce the
current stress, the interleaving structure can be adopted for the
converters [9], [19], but this structure significantly increases the
number of power components. On the other hand, the proposed
converter can be developed with a small number of power
components because the leftleg is shared in the power processing
and only one transformer is used. Phase-shift PWM ensures ZVS
turn-ON for both power flow directions. High turn-OFF switching
loss occurs only at the secondary-side left leg in both power flow
directions; the use of SiC switches only at that leg reduces the
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TABLE IV
GENERAL COMPARISON OF CONVENTIONAL BIDIRECTIONAL CONVERTERS AND PROPOSED CONVERTER

References 9] [13] [19] Proposed
Dual active CLLC Resonant Three-leg
Topology bridge (DAB) converter DAB active bridge
converter converter resonant converter
Operation Forward Buck—boost Buck—boost Buck—boost Boost
Backward Buck—boost Buck—boost Buck—boost Buck
Shape of Forward Linear Resonant Resonant Resonant
inductor +resonant
current Backward Linear Resonant Resonant Resonant
+resonant
Rated power 1 kW 1 kW 1 kW 1 kW
Input voltage 150 —200 V 150 =200 V 150 —200 V 150 —200 V
Output voltage 400 V 400 V 400 V 400 V
Peak Forward 95.2% 96.9% 97.8% 97.9%
efficiency Backward 95.7% 96.6% 97.2% 97.2%
Inductor L, =50 uH Ly =233 puH L, =150 uH L, =30 uH
Value Lz =211 uH
of . Cp,Cs =20 uF Cp,Cs =20 puF C)p,Cs =20 uF  C)p,Cs =20 puF
components Capacitor Cr1 =110nF (), =16.9 nF C, =70 nF
Cr2 = 120 nF
Turns-ratio 1:2 1:2 1:2 1:4
Switching frequency 100 kHz 100 kHz 100 kHz 100 kHz
SiC 4 4 4 2
Si 4 4 4 6
Nuomfber Inductors 1 2 1 1
components Transfo_rmers 1 1 1 2
Capacitors 2 4 4 1

S1,234 =200V S1234=200V Si234=200V Si234=200V
Voltage/ Voltage 85,6,7,8 =400 V 85,6,7,8 =400 V 85,6,7,8 =400 V S5,6,7,8,9,10

current = 400 V
stress in S1a~178A Si234~81A Si234~79A Si234~81A
forward Current  Sos~ 168 A  Ss6 ~40A  Ss-~44A  S;or49A
operatlon Ss,g ~ 99 A S7,8 ~ 4.1 A Sa,g ~45A S7’8$9’10 ~ 24 A
3677 ~ 99 A

S12354=200V S1254=200V Si234=200V Sisss=200V
Voltage/ Voltage S5,6,7,8 =400 V S5,6,7,8 =400 V S5,6,7,8 =400 V 55,6,7,8,9,10

current =400 V
stress in 51’4 ~ 154 A S1,273,4 ~71A S1,273,4 ~72A 51,2,374 ~ 9.7 A
backward Current 5273 ~ 147 A S5)6 ~42 A S5)7 ~ 4.7 A S516 ~57A
operation Ss6 ~ 83 A Srs~ 47T A Ses~41A Srgoi0~28A
S7,8 ~ 8.1 A
TABLE V

CoST COMPARISON OF CONVENTIONAL BIDIRECTIONAL CONVERTERS AND PROPOSED CONVERTER

Component Part number Rated value  Unit cost ($) [9] [13] [19] Proposed

UJ3C065030K3S 650 V 194 i 4 4 2
Switches  IPP200N25N3 250 V 7.1 4 4 4 4
IPP60R060C7 650 V 55 o A
(IKP4ON65H5) (650 V) (3.3)
: PQ5050 B 23 1 1 2
Magnetics PQ3535 - 9.6 121 1
- 450 V, 20 uF 77 2 2 2 2
- 400 V, 16.7 nF 1.4 - -2
Capacitor - 400 V, 70 nF 1.5 - - - 1
- 400 V, 110 nF 17 T :
. 400 V, 120 nF 17 T ;
Total cost ($) 1433 1563 1461 1403
(131.5)

*The cost was sourced from www.mouser.com on Feb. 28, 2024.
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development cost (see Table V). Also, the use of Siinsulated gate
bipolar transistor (IGBT) (Part number: IKP40N65HS5) instead
of Si MOSFET on the secondary side can lower the development
cost further.

The center-tapped transformer in the proposed converter can
be implemented in three different ways. When the primary-
side windings are connected in series and each secondary-side
winding has wound in the same direction [see Fig. 14(a)], two
legs connected to the upper secondary-side transformer have
different equivalent circuits with two legs connected to the
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lower secondary-side transformer. Therefore, the currents flow-
ing through the upper secondary-side transformer and the lower
secondary-side transformer are unbalanced. When the primary-
side windings are connected in parallel and each secondary-side
winding has wound in the opposite direction [see Fig. 14(b)],
the secondary-side currents are balanced under the same val-
ues of secondary-side leakage inductances of the center-tapped
transformer. However, the secondary-side currents are unbal-
anced under the different values of secondary-side leakage in-
ductances of the center-tapped transformer due to the differ-
ent impedances of the equivalent circuits. In contrast, when
the primary-side windings are connected in series and each
secondary-side winding has wound in the opposite direction [see
Fig. 14(c)], secondary-side currents are mostly balanced under
the different values of secondary-side leakage inductances of the
center-tapped transformer.

Remark 1: If we keep charging the battery, it can operate at
the nominal voltage. However, if we bring the battery outside
and use it for a long time without charging, the battery can be
depleted and its voltage level becomes low. In this manuscript,
we tried to verify the feasibility of the proposed concept. Thus,
the voltage level of a fully charged battery is set to be 200 V and
the voltage level of the depleted battery is set to be 150 V. Its



KIM et al.: THREE-LEG ACTIVE BRIDGE-BASED BIDIRECTIONAL RESONANT CONVERTER USING HYBRID Si/SiC SWITCHES

25 WV, 200V
|V, 175V
20 OV, 150V
E 15 Z
B S\
g z = e
k=) 22 3 q = E
o m S 2
2 107 28 o = o ==
o \O — el ~ §
~ © S0 ==
51 = = ==z E B 2,0
! I | ] e [
0. ST all
Switches Switches Trans.  Trans.  Cap. Ind. Ind.
P cond P s P copper P core P copper P, core
(a)
254
BV, 200V
= WV, 175V
209 5 & OV, 150V
— N =
B =)
:, 154 <t' ﬁ‘ B
g = B S
- zE
2 104 = ez
Q? 3 Qe e = 3
ll1 o =
5 =22 780 5Z=
I I 338 BoT 48
pagi )~
0 I : ] .I 2 | |
Switches Switches Trans.  Trans.  Cap. Ind. Ind.
P, cond P W P copper P core P, copper P, core
(b)
Fig. 12. Theoretical power loss distribution of the proposed converter.

(a) Forward operation. (b) Backward operation. Trans.,
for transformer, capacitor, and inductor.

Cap., and Ind. stand

501 4791w
]
= 40
E 3191'W i
g 304 - | | Sw1.tches Peond
5 B Switches Py,
z 20 208LW 1991 W || B Trans. Peyyper
£ = Trans. Peoe
W Capacitors
104 p:
Ind. Peopper
0- B Ind. Peore
DAB CLLC Resonant Proposed
DAB circuit
(@)
501
43.14 W
= 407 |
= 33.51W A
& 301 1 28.11 W 2780w || ™ Switches Peon
s ‘ - || Switches Py,
z 201 * I Trans. Pegyper
& Trans. Peoe
W Capacitors
10 paci
i Ind. Poopper
04 W Ind Py
DAB CLLC Resonant  Proposed
DAB circuit
(b)
Fig. 13.  Theoretical power loss distribution of conventional bidirectional con-

verters and proposed converter. (a) Forward operation. (b) Backward operation.

9875

ratio is 1:1.34 which is close to 1:1.4. At the commercialization
stage, the battery voltage range needs to be adjusted further.

Remark 2: The LLC converter is the unidirectional converter
and uses pulse frequency modulation. It operates in step-down
mode when the switching frequency is set to be higher than
the resonant frequency, but operates in step-up mode when
the switching frequency is set to be lower than the resonant
frequency. The proposed converter is a bidirectional converter
and utilizes PWM. This converter operates in step-up mode when
it transfers the power in the forward direction and it uses the
secondary-side switching, but it operates in step-down mode
when it transfers the power in the backward direction and it uses
the secondary-side switching. In this case, if we set the switching
frequency higher than the resonant frequency, the ZCS region
decreases. To ensure the ZCS region under the wide voltage
gain variation, we have set the switching frequency lower than
the resonant frequency.

Remark 3: When the proposed converter adopts two-legs
at the secondary-side, the amount of total power transferred
through the secondary side is the same as that for the proposed
converter with three-legs at the secondary-side. However, when
we use SiC MOSFETs at the left leg and Si MOSFETS at the
right leg, the heat that occurs at the right leg is high. Here,
SiC MOSFETs are used to reduce the turn-OFF loss that occurred
at the switches at the left leg. As we increase the rated power
of this converter up to 7.4-kW to be used for the bidirectional
on-board battery chargers, each of the primary-side switches
experiences the switch loss of 11 W; each of the secondary-side
switches at the left leg experiences the switch loss of 17 W; each
of the secondary-side switches at the right leg experiences the
switch loss of 24 W. Then, the water cooling method needs to be
used instead of the air cooling method to dissipate the heat that
occurs at the switches on the right leg; this water cooling system
increases the development cost and volume of the converter
system. To lower the heat that occurs at the switches on the right
leg, the proposed three-leg converter can be used. The switches
at the middle leg and at the right leg experience switch losses
equal to or lower than 17 W, so the air cooling method can be
used to dissipate the heat for all the switches; this trait can reduce
the development cost and volume of the converter system.

VII. CONCLUSION

This article introduces a bidirectional resonant converter that
utilizes a three-leg active bridge and hybrid Si/SiC switches. The
circuit includes a full bridge and a three-leg active bridge where
the left leg of the three-leg active bridge is shared in power
processing. Compared with the use of two conventional DAB
converters, it can save six active power components and an extra
transformer. The phase-shift modulation has been used during
forward and backward operations, which enables ZVS turn-ON
for all the switches. The use of only two SiC MOSFETSs reduces the
conduction and turn-OFF losses in both power flow directions,
thereby decreasing the development cost of the circuit. The sym-
metric secondary-side winding configuration of the transformer
and the corresponding secondary-side switching modulation
balance the currents flowing through the secondary-side middle
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Currents flowing through the secondary side of the circuit according to the different connections of the windings of the transformer under 20% parameters

mismatch; Ly, 1 =700 puH, Ly,2=560 pH, Lj;1=2.1 uH, and L;2=2.52 pH; strong red shaded area indicates a high switch loss, light red shaded area indicates
alow conduction loss, and light brown area indicates a middle conduction loss. (a) Primary-side windings are connected in series and each secondary-side winding
has wound in the same direction. (b) Primary-side windings are connected in parallel and each secondary-side winding has wound in the opposite direction.
(c) Primary-side windings are connected in series and each secondary-side winding has wound in the opposite direction.

leg and right leg. To validate the effectiveness of the proposed
converter, we constructed a 1-kW prototype and demonstrated
its expected operation.
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