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Abstract—This article introduces a highly efficient bidirectional
resonant dc/dc converter over wide range of battery voltages for
vehicle-to-grid (V2G) capable electric vehicles (EVs). It operates
as a pulsewidth-modulation (PWM) full-bridge series-resonant
converter in the forward direction and a half-bridge resonant
boost converter in the backward direction. One advantage of the
proposed converter is that it has a wide voltage gain range in
the backward operation. Also, it requires only six active switches.
To achieve high efficiency, SiC MOSFETs are used for two bottom
switches in the primary side, because only these switches suffer
hard switching turn-OFF in both forward and backward directions.
Since it operates with fixed-frequency and with PWM control, the
magnetic components and passive filters can be optimally designed
with respect to the volume and the loss. Thus, the proposed con-
verter achieves low-cost, high-conversion ratio, and high efficiency
over a wide range of battery voltages. Detailed analysis of the
converter operation is presented along with the design procedure. A
3.3-kW/400-V prototype of the proposed converter has been built
to operate for 250-415 V primary source voltages and tested to
demonstrate its circuit design.

Index Terms—Bidirectional converter, fixed frequency, half-
bridge resonant-boost converter, high efficiency, minimum number
of devices, pulsewidth-modulation (PWM) full-bridge series reso-
nant converter.
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I. INTRODUCTION

ECENTLY, electric vehicles (EVs) with vehicle-to-grid

(V2G) capability have gained much popularity because
they are able to recover excessive energy produced by the renew-
able energy sources, such as wind power, photovoltaic cells, and
thermoelectric systems, thereby reducing energy demand and
supply imbalance (see Fig. 1). V2G-capable EV is equipped with
a bidirectional dc—dc converter (BDC) that can transfer power
to the grid and vice versa. The batteries used for EV usually
operate at medium power capacity (>3.3 kW) and over a wide
voltage range (250-415 V). BDC must be able to accommodate
medium power capacity and achieve high efficiency over wide
range of battery voltages.

Among the bidirectional converters, the dual-active-bridge
(DAB) converter is considered as the most attractive one be-
cause of its efficiency and power performance, and buck/boost
operation capability for bidirectional power transfer [1]-[4].
However, it suffers from high reactive power and high turn-OFF
loss when the normalized voltage gain is not close to 1, which
significantly degrades power conversion efficiency. Although
the reactive power can be reduced by using the improved mod-
ulation techniques, such as the extended phase-shift [5], dual
phase-shift [6], and triple phase-shift [7] methods, the turn-OFF
loss is still high.

To reduce the turn-OFF loss of the DAB converters, one
promising solution is to operate the converter in a resonant mode
by employing the resonant tank. LLC resonant converters [8], [9]
feature high efficiency, high power density, and low cost in the
forward direction. But it operates as a series-resonant converter
whose range of voltage gains is very narrow in the backward di-
rection. To solve this problem, CLLC- and CLLLC-type resonant
converters are proposed [10]-[12], where they have symmetri-
cal characteristics in both power flow directions. Nevertheless,
the power conversion efficiency degrades when the battery
voltage and the switching frequencies vary over a wide range.
Variable dc-link voltage control technique has been proposed
to maintain its efficiency under wide input voltage variation
in [13]. Variable dc-link voltage would cause a difficulty in
designing dc—dc converter and dc—ac converter stages. Also,
higher dc-link voltage level leads to the use of a high voltage
rating dc-link capacitor, which increases the size and cost of the
converter.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Configuration of bidirectional on-board charger connected to ac mi-
crogrid with multiple energy sources and converters. PV stands for photovoltaic.

To limit switching frequency variations over a wide range of
battery voltages, a three-level LLC converter with a pulsewidth
and amplitude modulation (PWAM) control method is proposed
[14]. This converter can achieve soft switching for all switches
and wide range of voltage gains with three different control
schemes. But a drawback of this converter is that it requires
12 switches. On the other hand, a new bidirectional resonant
converter is proposed [15]. By configuring a full-bridge mode
and a half-bridge mode operation during each cycle, 0.5-to-1
voltage gain is achieved. However, it does not work when the
battery voltage is very low and it still requires a large number
of active components on the secondary side. Very recently, a
pulsewidth-modulation (PWM) resonant converter is proposed
that uses different structures for different modes in [16]. Con-
ventional PWM resonant converter operates in buck-type mode
regardless of power flow directions so that it is difficult to main-
tain discharging operation over entire range of battery voltages.
This defect can be overcome by changing the rectifier structure
to double the voltage gain. However, when the battery voltage is
very low, switching frequency must be adjusted to increase the
voltage gain.

In this article, we propose a PWM bidirectional series-
resonant converter for a wide range of battery voltages. The
proposed converter is equipped with a full-bridge circuit on
the primary side and active voltage doubler circuit on the sec-
ondary side. In the forward direction, the converter operates as a
PWM full-bridge series-resonant converter that achieves high
power conversion efficiency by softly switching the primary
side switches and reducing the conduction loss. In the backward
direction, the converter operates as a half-bridge resonant boost
converter that can boost the resonant inductor current by using
the bridgeless structure on the primary side. Compared to the
conventional bidirectional resonant converters presented in [15]
and [16], the proposed converter has a wide voltage gain range
from one to infinity in the backward operation. Therefore, the
proposed converter achieves high step-up/down capability and
high efficiency over wide range of battery voltages. Moreover,
this circuit requires only six active switches. SiC MOSFETSs are
used at the bottom switches on the primary side because only
these two switches experience hard switching turn-OFF loss in
both forward and backward directions. This aspect can reduce
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Fig. 2. Circuit diagram of the proposed converter. S;, Dg;, Cg; (i =
1,...,6): equivalent models of the switches. 1" transformer with turn ratio
n = Ng/N,, where N,, is the number of primary winding turns and Ny is
the number of secondary winding turns. C', and Cs: primary and secondary
capacitors. L,,: magnetizing inductor. L,: resonant inductor. C1 and Cya:
resonant capacitors. V},: primary source voltage. Vs: secondary source voltage.
Upri: primary side voltage. vc,-1 and voyo: voltages across Clrq and Clro, re-
spectively. i g;: current through the switch S; (¢ = 1,. .., 6). i1, magnetizing
current. ¢z, the current that flows through L. i5,i: primary side current. ¢,:
primary source current. i4: secondary source current.
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the circuit implementation cost. Furthermore, since it operates
with a fixed frequency and with PWM control for all operating
conditions, we can design the minimized magnetic components
and passive filters dedicated to that frequency. We present
detailed circuit operations, steady-state analysis, and design
guidelines. We have built the converter prototype operating at
250-415 V battery voltage, 400-V dc-bus voltage, and 3.3-kW
rated power, and tested and demonstrated its performance.

This article is organized as follows. The mode analysis of the
proposed converter is described in Section IT and its steady-state
analysis is given in Section III. The design guidelines of the
proposed converter are described in Section IV. Experimental
results and discussions are presented in Sections V and VI. The
conclusions are drawn in Section VII.

II. TOPOLOGY AND SYSTEM DESCRIPTION

The proposed converter (see Fig. 2) is equipped with a full-
bridge circuit on the primary side and an active voltage-doubler
rectifier on the secondary side. To analyze steady-state operation
of the proposed converter, we made several assumptions.

1) All switches S7, Sa, Ss3, Sy, S5, and Sg are ideal except
for their body diodes Dg1, Dgo, Dgs, Dgy, Dgs, and
Dgg, and output capacitors, C's1, Cgo, Cs3, Csq, Cgs,
and Clg.

2) Cs1 = CUs3,Cg52 = Cgy,Cg5 = Cge.

3) T is composed of an ideal transformer with magnetizing
inductance and leakage inductance. Note that, L, is the
series connection of the transformer leakage inductance
and an external inductance.

4) Crl = Or2~

For subsequent development, we define C, = C,1 +
Cr2; Cs13 = Cg1 = Cgs; Cs24 = Cs2 = Cs4; Cgs6 =
Css = Cse.
The proposed converter operates as a PWM full-bridge
series-resonant converter in the forward mode and a half-
bridge resonant boost converter in the backward mode,
respectively.
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Fig. 3. Equivalent circuits of the proposed converter during the first half-
switching period when it operates as a PWM full-bridge series-resonant con-
verter. (a) Mode 1. (b) Mode 2. (¢c) Mode 3. (d) Mode 4.

A. Analysis of PWM Full-Bridge Series-Resonant Converter

In the forward direction, this converter operates as a PWM
full-bridge series-resonant converter (see Figs. 3 and 4). The
primary side switches S;—S, operate in PWM and are driven
with the variable duty ratio D . In this mode, the bottom switches
So and Sy are softly turned on under almost all operating con-
ditions; the top switches .S; and S5 are turned on at zero voltage
and turned off near zero current. In this mode, the secondary side
switches S5 and Sg are always turned off and the active voltage-
doubler circuit works as a simple voltage-doubler circuit. The
body diodes of the secondary side switches are turned off with
almost zero reverse-recovery currents. The switching loss of the
converter then becomes very low and the conversion efficiency
increases. The detailed analysis is described for the following
four modes in the first half-switching period.

Mode 1 [ty, t1]: Attime t, the voltage across Sy is zero and
the primary side current iy,; begins to flow through Dgy4. Sy is
then turned on with zero-voltage switching (ZVS). During this
mode, the secondary side voltage is nV), and i, begins to flow
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Fig. 4. Waveforms of the proposed converter when it operates as a PWM

full-bridge series-resonant converter.

through Dgs. In this mode, the state equation of the circuit can
be written as

L, d“d’”(t) =nV, — v (1) (1)
t
. o deTl(t) - derQ(t)
ZLr(t) - Crl dt Cr2 dt (2)

with i, (tg) = 0 and v (to) = Vs /2 — AV, where AV,
is the voltage ripple of the resonant capacitor. Since V; is
constant, iy,,-(¢) can be obtained as

iLT (t) = C’I‘l dvc(;; (t) - Cr2 d(vs —(ZCTl(t)) = Cr dvc(;tl (t)
(3)

Solving (1) and (3) yields
iz (1) = 5 sin (¢ — to)] “)
ver (t) = nV;, — 11 cos [wi(t — to)] )
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Fig. 5. State-plane trajectory of the proposed converter when it operates as a
PWM full-bridge series-resonant converter.

where 1 = nV), — V7 + AV, is the radius of the circular path
with the center at (nV),, 0) asin Fig. 5. The operating point moves
along the trajectory curve from A; to Bj, as shown in Fig. 5,
and the resonant angular frequency w, and the characteristic
impedance Z, are obtained as

1 .
r = ) ZT = —~ 6
= VLG, Ve, ©

Mode 2 [tq, to]: At time 1, Sy is turned off and the current
flows through Dg3. After the given dead time, Sj is then turned
on with ZVS. Even if v, drops to 0, Dgs is still conducted and
—ver1 18 applied to L,.. Thus, i, quickly goes to zero. In this
mode, the state equation of the circuit can be written as

dig,(t

LTLCT() = —ven(t) 9

. dver (t)
W) = ¢, e 8
irr(t) o (8)
with iz,.(t1) = % sina and ver (t1) = 72 cos o, where o =
cos™! (22 — I cosfw, (t1 — to)]). Solving (7) and (8) yields

. T .

iLe(t) = o sin o — wi(t — 1)) ©)

vert(t) = rzcos o — w,(t — ) (10)

where ro = V7 + AV, is the radius of the circular path with
center at (0, 0), as shown in Fig. 5. The operating point moves
along the trajectory curve from Bj to As, as shown in Fig. 5.

Mode 3 [to, t3]: At time to, i1, is zero and v, 1S at its
maximum value. During this interval, the current that flows
through S; and S3 is the primary side current iy, and it is
almost zero. Thus, at time t3, S; gets turned off with nearly
zero-current switching (ZCS). At this time, the trajectory path
stays at Ao, as shown in Fig. 5.

Mode 4 [ts, t4]: At time t3, Sy is turned off with almost
ZCS, and the converter enters the dead time zone. During this
mode, 7r,,,, which has been continuously charged from time ¢,
acts as a current source to the primary side. Primary side current
ipri = ML, bothcharges Cs; and discharges C'so. When Cgs is
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Fig. 6. Equivalent circuits of the proposed converter during the first half-
switching period when it operates as a half-bridge resonant boost converter.
(a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

completely discharged, the voltage across S becomes zero, and
ipri flows through Dgo. Therefore, at time 4, S5 gets turned
on with ZVS. The trajectory path still stays at Ao during this
interval.

During the next first half-switching period, waveforms in the
circuit are similar to Modes 1—4.

B. Analysis of Half-Bridge Resonant Boost Converter

In the backward direction, the proposed converter operates as
a half-bridge resonant boost converter (see Figs. 6 and 7). Sec-
ondary side switches S5 and Sg operate with a constant duty ratio
0.5 and in a complementary manner with short dead time. At the
same time, .S is turned on with the variable duty ratio 0.5 + Dj,
just after turning Sz ON whereas S, is turned on just after
turning S5 ON. S5 and Sy help i, increase quickly following the
sinusoidal waveform. Compared to the conventional converter,
the proposed converter is able to increase V), significantly and,
therefore, can be used when the voltage difference between V),
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Fig.7. Waveforms of the proposed converter when it operates as a half-bridge
resonant boost converter.

and Vj is very large. The detailed analysis is described for the
following four modes in the first half-switching period.

Mode 1 [ty, t1]: At time tg, the voltage across Sy is zero,
and the current begins to flow through Dgs. Thus, S5 is turned
on with ZVS. i, begins to flow through Dgy, and after the
given dead time Sy is then turned on with ZVS. During this
interval, the voltage source on the secondary side, the resonant
inductor, and the resonant capacitor form an equivalent closed
circuit, which boosts the resonant inductor current following the
sinusoidal waveform. The state equation corresponding to this
equivalent circuit can be written as

dig.(t
L ’Ldt( T (1n
in(t) = 0,20 & (12)
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Fig. 8. State-plane trajectory of the proposed converter when it operates as a
half-bridge resonant boost converter.

with iLr(tO) =0 and ver (to) = ‘/;/2 + AVg,.. Solving (11)
and (12) yields

i (t) = —;i sin [wy(t — to)] (13)
Ucy-l(t) = T3 COS [w,«(t — to)] (14)

where r3 = ‘g + AV, is the radius of the circular path with

center at (0, 0), as shown in Fig. 8. Here, the operating point
moves along the trajectory curve from A; to By, as shown in
Fig. 8.

Mode 2 [ty, to]: At time tq, Ss is turned off. The current on
the primary side then flows through Dg;. During this interval,
the primary voltage source, the secondary voltage source, the
resonant inductor, and the resonant capacitor form an equivalent
closed circuit, and the resonant inductor current goes to zero
following the sinusoidal waveform. The state equation corre-
sponding to this equivalent circuit can be written as

L
p, Gt nV, — ver (1) (15)
dt
. dUCrl(t)
() =Ch——= 16
irr(t) =C a (16)
with iz.(t1) = 72—‘1 sinf and wvcri(t1) =nV, — rycosf,
where = cos’l(nr‘i" — 12 cos[wy(t1 — to)]). Solving (15)
and (16) yields
. T4 .
ine(t) = —sin B —w,.(t —t1)] a7
ver1(t) =nV, —rycos [8 — w,(t — t1)] (18)

where ry = nV, — V? + AV, is the radius of the circular path
center at (nV),, 0), as shown in Fig. 8. The operating point moves
along the trajectory curve from B to Ao, as shown in Fig. 8.

Mode 3 [to, t3]: At time to, i1, 1S zero and v, 1S at its
minimum. During this interval, the current that flows through
S5 is magnetizing current ¢y,,,, and it is almost 0. Thus, at time
t3, the switch Sy turns OFF with nearly ZCS. Here, the trajectory
path stays at point As, as shown in Fig. 8.



BAI et al.: HIGHLY EFFICIENT BIDIRECTIONAL SERIES-RESONANT DC/DC CONVERTER OVER WIDE RANGE OF BATTERY VOLTAGES

Mode 4 [t3, t4]: Attime t3, S is turned off with almost ZCS
and enters the dead time zone. During this time, i1, appears
as a current source to the secondary side, which charges Cgs,
while discharging Csg. Thus, Sg is turned on with ZVS. The
trajectory path still stays at point A during this interval.

During the next half-switching period, waveforms in the
circuit are similar as with Mode 1-4.

III. STEADY-STATE ANALYSIS OF THE PROPOSED CONVERTER

A. Voltage Gain of PWM Full-Bridge Series-Resonant
Converter

To calculate the voltage gain of the PWM full-bridge series-
resonant converter, we first compute the resonant capacitor
voltage ripple AV,.. Due to symmetric operation of the voltage-
doubler during the steady state, the average value of the resonant
inductor current is twice the average secondary source current
I,. Using the fact that nV, = rq cos [w,(t1 — to)] + r2 cos a,
which is derived from Fig. 5, we obtain

t1 r
I, = V=T {/to isin[wr(T—to)]dT

+/ — sin [a — w,- (7 — t1)]d7
t1 Z

r

-+ fwr(t1 — to)] |
= TSZTU)T T1 T2 71 COS (W (11 0 T2 COS ¥
2AVe, 2C,. AVe,
- Cr _ ¢ (19)
T, Zw, T,
where P; is the output power.
Rearranging (19) for AV, yields
P.T.
AVg, = ——=2, 20
o= Sve, (20)

As shown in Fig. 5, the circle equations with center (nV},, 0) and
radius r1, and with center (0, 0) and radius o are, respectively,
described as

(ver(t) =nVy)® + (Zrip, (1)) = 7
(ver (t))Q + (ZTiLT(t))Q = Tg'

The two circles intersect at point B (see Fig. 5) and at time 7.
Equating (21) and (22) yields

21
(22)

(vor1(t1) = nVp)? + (Zyipe(t1))* — 17
= vg (t1) + (Zripe(t1))? — 73 (23)

Applying (t1 — to) = DT, to(5), where Dy is the duty ratio of
the primary side switches in the forward mode, we can determine
ver (t) atty as

ver1(t1) = nV, — 11 cos [wy(t1 — to)]

=nV, — (an - % + AVCT> cos(w, DTy).
(24)
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Fig. 9. Voltage gain curves of the proposed converter. (a) M. (b) M.

Cancelling (Z,ir,(t1))? terms from both sides of (23), and
substituting (24) into (23) yields

D, — 1 cos! CTVE(]. 7Mf) +Mf(]. 72Mf)PSTS
I W T, C,VZ(1 — My) + M;P,T,
(25)
where My = V. is the voltage gain of the PWM full-bridge

2nVy,
series-resonant converter.

A three-dimensional (3-D) graph of M with respect to Dy
and P is shown in Fig. 9(a).

B. Voltage Gain of Half-Bridge Resonant Boost Converter

By using the same method as that used to derive the volt-
age gain of the PWM full-bridge series resonant converter, we
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PS 1 T3

t1
L= = T[/t ~g sin fun (v —to))dr

+ / ——sin[8 — w, (1 — tl)]dT}
t1 Zr
B 1
T 7w,
_ 20V, _ 2C,. AVg,
N TS Z’I"U)T‘ N TS ’
Rearranging (26) for AV, yields
P,T;
2V,C,.
As shown in Fig. 8, the circle equations with center (0, 0) and
radius 73, and with center (nV),, 0) and radius 4 are, respectively,
described as

(—’I”4 —Tr3+7y COS,B -+ r3 cos [wr(h — to)])

(26)

AVey, =

27)

(ver1 () + (Zriee(t)* =13
(ver1(t) = nVp)? + (Zrire()* =17,

The two circles intersect at point B (see Fig. 8) and at time ¢ .
Equating (28) and (29) yields

(vert (t)? + (Zrine(t1))? =73
= (veri(t1) — V)2 + (Zyipe(t1))? — 2. (30)

Applying (t; — tg) = DpTys to (14), where Dy, is the duty ratio
of the primary side switches in the backward mode, we can
determine ve,1 (1) at ¢y as

(28)
(29)

ver (t1) = 13 cos [w,(t1 — to)]
Vs
- <2 + AVCT) COS(’LUTDbTS). (31)

Cancelling (Z,ir,(t1))? terms from both sides of (30) and
substituting (31) into (30) yields

1 . 47126'TVP2 + Myp(2 — My)(—Ps)Ts
Dy = cos 5
w, T Mg (—=Ps)Ts + 4n?C,. V2
(32)
where M;, = 27‘2/P is the voltage gain of the half-bridge resonant

boost converter.
A 3-D graph of M, with respect to D; and P; is shown in
Fig. 9(b).
IV. DESIGN GUIDELINE
A. Selection of Transformer Turn Ratio

The turn’s ratio of the transformer can be selected from the
voltage gain of the proposed converter. It then follows that

Vs 33)

n >
2va?min

where V), iy is the minimum value of the primary source
voltage.
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B. Magnetizing Inductance

Because the dead time tg4p, tqs are very short compared to the
switching period T, i 1,,,, €ssentially serves as a constant current
source I1,,. In the forward mode, i1, and 77, discharge the
parasitic output capacitor C'so of S2 and charge the parasitic
output capacitor C's; of Sy during the dead time as in [17]. To
achieve ZVS, iy, and i, must fully discharge C's5 of So. Thus,
ZVS condition in the forward mode is

tap
Vp(Cs13 4+ Cs24) < / |ipei (T)|dT
0

tdp
:n(/ |iLm(T)+iLT(T)dT>
0
tap
—n ( / (T — iL,«(T))dT)
0
tap
n (ILmtdp — / L sin(w,7)d7>
0 Z
tdp r
~n | Irntan — / wTTdT)
( P 0 Zr

riw,t3
=N (ILmtdp — 2ZT p)
r

where ¢, is the dead time for the primary side switches. Note that
ZVS condition in (34) is checked during the first half-switching
period.

Substituting Ir,,,, =
respect to L,,, we have

(34)

nngianlTs into (34) and rearranging it with

n2V, D Titap

nry wrtgp !

2V3(Cs13 + Cs21) + —4

L, < (35)

In the backward mode, i1, and iy, discharge C'g5 and charges
C's¢ during the first half-cycle of the switching period. i, and
i1, must fully discharge C'sg to achieve ZVS. ZVS condition in
the backward mode becomes

tas tas r3
2V,Cgs6 < / Irmdr — / — sin(w,7)dT
0 o Zr

rgwrtgs
27,

~ Ipmtas — (36)

where t4 is the dead time for the secondary side switches.

ituti Vp Dy Ts+(¥2 —~ AV, ) (3 —Dyp—Dy
Substituting I7,, = V22Tt (5 e )(5—=Db—Ds-)

(36), we have

T, .
nto

m

< (n‘/PDbz + (% - AVCT) (% - Db - Dbz)) Tstds
4VCss6 + L}:t‘i

m

(37
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Fig. 10. ZVS region of the proposed converter with respect to L,,,, Ps, and

My /M. (a) Forward operation. (b) Backward operation.

Here, falling duty ratio Dy, is

to — 1
O
o T cos ™ <TLT_‘:p - :—zcos(wr(tl - to))> (38)
where
nVy nV,
T4 nV, — % + AV,
B An2V2C, M, 9)
4n2V2C, My — 4n2V2C, + M (—Ps)Ts
r3 _ Y+ AV,
ra nV, — % + AVe,
_ 4n?V2C, + M2 (~P,)T, w0)
n2V2C, My, — 4n2V2C, + M2(—Py)T,
cos(wy(t1 — tg)) = cos(w, DpTy). 41)
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TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE

Parameters Symbols Value
Primary source v, 250-415 V
voltage range
Secondary source V. 400 V
voltage
Output power P 3.3 kW
Switching frequency fs 50 kHz
Resonant frequency fr 53.1 kHz
Transformer turns ratio ~ N,:N, 16:13
Magnetizing inductance L, 207 pH
Resonant inductance L, 14.89 uH
Resonant capacitance Cr1,Cra 0.3 uF
Primary capacitance Cp 20 uF
Secondary capacitance Cs 20 uF
Dead time tap, tds 150 ns
Components Symbols Part number
Primary-side S1,S;  IKP4ON6SHS (x2)

top switches
Primary-side

. So, 54 UJC06505K
bottom switches
Secondary-side switches S5, Sg  IKP40ON65HS (x2)
Transformer core T PQ5050

Rearranging (38) yields
Dy, =

1 1 4n2szCT(Mb — 1)—Mb(2 — Mb)(—PS)TS
0 4n2V2C, (M, — 1)+ M2(—P,)T,

wy. T
(42)

Substituting (25), (32), and (42) into (35) and (37), we can
present the ZVS region of the switches according to the value of
Ly, Ps, and My /My, as shown in Fig. 10. Larger L, reduces
the ZVS region of the proposed converter. However, smaller
L,,, generates high peak in 71, and disturbs ZCS. We selected
appropriate value of L,,,, which has acceptable ZVS region and
generates low peak in ¢z,,.

C. Resonant Inductance and Resonant Capacitance

To guarantee proper operation of the converter, the volt-
age across the resonant capacitor must be lower than half of
the secondary source voltage for all operating conditions, i.e.,
AVe, < Vi /2. From this equation, we have

|25 [T
> .

Crz

(43)
Larger P; increases the capacitor voltage fluctuation, so the
capacitor value should be large enough to satisfy (43). Using
(6) and (43), we have

V2

L,<—=2

s 44
< SIPTT (44)
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Fig. 11.  Experimental waveforms of the proposed converter under half load
when it operates as a full-bridge series-resonant converter. (a) V,, = 250 V.
(b) Vp =330V.(c) V), =415 V.

For higher rated power Ps, L, needs to be lower. But, considering
the peak current stress, L, value should be as large as possible
with satisfying (44).

V. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed converter, we
conducted experimental tests using an in-house built 3.3-kW
converter prototype. We selected primary source voltage V), from
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Fig. 12.  Experimental waveforms of the proposed converter under full load
when it operates as a full-bridge series-resonant converter. (a) Vp, = 250 V.
(b) Vp =330 V.(c) V), =415 V.

250 to 415 'V, secondary source voltage V5 = 400 V, and min-
imized the transformer turns-ratio. The general circuit compo-
nent values and specific components are listed in Table I. PWM
duty control functions are implemented on a TMS320F28377D
digital signal processor.

In the forward direction, the converter operates as a PWM
full-bridge series-resonant converter (see Figs. 11 and 12). As .Sy
gets turned on, the current begins to flow through L,. following
the sinusoidal curve. When S gets turned off and S5 gets turned



BAI et al.: HIGHLY EFFICIENT BIDIRECTIONAL SERIES-RESONANT DC/DC CONVERTER OVER WIDE RANGE OF BATTERY VOLTAGES

ven [200V/div.] |

[ i, [30A/div.]

U [500V/div.]

—

time [10us/div.]

ven [200V/div.] ;

iz, [30A/div.]

vpri [500V/div.]

- " | r— -
v i ot v oo
[ T L T A L T S S L™

time [10us/div.]

ven [200V/div.]

iz, [30A/div.]

time [10us/div.]
(©)

Fig. 13. Experimental waveforms of the proposed converter under half load
when it operates as a half-bridge resonant boost converter. (a) V}, = 250 V.
(b) V, =330 V.(c) V, =415 V.

on, 71, quickly goes to 0. In the backward direction, the converter
operates as a half-bridge resonant boost converter (see Figs. 13
and 14). As Sg gets turned on, the resonant inductor current
increases quickly following the uphill part of the sinusoidal
curve. When S, gets turned off, the resonant inductor current
decreases following the downhill part of the sinusoidal curve.
We also verified ZVS operation of the switches under 30% load
with V}, = 250, 330, and 415 V in forward direction (see Fig. 15)
and under full load with V}, = 250, 330, and 415 V in backward
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Fig. 14.  Experimental waveforms of the proposed converter under full load
when it operates as a half-bridge resonant boost converter. (a) V}, = 250 V.
(b) V, =330 V.(c) V, =415 V.

direction (see Fig. 16). Achieving ZVS is harder with lighter
load in forward operation and with heavier load in backward
operation, as shown in Fig. 10. In theoretical analysis, complete
ZVS operation occurs at 30% load and 0.6 voltage gain (with
Vp = 415 V) in forward direction [see Fig. 10(a)]; ZVS can be
achieved under full load in backward direction [see Fig. 10(b)].
In the experiments, complete ZVS operation also occurs at
30% load and V,, = 415 V [see Fig. 15(c)]; ZVS can also be
achieved under full load in backward direction [see Fig. 16(c)].
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Fig. 15.  Experimental waveforms of gate—source voltage, drain—source volt-
age, switch current, and resonant current with V; =400 V at 30% load in
forward direction. (a) Sz with V), =250 V. (b) S2 with V}, =330 V. (¢) S2
with Vj, = 415 V.

In order to show the dynamic performance of the proposed
converter, we varied the reference output power from 1 kW to
500 W and vice versa in both power flow directions (see Fig. 17).
The primary current well tracks the reference primary current
under the reference output power variation. We also tested the
performance of the proposed converter when the power flow
direction changes (see Fig. 18). Similar tendency is observed
under the transition of the power flow direction.
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Fig. 16. Experimental waveforms of gate—source voltage, drain—source volt-

age, switch current, and resonant current with V; =400 V at full load in
backward direction. (a) S5 with V}, =250 V. (b) S5 with V}, =330 V.
(c) S5 with V}, = 415 V.

The power conversion efficiency was measured by Yokogawa
WT330 digital power meter (Fig. 19). The maximum measured
efficiency is 97.8% in the forward direction and 97.8% in
the backward direction. The California Energy Commission
efficiency is 97.5% in the forward direction and 97.4% in the
backward direction at V,, = 250 V. Fig. 20 shows the power loss
distribution of the proposed converter at full-load. In Fig. 20(a),
the primary switch loss takes 41.58% and the secondary switch
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step change occurs at V), =330 V and V; =400 V. (a) Forward direction.
(b) Backward direction.
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Fig. 18.  Experimental waveforms of the proposed converter when power flow

direction changes at V;, = 330 V and V; = 400 V.

loss takes 19.08% in total power loss in the forward direction.
In Fig. 20(b), the primary switch loss takes 39.58% and the
secondary switch loss takes 22.54% in total power loss in the
backward direction.

VI. DISCUSSIONS

Different converters are compared according to the operation
modes, the number of components, efficiency, etc. (Table II).

Experimental waveforms of the proposed converter when load
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Measured efficiency curves of the proposed converter for various

range of battery voltages according to the output power. (a) Forward operation.

(b) Backward operation.
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TABLE II
COMPARISON OF CONVENTIONAL CONVERTERS AND PROPOSED CONVERTER
Configurations [1-4] [14] [15] [16] Proposed
converter
DAB PWAM 3-Level Half bridge +  Full bridge + Full bridge +
Topology LLC Full bridge & Full bridge Active voltage
Half bridge -doubler
Converter Forward Buck-Boost Buck-Boost Buck-Boost Buck Buck
operation Backward Buck-Boost Buck-Boost Buck-Boost Buck Boost
Inductor Forward Linear Resonant Resonant Resonant Resonant
current Backward Linear Resonant Resonant Resonant Resonant
Freq.ue.ncy Fixed Fixed Fixed Fixed+Variable Fixed
variation
Switches 8 8 8 6
Passive
Components ! 3 2 3
Voltage Forward mode 0-o00 0-1 05-1 0-1 0-1
gain range Backward mode 0-o00 1- 00 1-2 1-2 1-o00
Peak efficienc Forward 97.0 % 96.5 % 98.3 % 97.7 % 97.8 %
y Backward ~97.0 % ~96.5 % 98.2 % 97.3 % 97.8 %
Rated power 1 kW 1 kW 1 kW 6.6 kW 3.3 kW
Cost Low High Medium Medium Low
Modulation Medium Complex Medium Medium Simple

The DAB converter [1]-[4] suffers from high reactive power
and high turn-OFF loss when the battery voltage deviates from
the nominal one. The PWAM three-level LLC converter [14] can
suppress the switching frequency variation over wide range of
battery voltages, but it requires a large number of components.
Shen et al. [15] proposes a hybrid mode bidirectional resonant
converter that operates in a full-bridge mode and a half-bridge
mode in both bidirectional power flow to achieve 0.5-to-1
voltage gain. By using different circuits for different modes,
Lee et al. [16] was able to double the voltage gain. However,
both converters must increase the switching frequency when
the battery voltage is very low. Compared to [15] and [16], the
proposed converter achieves higher voltage conversion ratio by
operating it as a PWM full-bridge series-resonant converter in
the forward direction and a half-bridge resonant boost converter
in the backward direction. Thus, the switching frequency is not
required to change. We compared forward/backward voltage
gain ranges of the converters in [15] and [16] and the proposed

converter (see Fig. 21). It also requires only six switches so that
the hardware implementation cost of the proposed converter
becomes much lower than the converters in [15], [16].

The same topology appeared in [18], but the operational
characteristics is quite different. In [18], the circuit operates
mainly for unidirectional power transfer. When the input
voltage is higher than the nominal one, the converter operates in
a phase-shift full-bridge series-resonant converter (PSFB-SRC)
mode. When the input voltage is lower than the nominal one, the
converter operates in the resonant-boost mode. On the contrary,
the proposed converter operates for bidirectional power transfer.
In the forward direction, the proposed converter is able to operate
as a PSFB-SRC but the hard-switching turn-OFF occurs in the
leading-leg switches. To minimize turn-OFF loss, an additional
SiC MOSFET needs to be used for S;, which increases the
development cost. Thus, we operate the proposed converter
as a PWM full-bridge series-resonant converter in the forward
direction, in which hard-switching turn-OFF occurs only at
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the bottom switches as in the half-bridge resonant boost
converter in the backward direction. Furthermore, the converter
operating in the resonant boost mode [18] cannot achieve ZVS
turn-ON in the secondary switches due to the voltage doubler
structure on the secondary side. But the proposed converter is
able to turn ON the bottom switches with ZVS in the backward
mode operation by taking advantage of the bridgeless structure.

VII. CONCLUSION

This article presents a highly efficient bidirectional series-
resonant dc/dc converter over wide range of battery voltages for
V2G-capable EVs. The proposed converter is equipped with a
full-bridge circuit on the primary side and an active voltage dou-
bler circuit on the secondary side. Using only six active switches,
we can reduce the size and cost of the proposed converter. Two
SiC MOSFETs are used on the bottom switches of the primary side
to reduce high turn-OFF loss. By operating the circuit as a PWM
full-bridge series-resonant converter during the forward mode
operation and a half-bridge resonant boost converter during
the backward mode operation, the proposed converter achieves
high efficiency over wide range of battery voltages. This circuit
also operates with fixed frequency and with PWM control, and
thus, the optimized magnetic components and filters can be
designed dedicated to that frequency. To confirm the validity
of the proposed converter, a 3.3-kW prototype converter was
built and tested. Under the designated power and battery voltage
ranges, it achieved 97.8% peak efficiency in both forward and
backward directions.
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