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Abstract—In high-voltage bus-based energy storage systems,
an isolated bidirectional dc/dc converter is required to link the
low voltage energy storage unit and the high-voltage bus. This
paper proposes a series resonant dc/dc converter for this specific
application. In the proposed converter, the step-up ratio is
boosted by an active voltage quadrupler rectifier on the high
voltage side. Thus, a transformer with a moderate turns ratio
can be employed. Moreover, the voltage stresses of high voltage
side MOSFETs are significantly reduced in comparison with
conventional active rectifiers. This facilitates an easier selection
of low-cost and highly-reliable Si MOSFETs. To optimize the
converter performance, a unique phase-shift and frequency
hybrid modulation scheme are proposed. The frequency
modulation tightly regulates the output power, while the phase-
shit modulation minimizes the conduction loss. A 500 W
converter prototype, linking an 80 V-120 V battery pack and 760
V dc bus, is designed and tested to verify the concept.

Keywords—Bidirectional dc/dc  converter, phase-shift-
modulation (PSM), variable frequency modulation (VFM).

L INTRODUCTION

Bidirectional dc/dc converters (BDCs) have attracted wide
research attention due to its wide applications in dc microgrid
systems [1] and plug-in electric vehicles [2]. In dc microgrid
systems, BDC is the essential element which links the energy
storage unit (typically battery pack) with the dc bus. 760V dc
bus with high power transfer capacity is considered as an
economic solution [3], [4]. However, the energy storage unit
is usually featured with low terminal voltage. Therefore, a
high step-up ratio is required to process this bidirectional
power flow. Fig. 1 shows the block diagram of such a typical
760V dc microgrid architecture.

Previous studies have addressed several BDCs with a high
step-up ratio. Using coupled inductors [5] or cascade
techniques [6], nonisolated bidirectional dc/dc converter
exhibits high step-up/down characteristics. However, in 760
V dc bus-based systems, galvanic isolation must be enforced.
In isolated applications, the conventional method to boost the
step-up ratio is to increase the turns ratio of the transformer
[7]. This jeopardizes the system power density and makes it
difficult to optimize the design of the transformer. In [8], a
voltage-doubler circuit is proposed to increase the conversion
ratio. However, it suffers from hard switching on the high
voltage side. In [9], by integrating a dual-active-bridge (DAB)
with a buck-boost unit, ZVS is achieved with a high step-up
ratio. However, additional circulating current degrades the
converter efficiency. Moreover, it should be noted that most
of the above-mentioned topologies are based on non-resonant
DAB topology. As its resonant counterpart, dual-bridge series
resonant converters (DBSRCs) demonstrate advantages
including low eddy current loss and zero dc bias current in the
transformer [10]. However, high step-up ratio DBSRCs are
rarely reported in the literature.
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Fig. 1. The structure of 760V DC microgrid system.

In [11], the features and performances of DBSRC with
phase-shift modulation (PSM) at fixed frequency are detailed.
However, when the voltage conversion ratio deviates from
one, ZVS may get lost in one side of the converter. This leads
to increased conduction loss. To extend the ZVS range,
auxiliary inductors are introduced in [12]. However, high
reactive power still occurs at a non-unity conversion ratio. To
suppress the conduction loss, minimum current trajectories
using three-angle modulation are derived in [13]. It achieves
high efficiency over a wide input voltage range. However, the
control strategy is complicated due to multiple control
freedoms. Alternatively, variable frequency modulation
(VFM) is discussed in [14]. VFM tracks load variation to
optimize a power factor angle. However, the control strategy
is only implemented by a two-stage converter and ZVS fails
in the first stage. In [15], a control strategy combining VFM
and PSM is proposed to minimize the circulating current in
the resonant tank. However, ZVS is not achieved as the
negative current is insufficient to discharge/charge output
capacitors of MOSFETs. As demonstrated, in the existing
control strategies, ZVS failure, and high conduction loss are
the two main issues for DBSRCs at a non-unity voltage
conversion ratio.

To solve those problems, this paper proposes a novel
resonant bidirectional dc/dc converter with a new hybrid
modulation. Facilitated by bidirectional switch-capacitor
techniques, a high step-up/down ratio with moderate
transformer turns ratio is achieved. Moreover, the voltage
stresses on high-voltage side MOSFETSs are significantly
reduced. This helps an easier selection of low-cost high-
performance Si MOSFETs. Furthermore, a closed-form
hybrid control modulation, PSM plus VFM, is proposed. By
adopting the proposed control strategy, when the converter
operates at a non-unity voltage conversion ratio, the
circulating current in the resonant tank can be minimized. In
addition, this novel modulation technique well resolves the
ZVS realization issue under different power levels. Therefore,
compared with traditional BDCs, the performance of the
proposed converter is optimized for high-voltage bus based
energy storage systems.
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Fig.2. Schematic of the proposed converter.

| | 0.5T, N
I T i
Vest 4| | I
t
LA |
Ves2a | } }I L
I t
s _|| — r
t
V56,8 | 1,
F
t
vabT I 1 ,—
— p
iy |
t
Ved T [ 1 ,_

Fig.3. Critical steady-state waveforms.
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Fig.4. (a) Equivalent circuit, (b) Waveforms of the equivalent circuit.

1I. OPERATION PRINCIPLE AND CIRCUIT ANALYSIS

A. Operational principles

Fig. 2 shows the schematic of the proposed bidirectional
dc/dc converter. On the primary side, the duty cycle of all
MOSFETs equals 0.5. Two phase legs operate in an
interleaved manner with 180° phase shift. The resonant
inductor L, is composed of the transformer leakage inductor in
series with an external inductor. The resonant capacitor C, also
blocks the dc bias current. On the secondary side, a
bidirectional quadrupler circuit provides a high step-up/down
function. The driving signals for S5 and S7 (Ss and Sg) are
synchronized with 0.5 duty cycle. Furthermore, Ss and Se are
driven in a complementary manner. A certain phase shift angle
(f) between the switch pattern of S| and Ss is introduced and
its range is [0,m). It is used to optimize the converter
performance and control the power flow direction. Moreover,
the corresponding waveforms are presented in Fig. 3.

B. Circuit modeling and output power analysis

The switching frequency is close to the resonant
frequency. Thus, first harmonic approximation (FHA) is
applied to simplify the converter analysis. Using FHA, the
equivalent model of the proposed converter is plotted in Fig.
4(a). The corresponding voltage waveforms are illustrated in
Fig. 4(b).

According to Fourier analysis and circuit characteristics,
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Fig.5 Output power versus phase shift angle in PSM.
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Therefore, the resonant tank current is,
i(1)= j[l;;br [—cosa)§t+Mcos(a)€t—ﬂ)} )
where
M=V,/nV,. X =0l -1/aC. 3)

In addition, the tank capacitor peak voltage can be

derived as,
_ 4V, \JI+M* —2M cos 8

per 7[((0”2 _1) (4)
Therefore, the output power is given by,
1% P, sin 3
P =— t)-i (1)d(wp)=———
o 2”_([vab( ) lr( ) (a)v) a)”—l/a) (5)

where

®,=0/0,.7, =L, [C P, =8MV,’[T'Z, (6)

As indicated in (5), the output power can be tuned by both
the switching frequency and phase-shift angle. Furthermore,
the power transfer direction is also determined by 5. However,
in traditional PSM, as shown in Fig. 5, the switching
frequency is fixed and the phase shift angle is the only control
variable to regulate the output power. This largely constricts
the power transfer capability of the DABSRCs.

C. Comparisons between PSM and proposed control
strategy
The resonant tank current is calculated as,

2

1 J. i*d (@)=l psJItM*> =2M cos B (7)
7 0

Loys =

Where

227,

]h,RMS =

Equation (7) is graphically illustrated in Fig. 6. As shown,
in traditional PSM, the RMS value of the resonant current
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increases rapidly when M deviates from one, especially in
high power scenarios.

To achieve ZVS, a sufficient negative current is required
to discharge and charge Coss completely during the dead time.
Therefore, according to (2), the ZVS conditions for the
primary and secondary sides can be derived respectively,

i, (0) :%(Mcosﬂ—l) <1,
4

' (€))
ir (ﬁ):ﬂ);b (M_Cosﬂ)ZImin

where /i, 18 a calculated minimum current to ensure ZVS for
both the primary-side and the secondary-side MOSFETs.
Since the calculation process to estimate this negative current
is complicated and is not the focus of this paper, an
approximate method in [16] is employed. The corresponding
results are plotted in Fig. 7. According to Fig. 7, when the
voltage conversion ratio M deviates from unity, in traditional
PSM, the ZVS ranges for both side MOSFETs are squeezed.

Furthermore, with the increasing of 3, ZVS range is expanded.

Therefore, ZVS is determined by the output power level and
ZVS becomes easy in high power scenarios.

For a given output power, minimized RMS tank current
means minimized circulating current with decreased
conduction loss. Therefore, based on ZVS conditions, the
optimization objective is to minimize the resonant current and
it can be converted to a constrained optimization as (10)
indicates,
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Fig. 8. Soft switching realization: (a) ZVS for v, and v, (b) ZVS for
vap and ZCS for v, (¢) ZCS for v, and ZVS for v,.

Fig.9. Phasor diagrams in minimum current:(a) M < 1, (b) M >1.
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Using convex optimization method, the closed form
solution is solved as (11),

Z 1 .
ﬁzarccos{M—%(a)n—l/a)n )} , M <1
ab
an
Z 1.
[ = arccos i—M(a)”—l/a)n) , M >1
M amv,

As indicated in Fig. 8, ZVS is dependent on M and £. In
convention PSM, £ is only related to the power regulation.
Therefore, as shown in Fig. 8 (b) and (c¢), ZVS may fail under
some voltage conversion ratios M. However, considering (11),
Bis controlled to match M in the proposed modulation.
Therefore, ZVS is always achieved for all MOSFETSs using
the proposed modulation scheme.

Ideally, assuming MOSFET output capacitance Cog
equals zero, (11) can be simplified and the results are plotted
in Fig. 9. As is shown, when M < 1, ftracks the voltage
variation of v,, to ensure the resonant current i, is always
synchronized with vea. Otherwise, when M > 1, i, follows v
by controlling S. Generally, a minimal circulating current
operation requires the resonant current in phase with the input
voltage or the output voltage under different voltage
conversion ratios. This always ensures a minimal power
factor, which shares a similar idea with the traditional AC/DC
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power factor correction. However, it should be noted that the
simplified analysis doesn’t ensure a robust ZVS practically.

D. Control strategy

As mentioned above, the output power is affected by the
switching frequency and the phase-shift angle. Furthermore,
according to (11), to minimize the resonant current and
ensure ZVS, the phase-shift angle should track the variation
of voltage conversion ratio. Therefore, a new hybrid control
strategy, PSM plus VFM, is proposed. The switching
frequency regulates the output power. In addition, the phase-
shift angle is used to minimize a circulating current and
facilitates ZVS under different voltage conversion ratios.

As shown in Fig. 10, according to the output power, a
wave generator unit produces a triangular carrier wave with a
corresponding switching frequency, f,. Using (11), a
computing unit obtains a certain phase shift angle f with
different voltage conversion ratios and switching frequencies.

E. Voltage gain and voltage stress

A comparison in circuit performance between the
traditional rectifier and the proposed bidirectional rectifier is
made in Table I. As indicated, the output voltage is four times
of vea. Therefore, a high step-up ratio is obtained on the
secondary-side rectifier. Furthermore, the voltage stresses on
secondary-side MOSFETs and capacitors are reduced to a half
of or a quarter of the DC bus voltage. This makes it possible
to employ better performance devices in high voltage
applications.

F. Resonant tank design

The key design consideration is the selection of Z,.. As
indicated by (7), the RMS value of the tank current is reversely
proportional to Z.. Moreover, to get certain output power, as
shown in (5), @, should decrease when Z. increases. This
facilitates a narrow switching frequency regulation range.
However, considering (4), the peak voltage of the resonant
capacitor is also reversely proportional to @,. Therefore, based
on the voltage rating of the resonant capacitor, Z. should be
maximized. In addition, according to the above analysis, the
operation features of the proposed converter in the inductive
region are symmetrical to those in the capacitive region. In this
proposed converter, the switching frequency is selected to be

TABLE I
COMPARISON OF CONVERTER PERFORMANCE

Secondary-side MOSFET voltage | Capacitor voltage | Output

Rectifier stress stress voltage
Full-wave rectifier 2V, v, 2Vea
Full-bridge rectifier v, v, Vea
This work Vo2 Vo/2,V/4 AVea

St
External inductor

Fig.11. Photo of the experimental prototype.

TABLE 1II
COMPONENT PARAMETERS OF THE PROTOTYPE
Components Parameters
Voltage of battery (Vpa) 80V-120V
Voltage of DC bus (Vius) 760V
Switching frequency (f;) 95kHz-120kHz
Resonant inductor (L,) 62uH
Resonant capacitor (C,) 47nF
Resonant frequency (f;) 93kHz
Turns ratio (n,: ny) 1:1.9

larger than the resonant frequency. Therefore, a 47nF film
capacitor is selected for C, and L, is 62u4H. The switching
frequency is 93 kHz and the characteristic impedance Z, is 36.

III. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed converter, a
500W converter prototype is built. The prototype is shown in
Fig. 11. As shown in the picture, there is a full bridge on the
primary side. An external inductor and a leakage inductor of
the transformer form the resonant inductor Ls. The resonant
capacitor is placed beneath the PCB. In addition, the design
parameters are as summarized in Table [].

The experimental steady-state transformer voltage and
current waveforms are captured in Fig. 12. As shown in Fig.
12(a), for M is close to 1, according to the proposed control
strategy, fis enforced to keep closing to 0. This differs from
traditional DBSRCs with PSM, where the phase-shift angle is
only determined by the output put power. In Fig.12(b), when
M deviates from one, due to the proposed control strategy,
ZVS range is extended and the RMS value of the resonant
current is suppressed. When M is around 1, a backward mode
is also shown in Fig.12(c). In addition, the soft switching
realizations in forward mode are captured in Fig. 13. As
shown, a clear gap exists between vy, and vy of the MOSFETs.
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This validates the ZVS turning-on of primary-side and
secondary-side MOSFETs. The experimental results also
validate that the voltage stress on Ss (S¢) is about 380 V and
equals to a half of the output voltage, as is shown in Fig. 13(b).

IV. CONCLUSION

This paper proposes a novel high step-up ratio isolated
bidirectional dc/dc converter with a hybrid modulation
scheme. Due to the proposed bidirectional circuit on the DC
bus side, a high step-up/down ratio is achieved and voltage
stresses on the secondary-side components are reduced. This
makes the proposed topology a good candidate for high-
voltage bus-based energy storage systems. Furthermore, a
hybrid modulation is proposed to optimize circuit
performance. PSM ensures ZVS and minimizes a circulating
current in the resonant tank. VFM regulates the output power.
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Fig.13. Soft-switching waveforms when M=0.8. (a) MOSFETs S ,. (b)
MOSFETS Ss 6.

A comprehensive comparison between the traditional PSM
and the proposed control strategy is also presented. Topology
features, operational principles, control strategy, and other
circuit characteristics are briefed. Finally, the experimental
results also are illustrated to verify the analysis and topology
advantages.
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