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Abstract—Sinusoidal modulation can keep the resonant cur-
rent in phase with the terminal voltage, and thus it is feasible
to achieve both zero current switching (ZCS) ON/OFF and
eliminate backflow power in a series resonant converter. However,
it makes the transfer characteristics inherently dependent on
the resonant tank and thus challenges power regulation. In this
paper, a novel intermittent sinusoidal modulation is proposed for
a bidirectional series resonant converter (BSRC). Each switching
cycle incorporates a sinusoidally modulated resonant period and
an intermittent period for the current controllability, while fully
ZCS as well as null backflow power can be maintained for high
efficiency regardless of load conditions. The BSRC operates as
a current source, with the normalized voltage gain being either
stepped up or down, to achieve a wide range of output power.
Moreover, the output power together with the power loss is
proportional to the switching frequency, making the high power
efficiency independent of the load. Therefore, fully ZCS, linear
current controllability, and load-independent high efficiency can
be simultaneously realized throughout a wide load range. A 1 kVA
BSRC prototype that interfaces a high-voltage bus ranging from
240 V to 480 V and a low-voltage bus of 48 V validates the
proposed modulation scheme.

Index Terms—Bidirectional series resonant converter, current
controllablity, soft switching, efficiency, wide range.

I. INTRODUCTION

ATTERY energy systems are regarded as short-term or

long-term energy buffers to stabilize the energy transfer
in applications of renewable energy as well as electric vehicle
[1]-[3]. A bidirectional DC/DC converter is essential in the
battery energy system, which connects the high-voltage DC
bus and charges/discharges the battery [4], [5]. In a typical
charging and discharging profile of a Li-ion battery cell [6],
the cell voltage ranges from a discharging cutoff value of 2.7 V
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to a charging threshold value of 4.2 V, while the charging and
discharging currents can vary from its rated value to a few
percentages of the rated value. Such that, the DC/DC converter
is expected to have a wide operation range, i.e., wide-range
voltage gain as well as wide-range output power. Moreover,
high efficiency throughout the whole operation range is also
desired to reduce power loss during the energy exchange.
Bidirectional series resonant converters (BSRCs) are widely
used to interconnect the Li-ion batteries and the high voltage
DC buses. Although the wide operating range and high effi-
ciency are usually desired [7], [8], modulation schemes that
can achieve these features are challenging. Variable frequency
modulation (VFM) is widely used to regulate the output
power while ensuring zero voltage switching (ZVS) in the
inverter and zero current switching (ZCS) in the rectifier [9].
However, the VEM-controlled BSRC can only work as a Buck
converter, and its voltage gain is insensitive to the switching
frequency, which leads to a restricted operating range [10],
[11]. Alternatively, the output power can be regulated by
adjusting the voltage phase angle between the inverter and
the rectifier, which is called phase-shift modulation (PSM).
Although PSM enables power regulation in a wide voltage gain
range, there exists a large circulating current and the backflow
power increasing the conduction loss [12], [13]. Pulse width
modulation (PWM) can help minimize the circulating current
[14]-[20], but the switches suffer from hard turn-ON/OFF,
leading to significant switching loss and electromagnetic in-
terference (EMI) noise. VFM+PSM methods are proposed to
achieve soft switching over a wide operating range [21], with
a penalty of increasing the circulating current. Then, a four-
degrees-of-freedom modulation (FDM) is proposed [22], [23],
which controls the switching frequency, duty cycle and shifting
phase simultaneously to reduce the circulating current and
achieve ZVS-ON for a wide operating range. Nevertheless,
the complex and nonlinear relationship between the frequency,
duty cycle and shifting phase makes the controller design very
difficult. Last but not the least, even though the large hard-ON
loss of MOSFET in these modulations is avoided for ZVS-
ON is achieved, the BSRC still suffers from hard-OFF, which
increases with the turn-off current as well as the switching
frequency. In summary, although modulation schemes in the
literature have made the effort to extend the operation range
and improve the efficiency, they fail to maintain high efficiency
throughout the whole load range, specifically, efficiency devi-
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Fig. 1. Basic operating principles of the conventional and the proposed
modulations.

ation still exists in light load conditions.

When the switching frequency is fixed to the resonant
frequency, named sinusoidal modulation, a sinusoidal resonant
current in phase with the voltage can be provided, realizing
ZCS-ON/OFF simultaneously [4], [24]. The ZCS-ON/OFF
features are independent of the load conditions and can sig-
nificantly alleviate the switching loss for a wide load range.
However, since the operating frequency is fixed at the resonant
frequency, the transfer characteristic is inherent and cannot
satisfy the required wide operating range, unless the modu-
lation scheme is further modified. An intermittent operation,
also called ON/OFF control, is proposed by modifying a ratio
of power-transfer interval with respect to non-power-transfer
interval to adjust the average delivered power [25]. Many
control methods share the idea of the intermittent operation,
such as burst control [26], [27] and pulse density modulation
(PDM) [28]. However, such methods can be only used for light
load conditions limiting the operating range. Moreover, the
ratio of non-power-transfer interval with respect to a resonant
period is usually a scalar integer, which reduces the operating
range and the regulation resolution. Otherwise, large hard-OFF
loss and EMI noise occur when the converter is turned OFF.

Other than the conventional methods, modulations using
switching frequency lower than the resonant frequency are
proposed to achieve ZCS-ON/OFF and extend the operating
range. In Ref. [29], the switching cycle is multiple times of
the resonant cycle, providing sinusoidal current at the resonant

frequency, but the backflow power exists. To address the back-
flow power, discontinuous current mode (DCM) sinusoidal
modulation is proposed for the BSRC [30]. The switching
frequency is also lower than the resonant frequency, but the
resonant current waveform is sinusoidal for half resonant cycle
and discontinuous for the rest half switching period. Soft
switching and regulated power can be both achieved. With
such a modulation scheme, the BSRC is unidirectional and
restricted to Buck conversion only in these modulations with
lower switching frequency. Moreover, the output characteris-
tic is nonlinearly dependent on the load, which makes the
controller design difficult. Last but not least, high efficiency
cannot be maintained throughout the whole load range.

To address deficiencies of the existing modulation schemes,
we propose a novel modulation scheme. A side-by-side wave-
form comparison between the proposed modulation and the
conventional ones is shown in Fig. 1. It can be observed in
Fig. 1(b) that, each half of the switching cycle incorporates
a sinusoidally modulated resonant period and an intermittent
period. Specifically, the intermittent period is inserted after
a sinusoidal resonant cycle, rather than several or dozens
of switch cycles, which is significantly different from the
conventional hiccup modulation method as shown by Fig. 1(a).
Please also note that, the proposed modulation is not merely
segmenting the intermittent period and inserting them into
each switching cycle. It also enables fully ZCS-ON/OFF,
non-backflow power, linear output characteristic and load-
independent efficiency simultaneously, which has not yet
been reported in the literature. The proposed modulation can
maintain high efficiency throughout the whole load range,
while the reported modulation schemes suffer from efficiency
deviation in the light load conditions. Therefore, the novelties
and contributions of our proposed modulation are as follows.

1) linear current controllability that can ease the control
and widen the output range,

2) non-backflow power that can reduce the conduction loss,

3) fully ZCS-ON/OFF that can reduce the switching loss,
and

4) load-independent efficiency that enables high efficiency
throughout the whole load range.

The rest of this paper is organized as follows. Section II
details the proposed modulation scheme and gives the math-
ematical description. Some performance analysis, including
current controllability and fully ZCS-ON/OFF are discussed
in Section III. Section IV analyzes the power loss distribution
and discusses the efficiency. A design procedure is given in
Section V. Experiments are conducted in Section VI to validate
the proposed modulation. Finally, Section VII concludes this

paper.

II. PROPOSED MODULATION

As the schematic shown in Fig. 2, the BSRC consists
of a primary full-bridge circuit and a secondary full-bridge
circuit, interconnected with a series resonant tank (L,—C,)
and a transformer. MOSFET switches S1—S4 in the primary
full-bridge circuit are modulated to generate AC voltage vy,
from the DC bus Vy.1. The transformer with a turn ratio of



Fig. 2. Schematics of the bidirectional series resonant converter.

n : 1 provides an isolated step-down voltage conversion. The
secondary full-bridge circuit includes MOSFET switches S5—
Sg, which are modulated to generate AC voltage v.q from the
DC bus V2. The series resonant tank is insusceptible to the
magnetic inductance which is sufficiently large.

Based on the power flow direction and the voltage gain, the
operations of the BSRC can be classified into four possible
modes as follows.

1) Forward-Buck mode (Vgc1 > nVye2): power is delivered
from Vic1 to Vyeo.
2) Forward-Boost mode (Vgc1 < nVyc2): power is delivered
from Vic1 to Vigeo.
3) Reverse-Boost mode (Vgc1 > nVye2): power is delivered
from Vgeo to Vier.
4) Reverse-Buck mode (V.1 < nVyc2): power is delivered
from Vico to Ve
Since the Forward-Buck and -Boost modes are the dualities
of the Reverse-Boost and -Buck modes respectively, only the
analysis of the two Forward modes are given in the following.
The switching patterns and waveforms of the rest two Reverse
modes are dualities and thus not repeated.

A. Forward-Buck Mode

The switching sequences and the operating waveforms of
the Forward-Buck mode are shown in Fig. 3. The positive
half cycle and the negative half cycle are symmetrical. It can
be observed that, there are three typical stages within half
a cycle, and their equivalent circuits are shown in Fig. 4.
Detailed descriptions are as follows.

Stage 1 (0 <t < 0.5T;.): Charging state. This stage begins
at t = 0 when S7, Sy and Sg are turned ON. S5 remains ON.
The equivalent circuit of the BSRC is shown in Fig. 4(a). Ve
is charging Vo, just like the ON-stage of a Buck converter.
1, sinusoidally rises from zero to charge the resonant tank and
V3e2. Sinusoidal 7, and v, can be derived as

T _V V .
i, = _ U0 dCZl + Ve sin(w,t), and (D

Up = (UrO - Vdcl + ancQ) cos(wrt) + Vdcl - anc27 (2)

where Z, and w, are the characteristic impedance and the
resonant angle frequency respectively, given by

Z, = 1/é—:, and 3)
1
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Fig. 3. Switching sequence and operating waveforms of the BSRC in
Forward-Buck mode.

vy 18 the initial value of the resonant voltage v..

This stage ends at 0.57;. when ¢, reaches zero again. T;. is
the resonant period.

Stage 2 (0.5T, <t < T,): Circulating state. At t = 0.57,
S1, S5 and Sy are turned OFF, while Sy, Sg and S; are ON.
Since i, is zero at 0.57., all switches realize ZCS-ON/OFF.
The equal circuit is given in Fig. 4(b). v,y, is short-circuit, and
Veq 18 reversed as —Vco. The resonant tank is charging Vo,
just like the OFF-stage of a Buck converter. Sinusoidal 7,- and
v, can be derived as

rl — V C .
i = _"”Z& sinfw, (t — 0.5T;)], and (5)

v = (vy1 — nVqe2) cos|w,-(t — 0.5T;)] + nVace,  (6)

where v, is the value of v, at t = 0.57;..

This stage ends when 4, reaches zero again at ¢t = T;..

Stage 3 (T, <t < 0.5T%): Idle state. After S5, S; and S7 are
turned OFF at ¢t = T,., the primary bridge is open-circuit. The
secondary bridge is short-circuit for Sg is ON during this stage.
The resonant tank resonates with the parasitic capacitance of
switches through the transformer, as shown in Fig. 4(c). The
resonant current and voltages can be derived as

Ur2

Iy = — sinfw,1 (¢t — T))], @)
rl

vp =(1 — k1)vye coslw,1 (t — T)] + k1vr2, and  (8)

Vah = — k1vpo cos[w,.l(t — T»,«)] + kiveo. &)

vro 18 the value of v, at ¢t = T,.. kq is defined as a coefficient
given by k1 = % wr1 and Z,1 are the resonant angular
T P e . .
frequency and the characteristic impedance given by

Zp1 = 077 and (10)
1

%‘
— 3

(1)

Wr1 =

Nimen

respectively. C7 is the equivalent resonant capacitance given
by 22 and O, is the parasitic capacitance given by 4C
Y C.+C, P p p g Yy dsl-

Cys1 is the junction capacitance of switches S1—S5.
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Fig. 4. Equivalent circuits in different stages for Forward-Buck mode.

Since C), is far smaller than C,, k; is about 1, and the
resonant angular frequency w,; and Z,; are sufficiently large.
Therefore, 4, is about zero and v, remains v,o during this
stage, as shown in Fig. 3. Moreover, due to the parasitic
resistance of the resonant tank and MOSFET switches, the
high frequency oscillation of v, can be quickly damped and
remains v,o. This idle stage is maintained until ¢t = T5/2. T}
is the switching cycle.

B. Forward-Boost Mode

The switching sequences and the operating waveforms of
the Forward-Boost mode are shown in Fig. 5, where the
positive half cycle is symmetric to the negative half. There
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Fig. 5. Switching sequence and operating waveforms of the BSRC in
Forward-Boost mode.

are also three typical stages within half a cycle, and their
equivalent circuits are shown in Fig. 6. Detailed descriptions
are as follows.

Stage 1 (0 <t < 0.57;.): Circulating state. This stage begins
at t = 0 when S; and S, are turned ON. And S5 and S;
remain ON. The equivalent circuit of the BSRC is shown in
Fig. 6(a). In this stage, V. is charging the resonant tank, just
like the ON-stage of a Boost converter. ¢,- and v, sinusoidally
rise, which can be derived as

@:f%%;%%mwm,md (12)
vp = (o — Viger) cos(wrt) + Vier (13)

respectively. The sinusoidal 7, ends at ¢ = 0.57,..

Stage 2 (0.5T,. < t < T;.): Charging state. At t = 0.57,., S1,
Sy, and Sy are turned OFF, while S5, S5 and Sg are turned ON.
Since i, is zero at t = (0.57., all switches can realize ZCS-
ON/OFF. The equivalent circuit is shown in Fig. 6(b). v,y, is
reversed to —Vg.1 and v.q is modulated as —Vgeo. Vg1 and
the resonant tank are charging V.o, just like the OFF-stage
of a Boost converter. Sinusoidal ¢,- and v, can be derived as

i —_ vt Vae = nVae
r Z,

vp =(vr1 + Viaer — nVae2) cosfw, (t — 0.5T;.)]—

Vdcl + an02~

sinfw,(t — 0.57,)], and (14)

5)

This stage ends at ¢ = T;., when 4,. reaches zero again.

Stage 3 (T, <t < 0.5T%): Idle state. After Sy, S3 and S7
are turned OFF, Sg is turned ON at t = T,., such that the
primary bridge is open circuit. The resonant tank resonates
with the parasitic capacitance of primary switches, as shown
in Fig. 6(c). The resonant current and voltage can be derived
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Fig. 6. Equivalent circuits in different stages for Forward-Boost mode.

as
i = — 22 T Vdet ; Vaer sinfw,1 (t — T})], and (16)
rl
=(1 — k1)(vea + Vier) cosfwr (t — 1)+
klvrg — (1 — kl)Vdcl, and (17)
Vab = — k1(ve2 + Vaer) coslwy1 (t — T)]+
kivro — (1 — k1) Vaer - (18)

Since the resonant capacitor C. is large, i,- and v, are almost
kept unchanged during this stage. And the oscillation of vg
can be quickly damped due to inner resistance. v, is vy at
steady state. This idle stage is maintained until ¢ = 0.57%.

Based on the above modulation scheme, sinusoidal resonant
current can be generated with all switches realizing ZCS-

ON/OFF. It is noteworthy that, such ZCS features are in-
dependent of the load. Moreover, since the resonant current
is in phase with the terminal voltage, there is no backflow
power, which benefits the reduction of conduction losses. It
can also be observed that, 7. is determined by the inherent
characteristic of the resonant tank, while 7§ can be varied via
control. Therefore, the output power can be readily controlled
by varying 7.

III. PERFORMANCE ANALYSIS

A. Current Controllability

1) Forward-Buck Mode:
tion II, we have

Based on the analysis in Sec-

w T, =m. (19)

According to (2) and (6), we have the following two equations
for the values of v, at t = 0.57,. and t =T,

vr1 = 2Vge1r — 2nVe2 — vro, and (20)

Vg = 2nVyca — V1. 21

Due to the continuity and symmetry of v,., we have the
following equations for the values of v, at t =0 and t = T,

(22)

Urg = —Ur2-

By solving the equations (20) to (22), the values of v, can be
derived as

V0 = Vaer — 2nVye2, and (23)
Ur1 = Vdc17 and (24)
U2 = —Vie1 + 2nVyez. (25)
With (1) and (23), the output power can be calculated as
El 2nVac1 Vaea fs
= —/ Vigerindt = izl Jfff . (26)

2) Forward-Boost Mode: Sharing similar analysis proce-
dures of the Forward-Buck mode, v, at t = 0, t = 0.57}., and
t = T, can be derived as

vro = 2Vge1 — nVgce2, and 27
vr1 = nVge2, and (28)
Vg = —2Vge1 + nVqyeo, (29)

respectively. With (14) and (28), the output power is given by

2n‘/dcl Vch fs

7Ly fr G0

2 [T+
PD = —i /7;7« anczzrdt =
From (26) and (30), the transfer functions for the Forward-
Buck and Forward-Boost modes are identical. Both shares
the same control variable f; = 1/Ts. The BSRC can be
considered as a f,-controlled current source, as given by

2nVae1 fs

I, =
Werr

€1y



(Cas1 Vi, + 4042 ViE, 4+ 2Cqn*ViEL) f, for Forward-Buck, (38a)
Psw. = C. s
2[Cas1 Vi, + CasaViiy + %(ancg — Vie1)?]fs, for Forward-Boost. (38b)
LS ) )
7\ 27 [(nVae2)? + (Vaer — nVace)?], for Forward-Buck, (40a)
I, rMs =
1 s
Z\/ %[(Vddy + (Vger — nVae2)?],  for Forward-Boost. (40b)
60 By substituting (25) and (29) into (34), the ZCS ranges are
Z, = 100 derived as
—Z, =200

50 - r Vie
=< _g - 0Yde < 1, for Forward-Buck, and (35)

3 40 F|—— 2, = 500 ‘gcl
g 1 gn de2 < 3 for Forward-Boost. (36)

=] 307 dcl
P (35) and (36) can be satisfied via the design of the transformer
g turn ratio n, achieving a pretty wide voltage range. Moreover,
107 n=8, f =200kHz | the ZCS-ON/OFF constraint is load-independent. Fully ZCS-

o ‘ ‘ @Vaer = 480V ON/OFF can be achieved in regardless of load conditions.

0 20 40 60 80 100 Please note that, “fully ZCS” means fully ZCS-ON and

Switching frequency f; (kHz)

Fig. 7. Output current curves vs. switching frequency with different Z..

Based on the analysis in Section II, the maximum switching
frequency should be smaller than half resonant frequency %’
Thus, the switching frequency range is given by

fr

0< fs < o5 (32)

With (31) and (32), the output current range can be given by
Ve

0<I,< 29 (33)
T Ly

Curves of the output current [, versus the switching fre-
quency fs are plotted in Fig. 7 under different designs of
characteristic impedance Z,. It is noteworthy that such linear
characteristic enables simple control design.

B. Fully ZCS Range

As shown in Fig. 3 and Fig. 5, 4, is sinusoidal, which
rises from zero at the beginning and falls to zero again at
the end. Both full bridges shift voltage levels at zero current
time realizing ZCS-ON/OFF for all switches.

According to the operating principle, the constraint for ZCS-
ON/OFF is that 7,- should be zero at ¢ = 0. It can be satisfied if
and only if the converter is open circuit during the idle state. It
is also known that, the disconnected operation can be achieved
only if the diode anode voltage is below the cathode voltage.
Therefore, the constraint for ZCS-ON/OFF is given by

*Vdcl S Ur2 S Vdcl~ (34)

OFF (sinusoidal modulation) which can help in achieving high
efficiency compared with conventional modulations that only
realize ZVS-ON but suffer from hard switching OFF (non-
ZCS-OFF) for three reasons as follows.

1) The switching loss can be reduced. Commonly, conven-
tional modulation only achieves ZVS-ON, but suffers
from hard switching OFF. The switching loss is up to
the switch turning-OFF current i.¢, which could be
large due to phase lag or heavy load. Whereas, the
proposed modulation realize both ZCS ON and OFF
simultaneously, the total switching loss is only up to
the drain-source voltage V45 and junction capacitance
Cygs, which is only 1W in this paper.

The conduction loss can be reduced. Since the proposed
modulation realizes fully ZCS ON and OFF, no magnetic
current is needed during the long intermittent period
which is usually used to realized ZVS-ON in conven-
tional methods, reducing the conduction loss.

Fully ZCS ON and OFF can be achieved over the whole
load range. Commonly, the conventional modulations
meet difficulties in maintaining ZVS-ON over a wide
output range, especially in light load condition. Other-
wise, small magnetic inductance is needed to maintain
the magnetic current to realize ZVS-ON, which could
result in large magnetic loss. In the proposed method,
the fully ZCS ON and OFF are regardless of the load
conditions.

2)

3)

IV. LOAD-INDEPENDENT EFFICIENCY
A. Loss Calculation

The power loss of the proposed BSRC can be classified into
5 parts in terms of the components, including switch loss (Ps),



transformer loss (Pr), inductor loss (Pr), capacitor loss (Pc)
and others (Pp). To achieve the efficiency performance, loss
analysis can be conducted as follows.

1) Switch loss.

The switch loss Pg includes switching loss Py, and con-
duction loss P, nq. of switches, i.e.,

PS = Psw. + Pcond.- (37)

Since ZCS-ON/OFF are realized in all the switches through-
out the whole operating range, there only exists small turn-on
loss due to the parasitic capacitance of the switches. Generally,
the turn-on loss can be represented as %Cds des fs, where Cys,
Vis and fs are the the parasitic capacitance, drain-source
voltage and switching frequency, respectively. To calculate the
switching loss, vgs at the turn-ON time for each switch should
be first derived based on the operating waveforms in Fig. 3 and
Fig. 5. The detailed calculation process is given in Appendix-
A. With the calculation results of switching loss for all the
switches summarized in Table Al, concise expressions for
Py, are given by (38a) and (38b).

In addition to the switching loss, the conduction loss should
also be calculated. According to Fig. 3 and 5, the resonant
current flows through each switch for half switching cycle.
As synchronous rectification are realized for all switches, the
overall conduction loss of all switches can be calculated by

Pcond. = IE’RMS(2rdSI + 27127’d52), (39)

where rg51 and rgso are drain-source resistance of the primary
and secondary switches respectively. I, s is the root-mean-
square (RMS) value of i,, given by (40a) and (40b). The
detailed derivation process of (40) is given in Appendix-B.

From (37) and (40), the switch loss Pg is proportional to
switching frequency f;.

2) Transformer loss and inductor loss.

The transformer loss Pr includes core loss Pr core. and

conduction loss Pr conq., 1.€.,
PT = PT,Core. + PT,Cond.- (41)

To evaluate the core loss with arbitrary magnetic flux
waveforms, the generalized Steinmetz equation (GSE) [31] can
be used as given by

1 (% 4B
P core =Vpr— ki|—1|%|B(t B_adt. 42
oo = Ve [ IS 1B @)

The coefficient k; is given by

k= i

- . (43)
(2m)>—1 fOQTr |cos ] |sin 6]~ d6

where k, o and (3 are constants determined by the magnetic
material.

With the proposed modulation, the waveforms of magnetic
flux density B are shown by Fig. 8. It can be observed that,
B is piece-wise. It only varies during the sinusoidal period,
and keeps unchanged during the intermittent period. Such that,
core loss is only incurred during the sinusoidal period. Only
taking the sinusoidal period into consideration, B is triangular

aSinusoidal : Intermittent ;

T S —— ».
L [ 1,
0
t
B Core loss
0 ! t
T./2¢ Tt TJ2

(a) Forward-Buck mode.

aSinusoidal : Intermittent ;

i -
0 >
BA Core loss t
0 t

L2 1. 1p
(b) Forward-Boost mode.

Fig. 8. Waveforms of transformer voltage and magnetic flux density.

and can be fundamentally approximated as sinusoidal, as given
by

By, sin(7 ft) 0<t<T,
B = { ’ 7. , for Buck mode.
0, T.<t< %
(44)
and
B, 0<t<ZLle
B~ — B, cos(27 fi-t), % <t<T,. , for Boost mode.
*Bma Tr S t < %
(45)

Such that, by substituting (44), (45) and (43) into (42), the
core loss can be derived as

VTkz(ﬁ)“Bﬂ 2fs for Buck mode,
PT core. — 2 Ik (46)
R VTk(fr)aBﬁ@f—j, for Boost mode.

It can be found in (46), the core loss of the proposed method
is linearly varying with the switching frequency.

The conduction loss of the transformer Pr conq. is decided
by I, rms and transformer wire AC resistor rac,T, as given
by

PT,cond. = IZRMSTAC,T- (47)

rac,T can be measured by an LCR meter. Please note that,
the resonant current does not vary at the switching frequency,
due to the insertion of intermittent period within the switching
cycle. In fact, the resonant current varies at fixed half resonant
frequency 0.5f,, which can be observed from the switching
sequence and operating waveforms in Fig. 3 and Fig. 5. The
measurement is at fixed frequency, regardless of the variable
switching frequency.

The inductor loss Py also includes core loss Pr core. and
conduction loss Pr cond.. The calculation is the same as that
of the transformer, and thus not repeated for conciseness.

From (46) and (47), the transformer and inductor loss are
also proportional to f;.



3) Capacitor loss and other loss The capacitor loss P¢ is
caused by the ESR of the resonant capacitor, as given by

P = IE,RMSTCapv (48)

where 7., represents ESR of the capacitor and can be
obtained from the datasheet.

The other loss Pp is caused by the wire resistance and con-
tact resistance of the circuit. The resistance can be represented
by 7o that can also be measured by an LCR meter. Such that,
the other loss can be evaluated as

Py = IﬁRMSrO. (49)

With (40), The capacitor loss Po and other loss Py are
proportional to switching frequency fs as well.

B. Efficiency Analysis

Based on the above analysis, the total power loss of the
proposed BSRC is given by

Pross = Ps + Pr+ Pr+ Po + Po. (50)

With (37)—(49), each component loss in (50) is proportional
to switching frequency fs. Thus, the total power loss can be
represented as a function of f; given by

PLoss :plfsa (51)

where p; is defined as a loss coefficient and can be calculated
according to (37)—(49).

Moreover, as analyzed in Section III-A, the output power
is also a function of f. Similarly, an output power coefficient
po can be defined. py can be calculated with (26) and (30).
The output power can be represented by

F, :p2fs~

Thus, the efficiency of the BSRC with the proposed modula-
tion scheme is given by

(52)

_ P, [2 _ b2
P0+PLoss p1+p2
The efficiency is independent of the load condition, and

thus the high efficiency performance maintains throughout the
whole load range.

7 (53)

V. DESIGN PROCEDURE

With the linear output characteristic, the BSRC is readily
to design against wide-range input and output. Given input
voltage Vic1 € [Vie1, min, Viel, max), output voltage Vica €
[Vde2, mins Vde2, max), output current I, € (0,1, max| and
switching frequency range fs € (0, fsmax] @ 5-step procedure
can be taken to design the transformer and the resonant tank
as follows.

1) Step 1: Choose the resonant frequency f,.. Since the
switching frequency fs should be below half of the
resonant frequency, i.e., 0.5f,, f, can be given by

fr 2 2fsmax- (54

TABLE I
SPECIFICATIONS AND PARAMETERS OF THE BSRC
Specifications Symbols Values
Voltage range Vel 240 — 480 V
Primary side Current range Tge1 0-5A
Voltage range Ve 48 V
Secondary side | Current range Tgca 0-20A
Parameters Symbols Values
Primary-side switches S1 -S4 E3M0065090D
Secondary-side switches S5 — Sg E3MIPPO30N10N5D
Resonant inductaor Ly 20 pH
Resonant capacitor C 31 nF, B32652A2102J000
Resonant frequency fr 200 kHz
Switching frequency fs 2 — 100 kHz
Turn ratio n 8:1
Transformer EE65/32/27 PC95
Inductor EE42/21/20 PC95
Controller TMS320F28335
Driver S18233

2) Step 2: Determine the turn ratio n of the transformer.
To realize ZCS-ON/OFF against the wide-range specifi-
cations, according to the conditions of fully ZCS in (35)
and (36), n should meet the equation given by

< 3Vdcl , min

. 55
- Vvch7 max ( )

3) Step 3: Design the primary and secondary turn number
N7 and N, of the transformer. As the maximum mag-
netic flux density B,,, is given by

B — { ﬁ, for Forward — Buck,
m = %

m, for Forward — Boost, (56)

where A, is the core’s effective flux cross-sectional area.
Since B,, reaches the maximum value in Forward-Buck
mode, N2 and N; can be designed as

o Vdc2,max
Ny = 3, By A’ and &)
N1 = TLNQ. (58)

4) Step 4: Calculate the characteristic impedance Z,. Ac-
cording to the power features in Section III-A, Z, can
be calculated to obtain the maximum output current, as
given by

vadcl,minfs,max
7TIO, maxf T

5) Step 5: Design the resonant tank. With the calculated f,.
and Z,, the resonant tank parameters can be designed

Z, < (59)

as
n‘/dcl,minfs,max
br= 7T2f7?Io, max ’ (©0)
IO max
c = ©61)

r 2 .
4anc1,minfs,max

VI. EXPERIMENTAL VERIFICATION

To verify the aforementioned characteristics achieved by the
proposed modulation, a 1 kVA BSRC prototype is built with
specifications and parameters given in Table 1. The photo of
the experiment prototype is shown in Fig. 9. A power analyzer



Fig. 9. Photo of the experiment prototype.

modeled HIOKI 3390 is used to measure the system efficiency.
The turn ratio of the transformer is 8:1. The input voltage
varies from 240 V to 480 V, while the output voltage is fixed
at 48 V. Thus, the BSRC works at both Forward-Buck and
Forward-Boost modes. The reverse modes are dualities of the
forward modes, and thus not presented here for concise.
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Fig. 10. Operation waveforms of the BSRC for Forward-Buck mode.

A. Operating Waveforms, Fully ZCS and Current Controlla-
bility

The operating waveforms of the Forward-Buck mode are
captured in Fig. 10. The input voltage is 480V and the output
voltage is 48V. vgp, Veq, vy and 4, are consistent with the
operating principle of the Forward-Buck mode analyzed in
Section II-A and shown in Fig. 10. In the charging state, v,y
and v.q are both positive. In the circulating state, v,y and
vcq are zero and negative respectively. In the idle state, vcq is
zero, while v,}, first resonates with primary switches parasitic
capacitance but is quickly damped.

It can be observed that, ¢, is sinusoidal and in phase with
Veq as well as vqp. Thus, there is no backflow power. The ZCS
behaviors of Sy, S3, S5 and S; are depicted in Fig. 11. The
switching waveforms of Sy, Sy, Sg and Sg are similar. The
switches turn ON and OFF when the current is close to zero
realizing ZCS-ON/OFF simultaneously.

The operating waveforms of the Forward-Boost mode are
captured in Fig. 12. The input voltage is 240V and the
output voltage is 48V. vgp, Ved, vy and i.are consistent with
the operating principle for the Forward-Boost mode analysis
analyzed in Section II-B and shown in Fig. 12. In circulating
state, v, and v.q are positive and zero respectively. In the
charging state, v,p, and v.q are both negative. In the idle state,
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Fig. 11. ZCS-ON/OFF waveforms of the BSRC for Forward-Buck mode.
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Fig. 12. Operation waveforms of the BSRC for Forward-Boost mode.

Veq 18 still zero, while v,}, iS open resonating with primary
switches parasitic capacitance. Non-backflow power exits. The
ZCS behaviors of Sp, S3, S5 and S7 are depicted in Fig. 13
(a)—(d). The switching waveforms of Ss, Sy, Sg and Sg are
similar. All switches turn ON and OFF when the current is
close to zero realizing ZCS-ON/OFF simultaneously.

The output current versus the switching frequency are
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Fig. 14. Measured current versus switching frequency with V.o = 48V.

measured, as shown in Fig. 14. The output power linearly
increases with the switching frequency for both Forward-Buck
(V4e1 = 480V) and Forward-Boost (V.1 = 240V") modes.

B. Transient Waveforms

Fig. 15(a) shows the transient waveforms when the Forward-
Buck mode is changed to Forward-Boost mode. The output
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Fig. 15. Transition waveforms between Forward-Buck and Forward-Boost
mode of the BSRC with Vg0 = 48 V.

voltage is regulated to 48 V' with the load resistance being
5Q. First, the input voltage is set at 420 V. The BSRC
works in Forward-Buck mode with switching frequency being
24.5 kH z. Then, the input voltage begins to fall towards 380 V'
within 50 ms. When the input voltage is 400 V, the work
mode is changed to Forward-Boost. In the steady-state of the
Forward-Boost mode, the switching frequency is 25 kHz. It
can be observed the output voltage can be tightly regulated.

Similarly, Fig. 15(b) shows the transient waveforms from
the Forward-Boost to Forward-Buck mode. At first, the input
voltage is 380 V and the converter works at Forward-Boost
mode with a switching frequency of 25 kHz. Then the
input voltage rises to 420 V' within 300 ms. The switching
frequency falls as the increase of input voltage. When the
input voltage is 400 V, the work mode is changed to Forward-
Buck falling the output voltage. Then switching frequency is
regulated to rise to 24.5 kH z at the steady-state.

Smooth transition can be achieved between the Forward-
Buck mode and Forward-Boost mode.

C. Measured Efficiency

The measured efficiency versus the delivered power is
plotted in Fig. 16. The blue line and red line indicate the



TABLE 11
QUANTITATIVE AND QUALITATIVE REVIEW OF BIDIRECTIONAL DC/DC CONVERTERS

Efficiency Efficiency Reasons for efficiency degradation
Methodology Power(W) @Light Load | @Full Load | Backflow power Switching Output
Optimal Design [7] 100-1000 84% 96% Exits ZVS-ON, hard-OFF | nonlinear
Multi-Resonant Tank [32] 1000 90% 96% Exits ZVS-ON, hard-OFF | nonlinear
Multi-Topology [33] 80-400 80% 94% Exits ZVS-ON, hard-OFF | nonlinear
Optimizing Control [18] 20-200 70% 91% Exits ZVS-ON, hard-OFF | nonlinear
Optimizing Control and Topology [34] 100-500 80% 92% Exits ZVS-ON, hard-OFF | nonlinear
Intermittent Sinusoidal(Proposed Modulation) 100-900 95% 96% None ZCS-ON, ZCS-OFF linear
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Fig. 16. Measured efficiency versus power with Vgco = 48V.

efficiency curves of Forward-Buck mode (V3.1 = 480V and
Forward-Boost mode (V4.1 = 240V") respectively. The output
power ranges from 100 W to 900 W. It can be observed that,
the efficiencies are almost constant at 95% and 95.8% for the
Forward-Buck mode and Forward-Boost mode respectively,
regardless of the load power.

Fig. 17 also depicts the power loss breakdown. It can be
observed that, all loss components are nearly proportional
to the output power, and thus the efficiency performance is
independent of the load. Moreover, the switching loss only
has a very small proportion, due to the fully ZCS-ON/OFF.

D. Comparison with State-of-the-Art Works

Table II gives a comparison between the proposed work
and some state-of-the-art works from both quantitative and
qualitative aspects. It can be observed that, existing mod-
ulation schemes typically suffer from significant efficiency
degradation, i.e., several to dozens of percentages, in light load
conditions. The reasons for efficiency degradation mainly in-
clude backflow power and hard switching-off. These issues are
successfully addressed by the proposed method, such that high
efficiency can be maintained throughout the whole load range,
from 95% to 96%. Moreover, linear output characteristic can
also be achieved to ease the control.

VII. CONCLUSION

In this paper, a novel intermittent sinusoidal modulation
is proposed for BSRC achieving fully ZCS-ON/OFF, current
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Fig. 17. Power loss breakdown for Forward-Buck and Forward-Boost modes.

controllability and high load-independent efficiency. Com-
pared with conventional sinusoidal modulation, wide-range
regulation can be achieved by incorporating an intermittent
period and a resonant period into a switching cycle. ZCS-
ON/OFF can be achieved for all switches with the proposed
modulation scheme. The output characteristic of the BSRC be-
haves as a switching-frequency-dependent current source that
meets the requirement of a wide-range voltage gain. Moreover,
the power loss linearly rises with the switching frequency
obtaining a load-independent efficiency. High efficiency can
be achieved for the whole operating range.



TABLE Al
SWITCHING LOSS OF EACH SWITCH

Mode | Switch t=0 t=05T. | t=T, | t =0.5T, 6;72')5%* tTT:) 05T+ Switching Loss
S1 nVyico - - - Vel - 0~5Cdsl(v(1201 + n2vd2¢2)fs
Sa - Vel - nVaea - - 0.5Cq51(VE, +n2V2Z,) fs
Ss3 - - - nVico - - 0.5Cd51n2VdQC2fs
Forward- Sy nVic2 - - - - . 0.5Cas17* Vi o fs
Buck S - - - - Vac2 - 0.5Cas2 Vi fs
SG - Vdcg - - - - - O-SCds2VdQC2fs
St - Ve - Ve - Ve 1.5C452Vi2 o fs
Ss Vae2 - Vae2 - Vde2 - 1.5Cas2 Vo fs
5, | 05(nVaca— i i . Vaer i 0.5C451[0.25(nVac2—
Vdcl) ¢ Vdc1)2 +VdQC1]fs
S _ Vier j _ nVico— _ O.5Cd251 [025(an52 —
o T S
; - -Qlds1 Y- dec2—
F(];r:;?::j_ S ) Vaer ) ) Vdj1C2 ) Vac1)? + V2 1fs
S 0.5(nVgca— . ) i Vier ) 0-5Cdé91[0-225(nvdc2—
Vdcl) ¢ Vdcl) +Vdcl]fs
Ss - - - - Vac2 - 0.5Cq52VE o fs
Se - Vice - - - - 0.5C3s2 Vo fs
5. ) - B - - Vaeo 0.5Cas2 Vi o fs
SS - o VdCQ - - - 0~5Cd32V(12¢2fs

VIII. APPENDIX

A. Calculation of Switching Loss

Based on the operating waveforms in Fig. 3 and Fig. 5,
values of V, at the turn-ON time for each switch are different
in Forward-Buck and Forward-Boost modes. Nevertheless, all
the switches share a similar calculation process. Here, we first
take the switching loss calculation of S3 in the Forward-Buck
mode as an example, and then summarize all the results for
the other switches in Table Al.

As shown in Fig. 3, S, turns ON at ¢t = 0.57,., t = 0.5T}
within a switching cycle. The turn-ON loss of Sy can be
calculated by

1
Pon, s, = icdsl(vdi,SQ,O.STr + Vc12s,sz,0.5Ts)f57 (AD)

where Vs s, 0.5, and Vs s, ,0.5T, are the drain-source voltage
values of Sy at t = 0.57,. and ¢ = 0.57 respectively, and Cyy;
is the junction capacitance of S1—S54.
As shown in Fig. 3, S7 and Sy are ON before ¢ = 0.57,,
then
Vs, 82,0.5T, = Vdet- (A2)
S1-54 are all OFF before t = 0.5T5. vy is equal to the
resonant voltage v,o, given by (25). Such that
Vab = Vs, 85 — Vs, 84 = Vs, 83 — Vs, Si» (A3)
where Vg s,—Vas, 5, are the drain-source voltage of Si—
Sy respectively. The bridge voltage is clamped by the input
voltage, thus

Vaer = Vas, s, + Vas, s, = Vs, 55 + Vas, s,- (A4)

Moreover, due to the symmetry and continuous of the circuit,
the drain-source voltage of S7 and Ss should be identical to
Sy and S5 respectively, given by

(AS5)
(A6)

Vas, s, = Vas, s,,and
Vds, SQ = VdS, S3‘

With (A3) to (A6), the drain-source voltages of S-S5, can be
derived as

Vi 50 = Vi s, = 2220 and (A7)
Vis, 5, = Vas, 5, = ~22 000 (AS)

Therefore, Vs s,,0.5T, can be derived as
Vis,s,,0.5T. = nVaca. (A9)

With (A1), (A2) and (A9), the switching loss of S5, donated
by Piy. g2 can be calculated by

1
Psw.,SZ = icd51(vd2c1 + n2Vd2c2)fS' (A10)

Similar calculation procedures can be applied in the calcu-
lation of switching losses for the other switches. The results
are summarized in Table Al.

B. Calculation of I, rms

According to Section III-A, ¢, during half switching cycle
in Forward-Buck mode can be described as

n%2 sin(w,t), o<t<Z
ip = e Viaginly, (t— L)), L <t < T, (Al
0. T, <t<Z



Then the root-mean-square (RMS) value of 4, in Forward-
Buck mode can be derived as

Lok

RMS = Z\ 27,

Similarly, ¢, during half switching cycle in Forward-Boost
mode can be derived as

[(nVae2)? + (Vaer — nVae2)?].  (A12)

%sin(wﬁ), 0<t<Z
i = ’gicl sinjwy(t — %)], % <t <7, (A13)
0. T, <t<ZX

The root-mean-square (RMS) value of ¢, in Forward-Boost
mode is given as

| Vaer)? + (Vaor — nVaen)?].

of, (A14)

I, rMs =
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