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A Hybrid String-Inverter/Rectifier Soft-Switched
Bidirectional DC/DC Converter

Reza Emamalipour

Abstract—In this article, a new bidirectional dc/dc converter
topology based on a hybrid string-inverter/rectifier structure with
an isolated CLLC resonant circuit is presented for energy stor-
age applications. In this topology, a novel inverter/rectifier leg is
presented that enables this circuit to operate in rectifying mode
with much lower voltage ripple compared to the standard four-
switch string rectifier circuit with the same capacitive filter. Com-
pared to the dual-active-bridge circuit structure, the proposed
inverter/rectifier leg is able to reduce the number of high-voltage
switches required. A CLLC resonant circuit is employed to step-
up/down the dc voltage levels. The operating principles of the
proposed converter are discussed in this article. Silicon Carbide
switches are used in both legs of the proposed converter, with
zero-voltage switching turn-ON and zero-current switching (ZCS)
turn-OFF realized for all switches, whereas ZCS turn-ON and OFF
are achieved for all diodes. Simulation and experimental results
are provided on a 1-kW, 100-kHz, 400-V/700-V converter system
to highlight the merits of the proposed converter. Experimental
results demonstrated that an efficiency of close to 97 % is achieved
in the proposed converter in both boost mode and buck mode at
the full-load condition.

Index Terms—Bidirectional converters, CLLC resonant circuit,
dc/dc converters, electric vehicle (EV), soft switching.

I. INTRODUCTION

OR almost a quarter century, conventional energy sources
(fossil fuels) have been depleted and are gradually be-
coming economically nonviable. As a result, renewable energy
sources (e.g., wind and solar) and electric vehicles (EVs), are
becoming attractive replacements [1], [2]. Recently, EV charg-
ing systems have drawn attention in the [3], [4]. A typical
unidirectional grid-to-vehicle charger consists of an ac/dc power
factor correction stage and a dc/dc converter [5]. Yet, EVs can
also be utilized to send either active or reactive power back to
the grid to provide voltage and frequency regulation [6].
Bidirectional converters are essential in allowing two-way
power flow and are also applied to interface the battery bank
with the high-voltage dc-link of the inverter in EV applications
[7]. Fig. 1 shows the structure of the integrated charging system
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Fig. 1. Structure of the integrated charging system for EV.

for an EV. The high-voltage and low-voltage battery packs are
connected to the dc bus by means of bidirectional dc/dc con-
verters. To maintain the bus voltage constant, the bidirectional
converter controls the battery charge and discharge and prolongs
its service life, and reduces the operation and maintenance costs
of the entire power generation system [8].

Several different types of bidirectional converters have been
discussed in [9]-[13]. In low-voltage low-power applications,
a two-quadrant nonisolated buck/boost bidirectional converter
has been preferred in many studies due to its simple struc-
ture, low cost, and high efficiency. However, in medium to
high-voltage/-power applications such as the dc/dc bidirectional
converter in EVs, the two-switch structure exhibits several short-
comings, including low efficiency at light load [14]. In [15], a
bidirectional flyback converter is presented. It is simple and is
able to achieve soft-switching operation, but its efficiency suffers
at high-power applications.

Dual-active-bridge (DAB)-based dc/dc converters and CLLC
resonant converters are widely used for providing bidirectional
power flow and achieving zero-voltage-switching (ZVS) [16]-
[19]. Yet, the conventional DAB converter has high circulating
reactive current, its soft-switching region of a conventional DAB
converter is only limited to a narrow output voltage range and the
voltage stress across each power switch is equal to the dc-link
voltage. Compared to DAB-based bidirectional converters, res-
onant converters have the advantage of achieving soft switching
at almost all loading conditions [20]. Different types of resonant
bidirectional converters have been reported in [21]-[23].

Three-level (TL)-based bidirectional converters have been
reported in the [24]-[29]. They are popular as they are able to
reduce the voltage stress across the switches while doubling the
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(a) (b)

Fig. 2. Topology of the conventional four-switch string converter (operating
as a rectifier) including the current path for: (a) positive 75, and (b) negative 75.

frequency of the output voltage ripple when the circuit operates
inrectifying mode, hence reducing the output voltage ripple. Due
to the asymmetric loss distribution between the inner and outer
switches in the TL circuit, and the dc-link capacitor unbalance
voltage distribution, active TL circuit has been reported [26]
by replacing the two diodes with switches. In [27], a compar-
ative study on various TL-based resonant and soft-switching
converters has been reported. A drawback with the TL circuit
when it is used in conjunction with resonant circuits is that as
the duration of the zero-voltage level increases at the output
of the inverter, the maximum achievable gain of the resonant
converter decreases. It also loses soft-switching operation as
the converter operates away from the full-load condition [27].
Different additional passive or active auxiliary circuits [24],
[27], [28] have been reported to aid the TL converter to extend
soft-switching operation.

Another type of bidirectional converters for the use in energy
storage applications is the four-switch string-structured recti-
fier/inverter circuit [30], [31] (see Fig. 2) in which the voltage
stress equally distributed among the switches and is reduced
by half compared to that of the conventional full-bridge invert-
ers, making it a suitable choice for medium- and high-voltage
applications [30]. However, in this circuit, when it operates in
rectifying mode, the circuit operates as a half-wave rectifier and
only the positive current flows through the output capacitor,
while the negative current circulates in the resonant circuit,
leading to higher voltage ripple in the load with the frequency of
the output current ripple equal to the switching frequency [31].

A five-switch H-bridgeless dc/dc bidirectional converter has
been presented in [31] that utilizes only one low-frequency (LF)
switch and one dc-link capacitor. The main drawback of this
converter is that no neutral point is available in the circuit
topology. Consequently, in case there is a difference in the
values of the snubber capacitors, the input voltage is not equally
distributed over the switches. In addition, the switches in the OFF
state experience a fluctuating voltage stress. Hence, the voltage
across all the switches is not completely balanced.
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Fig. 3. Proposed hybrid string-inverter/rectifier structured soft-switched bidi-
rectional converter.

In this article, a new bidirectional dc/dc converter topology
based on a hybrid string-inverter/rectifier structure with an iso-
lated CLLC resonant circuit is proposed. The proposed converter
resembles the conventional four-switch string topology, while
the magnitude of the input/output voltage ripples are able to
be reduced compared to that of the conventional four-switch
string topology. Compared to the converter presented in [31],
the proposed converter provides a neutral point that ensures
that the voltage is distributed equally over the switches and any
difference in the values of the snubber capacitors does not affect
the voltage stress over the switches. A CLLC resonant circuit
is designed to step up/down the dc voltage levels. In addition,
the proposed converter provides soft-switching conditions for
all switches and diodes. The same operating frequency can also
be used to achieve both step-up/step-down voltage conversions.
The operating principles and descriptions of the proposed circuit
will be provided. The performance of the proposed bidirectional
dc/dc converter is verified through simulation and experimental
results on a 1-kW, 400-V/700-V converter system.

This article is organized as follows. Section II provides a
description and the operating principles of the proposed bidirec-
tional converter. Section III provides the analysis on achieving
soft-switching conditions of the circuit, as well as all the design
equations. Section IV provides the loss analysis of the circuit
and Section V provides the simulation and experiment results to
highlight the merits of this work. Finally, the concluding remarks
and discussions are provided in Section V.

II. PROPOSED ISOLATED BIDIRECTIONAL CONVERTER

The proposed bidirectional dc/dc converter is shown in Fig. 3.
In the proposed circuit, each inverter or rectifier leg consists
of four high-frequency (HF) switches and two LF switches.
The two legs, as shown in Fig. 3, are then connected via an
isolated CLLC resonant circuit. The proposed converter can
operate in boost conversion mode (i.e., discharging mode with
V; represents the battery voltage, and V, represents the dc-
bus voltage) or buck conversion mode (i.e., charging mode).
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When leg 1 operates as an inverter, the inverter generates a
unipolar square wave voltage across the resonant tank. In this
case, the two middle LF switches (S3 and S4) are ON and the
inverter operates as the conventional four-switch string inverter,
resulting in a voltage stress of half of the input voltage across
each switch. In the rectifying side (i.e., leg 2), the two middle
switches (Q3 and Q4) are OFF, allowing the output current pass
through the output capacitors (Co g and Co 1) for both positive
and negative currents. As a result, compared to the conventional
four-switch string rectifier, the secondary-side rectifier in the
proposed circuit acts as a full-wave rectifier and is able to achieve
lower output voltage ripple of the converter than that of the
conventional four-switch rectifier circuit. On the other hand,
when the converter operates in buck mode (i.e., charging mode),
the two middle LF switches (Q3 and Q4) in leg 2 are ON with
the two middle LF switches in leg 1 (S5 and S4) turn OFF. In
order to step up/down the voltage level and to provide ZVS
for the switches during turn-ON and turn-OFF, a CLLC resonant
circuit is employed in the proposed converter. An integrated
HF transformer is utilized in the resonant circuit for offering
galvanic isolation between the primary and secondary sides.
Therefore, all the semiconductor devices in the proposed circuit
achieve either ZVS or ZCS operation.

The proposed converter can also be used in a modular struc-
ture. In the modular converter, based on the application, each
module can be connected in either parallel/cascaded inputs or
parallel/cascaded outputs. A modular converter structure with
the proposed circuit modules in parallel is shown in Fig. 4.

The key operating waveforms of a single module are demon-
strated in Fig. 5. Since the proposed circuit is bidirectional,
only the operating principles of the boost operating mode (i.e.,
discharging mode) is discussed later.

The detailed operating states of the converter in each time
interval have been provided in Fig. 7.

A. Interval 1 [ty <t <t]:

At t = ty, the gate signals are applied to S; and Sg, while So
and S5, O1-Qg are OFF and S5 and S, are ON. The primary-side
resonant current (4, ) is negative and the current passes through
the body diodes of S and Sg until it reaches zero. Meanwhile,
the secondary-side resonant current (is) is positive and the
antiparallel diodes of Q1 and Qg conduct the current.

B. Interval 2 [t <t < ty]:

In this interval, S1, S3, S4, and Sg are still ON, while the rest of
the switches are OFF. At ¢ = t1, i,, becomes positive and passes
through S; and Sg. Hence, S; and Sg turn ON under ZVS. At the
same time, i is still positive passing through the body diodes of

Q1 and Qg.

C. Interval 3 [to <t < t3]:

The gate signals remain unchanged in this interval, yet i
becomes negative at + = fo. At this point, Q3 and Q4 prevent
vy from being short circuit and allow the negative current to
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Fig. 4. Modular converter structure with the proposed hybrid string-
inverter/rectifier resonant bidirectional dc/dc converter module.
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Fig. 5. Key waveforms of the dc/dc portion in the proposed converter.

flow through D, and D2 and the antiparallel diodes of Q5 and
Qs charging C,p and C, .
D. Interval 4 [t3 <t < t4]:

At t = t3, the gate signals of S; and Sg are removed. i, is
positive and flows through Cg, and Cg5 discharging them while
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charging Cg; and Cgg. As a result, vg; and vgg rise slowly
from zero, providing ZCS for S; and S¢. The flowing path for ¢
remains unchanged.

E. Interval 5 [ty <t < t5]:

At t = 14, the gate signals of Sy and S5 are applied while
S1, S¢, O1—Qg are OFF and S3 and Sy are ON. i, is positive and
the current passes through the body diodes of So and S5 until
it reaches zero. ¢ is negative and passes through D,; and D,
and the antiparallel diodes of Q- and Q5.

E Interval 6 [t5 <t < tg]:

In this interval, the gate signals remain unchanged. At t =
15, i, becomes negative and passes through S5 and S5 providing
ZVS turn ON. The current path for ¢, remains unchanged.

G. Interval 7 [tg < t < t7]:

S5 and S5 are still ON while Sy, S¢, Q1—Qg are turned OFF. i
becomes positive at t = #; and passes through the antiparallel
diodes of Q1 and Qg charging C',;y and C, ..

H. Interval 8 [t; <t < tg]:

At t = t7, the gate signals of Sy and S5 are removed. i), is
negative and flows through C's; and C'sg discharging them while
charging C's5 and Cgs making vgo and vgs rise slowly from
zero, providing ZCS for S5 and S;5.

III. DESIGN CONSIDERATION AND ANALYSIS OF
SOFT-SWITCHING CONDITION

This section is going to analyze the characteristics of the em-
ployed CLLC resonant circuit and the converter’s soft-switching
operating condition. Fundamental harmonic analysis is used to
analyze the circuit voltage gain in both boost mode and buck
mode. Consider the boost operating mode, as mentioned in the
previous section, S; and Sg¢ turn ON during DT and operate
in complementary fashion with Sy and S5 turn ON in interval
(1-D)T,, where D is the duty ratio and 7 is the switching
period. Unipolar square wave voltage vy, as given by (1), is
generated by the inverter and is applied to the primary of the
resonant circuit, where 6y, is given by (2), where £ is the harmonic
order, wg, is the angular switching frequency, and V; is the
input voltage. Since the capacitors in the resonant tank block the
dc component, the voltage at the primary side of the resonant
circuit (v1) can be written, as given by (3)

vy =V;D+ Z %\/ (1 — cos2hm D)sin(hwg.,t + 0p)
h=1
(D

sin 2hm D ) )

Op =tan™' | —————
h (1—cos?h7rD

vy = Z \/hivi (1 = cos2hm D)sin(hwsyt + 05). 3)
h=1

™
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Fig. 6. Fundamental equivalent circuit in (a) boost mode (b) buck mode.

Since the output voltage of the converter is regulated by vary-
ing the switching frequency, in order to maximize the voltage at
the primary side of the resonant circuit, D is set to 50%. v can
then be expressed, as given by (4). By ignoring the higher order
harmonics and only considering the fundamental frequency of
the voltage at the primary of the resonant circuit, the rms value
of v1 (Vi(rms)) is given by (5).

[o¢]

2V; .
vy = Z o sin(hwgyt) 4)
h=odd
V2V,
Vl(rms) = T 5

Fig. 6 shows the fundamental harmonic equivalent resonant
circuit. The CLLC resonant tank consists of Ly, L, Cp, and
Cs, where L) represents the magnetizing inductance of the HF
transformer, C), and C stand for the primary- and secondary-
side capacitors, respectively, and L4 represents the secondary-
side inductance. In addition, k = L/ L is defined as the ratio
between the secondary side and the magnetizing inductances
and m = C,/C), is the ratio between the secondary-side and
the primary-side capacitances. The equivalent resistance R,, as
shown in (6), and the angular resonant frequency wy (rad/s) of
the resonant components, as given in (8), are chosen as the base
values, where IV,, and N, are the number of turns in the primary
and secondary of the HF transformer, respectively, and Rp, is
the output equivalent resistance of the resonant circuit

8 [/N,\?
7T2<Np> Ry (6)

R =

Since the turn ratio of the HF transformer is 1, the equivalent
ac resistance R,. can be expressed by (7), where wr is the
normalized angular switching frequency and is given by (10)
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and Q represents the quality factor

8

Rac = 'RL (7)
T
1
- - 8
wo TG, (8)
R,
— ¢ _R.-C,- 9
Q LZVI “wo p *Wo ( )
W, = % (10)
wo

Considering the aforementioned assumptions and by ignor-
ing the higher order harmonics, the voltage gain in the boost
operating mode is given by

Va Rac - jLywsy - jcpwsw

v

(Rac + JLmwsw + m) “JLpmwsy - §Cpwsw
+Rac +j(k+ 1) Lywew + e

ImCpwsw

(11)
Using (7)—(10), the voltage gain can be further simplified as

V2 OJTQ

Vi =) i (ke = — o+ — )
12)
Using the same method, the voltage gain in the buck operating
mode is obtained as given by

Vi
Va
Jwr
+k(1 —wTQ)) +j (wr — o +kwr).
(13)

1 1 1

m mw,.2

As can be seen in Fig. 7, the two middle LF switches (Qs
and Q) and the diodes in the rectifying side allow the current to
flow through the output capacitors for both positive and negative
secondary-side resonant current (i), allowing the rectifying cir-
cuit to operate as a full wave rectifier. The gain of the rectifying
stage is given by (14).

Hence, the total voltage gain of the proposed converter in the
boost operating mode is given by (15), where V/, is the output
voltage of the converter and V5 is the voltage in the secondary
side of the resonant circuit

Vs, T

Jo % 14
Vo 22 (1

Vo ‘/2 Vl

G isch = |1/ 37 X7

G =Y Y,

w2
p— 2.
\/(wr2—1)2+52 X (Iﬂwr?’—%—kwr—&—ﬁ—wr)

(15)
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Similarly, the total voltage gain of the proposed converter in
the buck operating mode is obtained as follows:

1 S
Gan = 5 ~ —. (16)
45—z k(1 —w?)

2
—&—(wr -4 k;wr)

The voltage gain curves of the converter in both boost and
buck modes are demonstrated in Figs. 8 and 9, respectively, for
k=1landm=1.

Typically, the battery pack voltage in EVs goes from a min-
imum value of 250 V to a maximum value of 400 V, with
a nominal value of 345 V (e.g., Nissan Leaf). Based on the
structure of the integrated charging system shown in Fig. 1, the
dc-bus voltage Vpc must be higher than the peak magnitude
of the line-to-line grid voltage V,, ,, of a confidence factor C';
that accounts for the voltage drops across ac filter and the power
switches inside the ac/dc block [32]

Voc = Cy - Vygp- a7

By selecting a convenient confidence factor, generally, a
dc-bus voltage of 700 V is considered in the design of EVs.
Consequently, in order to allow the converter to achieve the
required specifications, a quality factor of 4 is selected in the
design of the resonant circuit. Furthermore, for a given quality
factor, k and m can be adjusted to make the voltage gain of 700 V
to 400 V happen for the same switching frequency in both buck
and boost modes. Fig. 10 demonstrates the voltage gain curve
of the proposed dc/dc converter for Q =4, k =2, and m = 0.35.

From (3), the primary-side resonant current of the converter
(i) is then obtained (18), where |Z; ;| is the amplitude of the
equivalent impedance of the sth harmonic and is given by (19),
and ¢yz; ;, represents the phase angle given by (20)

ip= ﬂ (1 — cos2hm D)sin(hwgyt + 0n — ¢z, )
el hm |Zi,h| "

(18)
|Zi,h| - Rac

m

Q* + <thr' (k+ 1-— ﬁ))Q

(k414 20— k) — k)’ + (hQu, (1 752))°

19)
hQuy - (1= 7
¢Zih:ta‘n71 1 lr
heop - (k1= ks )

—tan~* - (20)

Q

The peak value of the primary resonant current (/p,(;ax)) and
the rms value of the fundamental component of the primary

resonant current (I (,y,)) are then obtained, as shown in (7)
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and (8), respectively

- V2V
>

ax) = —— /(1= 2hm D 21
p(max) hr |ZZ h| ( cosznm ) 21
h=1 ’
Vi it 1 — cos2hmD
I rms —_ NN T (22
p(rms) T h; (h \Zi,h )2 )

Further, from (18), the per unit fundamental component of the
current in the primary of the resonant circuit for t = 7y and t =
t4 is obtained in (23) and (24), respectively.

ip(to) = ?\/ (1 — cos2hmD)sin(0y, — pzi.pn) (23)

ip(ta) = g (1 — cos2hmD)sin(2whD + 0y, — 0z 1).
24

As can be observed from Fig. 5, in order to provide soft
switching for §; and Sg, 7, has to be negative at t = #y. The
curve of 7,, for D = 0.5 and different values for w, and Q is
shown in Fig. 11 along with the soft-switching area. Similarly,
for S5 and S to turn ON under ZVS, i, has to be positive at # = t4.
With D = 0.5, the soft switching curve for Sy and S5 is the same
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The Proposed Bidirectional Converter
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Fig. 12.  Block diagram of the closed-loop system.

and the current is mirrored with a negative sign. Considering the
aforementioned assumptions and the specified operating point,
shown in Fig. 10, soft switching is realized for all of the switches
in boost operating mode.

Therefore, for an output power of 1 kW and a base switching
frequency of 100 kHz, the resonant circuit components are
obtained as

V,? 7002
R 0 — 490 25
L= "B~ 1000 (25)
8
Ry = — - Ry = 307180 (26)
R
L — 158 uH 27)
M= Q2 a
Ly =k Ly = 316.07 uH (28)
1
— — — _ —16.03nF 2
Cp T 6.03 n (29)
Cs =mC, = 6.25 nF. (30)

A. Control Principles and Voltage Balancing Technique

The block diagram of the control system is demonstrated
in Fig. 12. The output voltage of the converter can be
controlled via the variable-frequency method or duty ratio con-
trol through the pulsewidth modulation technique. In this ar-
ticle, a variable-frequency control technique has been utilized
to regulate the output voltage. Considering the voltage gain
curve of the resonant converter in terms of the normalized
angular switching frequency (w,.), shown in Fig. 9, in order to
make sure that the converter operates within the ZVS region,
the switching frequency has to be kept above the resonant
frequency. Furthermore, as can be seen in Fig. 10, considering
the relationship between the overall gain of the converter and
wy, for the frequencies greater than the resonant frequency, as
the switching frequency increases, the gain decreases and vice
versa. Therefore, in control system, first, the output voltage of the
converter is sensed and is compared with the desired value. Then,
the difference (error) is fed into a proportional-integral (PI)
controller. The output of the PI controller determines whether the
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switching frequency has to be increased or reduced to regulate
the output voltage. In addition, in order to avoid operating at
frequencies below resonance, a limiter is added in the control
system to set a lower limit to the operating frequency and to
ensure that the converter operates within the ZVS region.

IV. POWER LOSS ANALYSIS

The total power loss of the proposed dc/dc converter can be
divided into SiC switch losses, diode losses, and losses in the
resonant circuit.

A. Power Loss Analysis of the SiC MOSFETs

Power losses of an SiC switch mainly consists of steady-state
conduction loss, switching loss, and gate charge loss, which are
explained as follows.

1) Conduction Loss: The conduction loss of the SiC switches
in the proposed converter can be obtained by

cond _loss = (3 1 )

Z ISl(rmb)ROH Si)

where R, (s;) is the switch ON-resistance and the rms current
in the switches can be obtained from the resonant current 7, in
(4). Since the harmonic components of the resonant current are
negligible in loss calculations, 7,, can be written as given by

2V; .
ip = 7\er| V(1 = cos2m D)sin(wewt + 0 — oz, ).

Consequently the rms current passing through the SiC
switches can be obtained as follows:

L[t Vi
— | dt = 1 —cos(2nD
- / it = 2/ T=con(2eD)

" \/D_;}_'_sin@wswtl —&—29—2(,022—sin(47rD—|—29—2<pZi).
s ™

(32)

Is1 = Isg =

(33)

The maximum rms current passing through the switches can
be calculated when #; approaches zero (1 — 0), and conse-
quently, pZin — 0

ISl(max) = ISG(max) =

Vi sin(26) — sin(4w D + 26)
7T|Zi\/(1 — cos(2mD)) (D—l— pm )

(34)

Similarly, the rms current passing through S and S5 can be

obtained by
[
7 J,

5

v/ 1 — cos( 271'D

Isy = Is5 = 7r|Z\

\/ tj+ Sin Rugwts +20 —2¢ 7;) —sin Rugy Ts +20 — 2 7;)
s 47 '

(35)
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The maximum current of Se and S5 is given by

ISQ(max) = ISS(max) = = |Zz‘

X \/(1 — cos(2m D)) (1 - D+ sin(4m D +42§) - Sin(29)>.
(36)

2) Switching Loss: According to the waveforms, shown
in Fig. 5, the switching losses of the SiC switches can be
expressed by

6

1
Pswfloss: Z |:2V5(ton) ' IS(ton) : (t’r‘ + tdﬁon) ! fs
i=1

1
+§V5(toﬁ?) Is(tos) - (bf +taon) - fs| (B7)

where ,. is the switch rise time, ¢  represents the switch fall time,
tq_on 1s the turn-ON delay time, {4 o represents the turn-OFF
delay time, and f is the switching frequency. Yet considering
ZVS turn-ON and ZCS turn-OFF and the fact the CLLC resonant
converter is utilized to provide soft switching, the switching
losses are negligible.

3) Gate Charge Loss: Gate charge loss is the power that
dissipates charging the switch gate and can be calculated by
(38), where Q¢ represents the gate electric charge, C is the
gate capacitance, and Vi is the gate-source voltage

6 6
Poios=Y Qa-Va-fs=Y Ca-Vi-foo (39

i=1 i=1

B. Power Loss Analysis of the Diodes

The conduction Loss of the diodes is divided into conduction
loss and switching loss. Due to the near-zero ZCS turn-ON and
turn-OFF of the body diodes of the switches and the added diodes,
the switching loss of the diodes can be ignored. As a result, only
conduction loss is contributed to the diode loss as

4
PG?loss - Z RDi . I%ifrms' (39)
=1

where Rp; represents the ON-state resistance of the diodes.

C. Power Loss Analysis of the HF Transformer and Inductor

The loss associated with the HF transformer and inductor
is divided into conduction loss and core loss. The inductor
conduction loss in the secondary side of the resonant circuit
can be expressed by (39), where Ry,pc is the dc resistance of the
inductor winding, and I (,,¢) represents the rms value of the
current in the secondary side of the resonant tank

Pindfcond = RLDC ' If(rms)- (4’0)

The conduction loss associated with the HF transformer is
calculated by (41), where Rppc and Rspc represent the dc
resistance of the primary and secondary windings of the HF
transformer, respectively

(41)

PrR,_cond = Rppe - Ii(rms) + Rspc ff(rms)-
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Fig. 13.  Simulation waveforms for the boost operating mode.

The core losses of the transformer and the inductor can be
obtained by (42), where kg, «, and 3 are constants and AB is
the peak ac flux density expressed by (43), where N represents
the number of turns and A, is the core window area

Peore = ko - AB™ - fP (42)
Vin DT
AB = . 4
4N A, “3)

V. SIMULATION AND EXPERIMENTAL RESULTS

The simulation and experimental results are provided in this
section to verify the performance of the proposed converter.
The simulation waveforms in the boost mode are demonstrated
in Fig. 13 for D = 0.5. Ly, Ls, Cp, and Cy are 158 pH,
316.07 1H, 16.03 nF, and 6.25 nF, respectively. Fig. 14 compares
the output voltage ripple in conventional four-switch converter
and the proposed six-switch hybrid converter in boost and buck
operating modes, respectively. The switching frequency of the
converter is 107 kHz in boost mode. In this mode, S3 and S4
are turned ON and Q3 and Q4 are turned OFF. As a result the
power is delivered to the load for both negative and positive
secondary-side resonant current, and hence, the output ripple
frequency is increased from 100 to 200 kHz. The simulation
results agree with the theoretical analysis.

A 1-kW proof-of-concept prototype, shown in Fig. 15,
is designed to verify the operation of the proposed circuit.
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Fig. 14.  Output voltage for four-switch versus six-switch string converter in

(a) boost operating mode and (b) buck operating mode.
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Fig. 15.  Proof-of-concept prototype tested in laboratory.
TABLE I
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS
Output Power (P,) 1 kW
Output Voltage (V,) 700 V
Input Voltage (7)) 400 V
Magnetizing inductance (L) 160 uH
Secondary side resonant inductance (Ly) 320 uH
Primary side resonant capacitance (C,) 15 nF
Secondary side resonant capacitance (Cy) 5.8 nF
Switching Frequency (f5) > 100 kHz
Switches SiC SCT3080KL
Added Diodes U1560 Ultrafast Diode
Primary side snubber caps 330 pF
Secondary side snubber caps 150 pF

The component parameters used in the experiments are given
in Table I. InfiniiVision MSOX6004A oscilloscope by Keysight
Technologies was used to capture the experimental waveforms
and measure the provided efficiencies. Fig. 16 demonstrates the
voltage and current of the primary and secondary side of the
resonant circuit in boost operating mode. Fig. 17 shows the
drain—source voltage and current of the inverting side switches.
As can be seen, the voltage stress over the switches is half of
the dc-link voltage. ZVS turn-ON is provided for all the switches
in the inverting block. In the experiment prototype, a snubber
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Fig. 16.  Experimental waveforms of the converter in boost mode. Voltage and
current at the primary and secondary side of the resonant converter.
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Fig. 17.  Experimental waveforms of the converter in boost mode. (a) Drain—
source voltage and current of S; and Sq for two switching periods. (b) Zoomed-in
snapshot.

capacitor of 330 pF is added across each switch to provide ZCS
turn-OFF for the primary-side switches.

The output voltage along with secondary-side resonant cur-
rent is demonstrated in Fig. 18. The positive current passing
through the body diodes of Q; and Qg is identical to the negative
current passing through D,; and D2 and the antiparallel diodes
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Fig. 19.  Experimental waveforms of the converter in boost mode. (a) Drain—

source voltage and current of Q7 and Qs in the rectifying block for two switching
periods. (b) Zoomed-in snapshot.

of Q5 and Q5. The voltage stress and the current passing through
Q1 and Q5 are shown in Fig. 19.

Since no gate signals are applied to the rectifying block
switches, no switching losses in the rectifying block are associ-
ated with the total converter loss in boost operating mode. Fig. 20
shows the voltage stress across the switches and the diodes in
the rectifying circuit. Snubber capacitors of 150 pF are utilized
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Fig.21. Dynamic response of the proposed converter for a step input voltage
change (400-250 V) with a variable-frequency control technique in the boost
mode.

Is1

in the secondary side to provide ZCS in the charging mode and
to balance the voltage stress over Qs, Qs, D,1, and D,s.

In order to evaluate the performance of the control system, two
scenarios have been investigated for various loading conditions.
In the first scenario, the input voltage has been reduced from 400
to 250 V in the boost mode and it has been investigated whether
the converter can regulate the output voltage on 700 V. Dynamic
response of the proposed converter for a step input voltage
change is shown in Fig 21. As can be seen, the control system
has successfully regulated the output voltage to the desired value
while providing ZVS for the switches (see Figs. 22 and 23).
The zoomed-in snapshots of the experimental waveforms are
demonstrated in Figs. 24 and 25. As can be seen, at the time the
gate signal is applied to the Sy, the current is passing through its
body diode in the opposite direction providing ZVS for S;.

In the second scenario, the performance of the control system
has been investigated in the buck mode. In this mode, the load
has been increased from 60% to 100% of the rated power and the
performance of the converter in regulating the output voltage has
been investigated. As can be seen in Fig. 26, after the load has
been increased, the converter has successfully regulated the out-
put voltage in the buck mode by means of the variable-frequency
control system while providing ZVS for all of the switches
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Experimental waveforms of the converter after the input step change

Zoomed-in snapshot of the experimental waveforms of the converter

Zoomed-in snapshot of the experimental waveforms of the converter
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Fig.27. Experimental waveforms of the converter before the load step change.
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Fig. 28. Experimental waveforms of the converter after the load step change.

(see Figs. 27 and 28). The zoomed-in snapshots of the ex-
perimental waveforms are demonstrated in Figs. 29 and 30.
Figs. 31 and 32 show the efficiency measurements at the boost
and buck mode conditions. Fig. 31 shows the case at the full-
load condition at boost mode, where an efficiency of 96.8% is
obtained. Fig. 32 shows the efficiency at full load at buck mode.
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Experimental waveforms of the converter in boost mode for a 400-V

input, 700-V output and a 487-2 resistive load. Input and output voltages and
current waveforms along with the measured efficiency.
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Experimental waveforms of the converter in buck mode for a 700-V

input, 400-V output, and a 160-€2 resistive load. Input and output voltages and
current waveforms along with the measured efficiency.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

100

99 L == Efficiency in Boost Mode

== Efficiency in Buck Mode

98

Efficiency [%]

90 L I I I I .
400 500 600 700 800 900 1000

Output Power [W]
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Fig.35. Thermal test results of the prototype operating at 1-kW output power
in buck mode. (a) Inverting block. (b) Rectifying block.

The efficiency curves of the proposed converter in the boost
and buck operating mode are presented in Fig. 33. In order to
obtain the efficiency of the total circuit, the input voltage (V)
and current (i;) have been connected to the input channels of
the oscilloscope and the output voltage (V) and current (3, )
have been connected to the output channels and the efficiency
analysis option has been selected to calculate the efficiency.
The same approach has been employed to capture the ef-
ficiency of the resonant circuit. At 1-kW output power, the
designed prototype shows a maximum efficiency of 96.8% in
boost mode and 96.5% in buck mode for a switching frequency
of 107 kHz. Loss breakdown of the key components in the
prototype is shown in Fig. 34. Fig. 35 shows the thermal images
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TABLE II
COMPARISON BETWEEN THE EXISTING AND THE PROPOSED BIDIRECTIONAL DC/DC CONVERTER TOPOLOGIES
Topolo Number of semiconductor devices in each leg | Voltage stress over each | Frequency ofthe | Current rating of Efficiency
pology HF switches | LF switches diodes switch in inverting block | output voltage each switch
0,
H-bridge 4 - - Vlink 2% fs I 98% [33]
Three level V ik 96.5% [26]
4 R 2 in 2 X 1,
converter 2 fs
4-swtich string 4 ) ) Vlink f I 96%
circuit 2 S ’
5-swtich string Vink 96.8%
4 1 2 —Link. 2x I,
circuit 2 fs
The proposed 4 5 5 Vi 2% f I 96.8%
circuit 2 s ¢

of the switches in the inverter and the HF rectifier. It can be
observed that the temperature readings are almost the same and
are well below the maximum operating temperatures. Compared
to the conventional full-bridge-based bidirectional converters,
the proposed converter structure reduces the voltage stress of
half of the required switches to one-half of either the dc-link
voltage or the battery voltage. In addition, the peak-to-peak
output voltage ripple in the proposed topology is less than
one-half of that in the conventional four-switch string rectifier
circuit, allowing much lower output filter capacitance to be used.
Table II has been provided to compare the existing and the pro-
posed bidirectional circuit topologies in terms of: semiconductor
device count (switches and diodes), efficiency of the converter,
voltage and current ratings of the switches, and the diodes and
the frequency of the output voltage ripple.

VI. CONCLUSION

A hybrid string inverter/rectifier resonant bidirectional dc/dc
converter has been presented in this article for energy storage
applications. The employed CLLC resonant circuit in the pro-
posed topology allows the circuit to step up/down the voltage
levels and to provide soft switching for all the switches and
diodes. The operating principles and soft-switching condition
of the proposed converter have been analyzed in detail. The
design procedures of an example were provided. Simulation
and experimental results have been provided on a 1-kW, 700-V
output, 100-kHz prototype to highlight the merits of the pro-
posed converter. Dynamic performance and step responses of
the proposed converter have been provided. Results confirmed
that a peak efficiency of 96.8% in the boost mode and 96.5% in
the buck mode were achieved.
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