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Design and Optimization of High-Gain Bidirectional
DC-DC Converter for Electric Vehicles
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and Dianguo Xu

Abstract—To better leverage and cope with the characteristics
of low-voltage electric vehicle battery pack, this work optimizes the
design of on-board bidirectional dc—dc converter. Based on the dual
active half-bridge (DAHB) converter, combined with partial switch
sharing, a high-gain bidirectional dc—dc converter is proposed. This
converter has 48-V and 24-V output voltage levels, and the multiple
voltage levels, which are often required by new energy vehicles, are
able to reduce the number of on-board converters. The theoretical
part of this work analyzes the design process of the converter, and
in parallel, establishes the mathematical models of transmission
power, soft switching, current stress, and reactive backflow loss.
Under the condition of high gain, the system has good soft-switching
characteristics and low reactive backflow loss. In the experimental
part, a prototype with an input voltage of 400 V is built under an
operating frequency of 100 kHz. The voltage of the two output
ports is stable and a peak efficiency of 94.7% is achieved. The
experimental results verify the validity of the theoretical analysis.

Index Terms—Dual active half-bridge (DAHB), high-voltage
gain, on-board charger, zero-voltage switching (ZVS).

1. INTRODUCTION

ITH the aggravation of energy crisis and environmental

pollution, societal demand for pollution-free electric
vehicles (EVs) keeps increasing. Driven by policy mandates
and technology advancements, intelligent EVs have experienced
unprecedented development in recent years. With the increasing
maturity of energy storage and power electronics technology,
vehicle electrification and intelligence are trending. The di-
versity of on-board electronic devices on EVs has become an
important part of intelligent transportation [1], [2]. The brief
internal electrical architecture is shown in Fig. 1. With the
increasing amount of electrical equipment, the onboard power
system of EVs ought to have multiple voltage levels, including a
400-V high-voltage dc bus, so as to maintain the normal driving
of EVs. The auxiliary power supply, which aims at providing
the energy needed for power steering, air conditioning, electric
windows, illumination, electronic display panel, among other
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Fig. 1.  Brief power system structure of EV.

electrical/electronic devices, is usually low-voltage dc at 12-,
24-, and 48-V [3], [4].

To ensure the normal operation of EV and the onboard electri-
cal equipment, and mitigate the voltage fluctuation problem, it
is necessary to maintain the stability of the internal bus voltage,
which can be realized through energy storage devices [5]. An
interface of voltage conversion between low-voltage energy stor-
age device and high-voltage dc bus still demands additionally.
In this regard, the high-performance bidirectional dc—dc (BDC)
converter provides such a link and is, thus, vital to control the
bidirectional flow of energy and maintain the stability of dc bus
(61, [71.

In energy storage systems (ESSs), BDC converters are re-
quired to operate with high gain and wide voltage range, due to
the variable nature of battery charging state and the use of low-
voltage and high-power-capacity battery charging technology.
In addition, with the continuous development of automated and
intelligent EVs, the on-board electrical equipment is diversified,
hence, the BDC converters should be able to facilitate energy
transfer between different voltage levels [8].

In nonisolated BDCs, optimized structures, such as coupled
inductors or switched capacitors, are used to improve the voltage
gain of the converter. However, the introduction of a large num-
ber of passive devices increases the model order and complexity.
In addition, the inductor, capacitor, and switching frequency
parameters of the circuit need to be strictly matched to avoid
resonance interference [9], [10].

The isolated dc—dc converter achieves high voltage gain by
adjusting the transformer turn ratio, with electrical isolation,
which can operate at high voltage and power levels. However, the
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TABLE I
SUMMARY OF EXISTING OPTIMIZATION METHODS
Schemes Advantages/Disadvantages
Full-load range ZVS/
Extend ZVS range [15] Additional mode judgment.
Control S Highest efficiency /
strategy Allloss optimization [17] Off-line computing is necessary.
Zero reactive loss [18] Mmm}um reactlvg loss/
Operation is complicated.
Device series parallel [20] Simple topology /Inconsistency of
component parameters
Topology . Flexible voltage regulating ability
design Module series parallel [21] / High hardware and control costs
Additional resonance [23] Wide ZVS range, 10.“.] current stress/
Sensitive to parasitic parameters

high turn ratio reduces the coupling efficiency of the transformer,
increases the parasitic leakage inductor and voltage stress.
Additionally, the multiturn winding structure also leads to a
significant increase in the weight and volume of the transformer.
How to achieve high voltage gain under the condition of low turn
ratio is a problem that power electronics engineers need to solve
[11], [12].

With the advantages of bidirectional power processing, high
power density and soft switching, dual active bridge (DAB), and
dual active half-bridge (DAHB) have become a universal solu-
tion in electrical isolation occasions. However, under the high-
gain condition, the large reactive loss and narrow soft-switching
range limit the application of DAB and DAHB converters [13],
[14]. Optimization from the perspective of control strategy and
topology design can significantly improve the performance of
the converter, and Table I briefly summarizes the existing opti-
mization methods.

In terms of control strategies, the multidegree-of-control free-
dom methods are widely used, such as triple phase shift. By
utilizing optimization methods, such as Lagrange multiplier
method, the converter can obtain wide zero-voltage-switching
(ZVS) range, low current stress, and reactive loss [15]. But the
multiobjective optimization, especially under high-gain condi-
tion, requires complex mathematical modeling and extensive
calculations. And the necessary offline computing results in
limited portability [17], [18], [19].

In topology optimization, the series—parallel structure using
multiple BDC as module is proposed to improve the voltage
regulation capacity. Considering the inconsistent parameters of
components and power modules, the characteristics of each
module still have the risk of deterioration [21]. What is more, ad-
ditional inductor—capacitor resonance introduced into the circuit
to optimize the characteristics of the system [22]. The capacitor—
inductor—inductor—capacitor (CLLC) structure has been widely
used, shows advantages in soft switching, current stress. But
resonant circuit is sensitive to parasitic parameters, and the
asymmetric parasitic parameters affect the working state, which
lead to the complexity and difficulty of parameter design, espe-
cially under high-gain conditions [24], [25].

In view of the existing research status quo, this work proposes
an optimized topology of a bidirectional isolated converter for
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Fig. 2.  Circuit topology of proposed HB2-DAHB converter.

high-gain conditions. The proposed converter can enable effi-
cient energy transfer between the dc-bus and low-voltage battery
packs. Low reactive backflow losses reduce power electronics
disturbances to bus voltage. In addition, the system has two
output ports, which can supply power for dc loads and batter-
ies of different voltage levels, saving the number of on-board
converters in EVs.

The rest of this work is organized as follows. In Section II,
the circuit topology and operational principles are analyzed. Sec-
tion I1I establishes the mathematical model of the soft-switching,
current stress, and reactive backflow loss. An experimental pro-
totype is built and tested to verify the validity of the theoretical
analysis in Section I'V. Finally, Section V concludes this article.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLE

A. Topology Description

Compared to full-bridge structure, DAHB converter has less
switches, especially with less cost in modular construction. The
lower voltage stress of the transformer makes DAHB converters
show advantages in high-voltage and high-gain applications.
However, unlike DAB converter with multiple phase-shift an-
gles, DAHB converter has only one interbridge phase-shift angle
as a control degree. Poor control flexibility limits the optimiza-
tion of converter performance. Considering DAHB converter
has similar switch-action with four-switch buck—boost (FSBB)
converter and bidirectional buck/boost, this work uses partial
switch sharing to optimize the circuit topology. Fig. 2 shows the
proposed HB2-DAHB converter, by multiplexing two voltage
regulation half-bridges on the basis of DAHB circuit topology.

The proposed converter contains half-bridges HB;—HB3, in-
ductors L, Lo, and L, energy transfer transformer 7, and
half-bridge capacitors C;—C,4. HB; is the front buck half-bridge,
and HBy and HB3 are the sharing half-bridges. Half-bridges
HB,, HB», and inductor L, form the FSBB circuit, plays role
in regulating voltage. HBy, HB3, inductor L,, and transformer
T forms voltage-fed DAHB circuit, which transfers the energy.
The multiplexing half-bridge HB3 and inductor Lo constitute a
bidirectional buck—boost circuit to realize half-voltage output.
Half-bridge capacitors C;—C, are used to generate square wave
and maintain the stability of each bus voltage. Compared with
other cascaded circuits, the proposed converter has less switches
and no decoupling capacitors.
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Fig. 3. Key waveforms of driving signal, voltage, and current.

This HB2-DAHB converter adopts a hybrid control method
combining pulsewidth modulation (PWM) and phase-shift mod-
ulation (PSM), including two control degrees: D and d. D is
the duty ratio of the switch @y in the half-bridge HB;, which
can adjust the input voltage of DAHB circuit and expand the
voltage gain range. d represents the phase-shift ratio between the
half-bridges HB5 and HBj3, which controls the magnitude and
direction of energy transmission. The system has four voltage
levels, as high voltage V; and Vs, and low voltage V3 and V4,
suitable for dc batteries and loads of different voltage levels in
EVs.

B. Operation Analysis

Taking the forward mode as an example to analyze the oper-
ation mode of the HB2-DAHB converter. The switches on each
half-bridge are conducted complementarily. The circuit operates
in a step-down state, and the duty cycle D is less than 0.5. The
duty cycle of switches in half-bridges HBs and HB3 is keptat 0.5.
The key voltage and current waveforms in the circuit are shown
in Fig. 3. There are five operation modes in one steady-state
switching period.

To simplify the circuit modal analysis, the following assump-
tions are made.

1) The loss of passive devices during charging and discharg-

ing progress is ignored.

2) The half-bridge capacitors C;—C, are large, and the volt-
age across these capacitors is stable.

3) The dead time t4 is added to avoid short-circuited, and
the resonance process of the inductor and switch parasitic
capacitor in the dead time #4 is ignored.

Fig. 4 shows the corresponding equivalent circuit of each
mode. The turn-OFF time 7y of switch Q5 is taken as the starting
point of the operation analysis and the phase of S is taken as
the initial zero phase. The positive direction of inductor current
is from the input side to the output side.
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Fig.4. Equivalent circuit of the proposed converter in forward mode. (a) Mode
1 [tp, t1]. (b) Mode 2 [t1, f2]. (c) Mode 3 [t2, t3]. (d) Mode 4 |73, t4]. (¢) Mode
5 [ta, 15].

Mode 1 [ty, t1]: During the period fo— ty’, half-bridge HB;
and HB enter the dead time. The reverse current flowing through
inductor L, charges and discharges the parasitic capacitors of the
switches Q¢ and Q-. Before time #(’, the parasitic capacitor of
switch Q; is completely discharged, achieving ZVS turn-ON.
Similarly, under the combined action of the inductor currents
irr and i1, the switch S realizes ZVS turn-ON.

After switches Q; and S turned ON, the half-bridge circuits
HB; and HB> form the buck circuit and maintain the voltage
stability at the DAHB circuit input side. V; transfers energy to
the DAHB circuit through the inductor L;. The inductor Ly and
capacitor C, perform LC filtering to maintain the stability of
the output voltage. In this mode, the reverse current it charges
the parasitic capacitor C,gs1 Of switch S; and the half-bridge
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capacitors C; and Cy. In this mode, the current flowing through
the inductor L, is calculated as

‘/2 + TLVg
+ 2L,

where n is the turns ratio, Vs, and V3 respectively, represent the
primary and secondary voltages of the DAHB circuit, and i1, (79)
corresponds to the inductor current it at time #y. At time #;, the
inductor current iy .(#1) is calculated as

Vo +nV3
4L, f

dis calculated as d = ¢/180°, ¢ is the phase-shift angle between
switches S; and S3.

Mode 2 [t1, to]: At time #;, switch S4 turns OFF. Under the
combined action of the inductor currents i, and iy,2, the current
flowing through switch S5 discharges its parasitic capacitor, and
the body diode is turned ON. At time #,’, voltage-clamped switch
S3 achieves ZVS turn-ON. V; transfers energy to the output load
through L;, L;, and L,. In Modes 1 and 2, the current flowing
through the energy storage inductor L; is calculated as

Vi—Va
Ly
where I; represents circulating current of the inductor L; in

Mode 4 and Mode 5.
At time 19, the inductor current iy, (f2) is calculated as

Vi—Va
Lif

Mode 3 [to, t3]: At time f2, the front stage half-bridge circuit
HB; enters the dead time. The forward current it ; discharges
the parasitic capacitor of the switch Q5 and realizes the ZVS
turn-ON. The energy stored in the inductor L; is transferred to
the DAHB circuit through the path formed by the switches Q2
and S, maintaining the bus voltage V stability.

The output energy of the DAHB circuit is transferred to the
load through the switch S3 and the inductor L. In this mode,
the current flowing through the energy storage inductor L; is

ir, (t) = ir, (to) (t —to) (D

ir,(t1) = ir,(to) + d. 2

ir,(t) =1 + (t —to) (3)

in,(t2) =11 +

D. )

2

ip, (t) =ip, (t2) — 7 (t3 —t2). (%)
1
At time 3, the inductor current iy, (¢3) is calculated as
. Vi—V, Vo
t3) =1 D — 1-2D). 6
ZLl(3) 1+ Llf 2L1f( ) ()

In Modes 2 and 3, under the control of the front and rear volt-
age regulator circuits, the voltage difference across the inductor
L. is (Vo_nV3)/2, approximately the matching state. The current
flowing through the inductor L, is calculated as

) . Vo —nV-
in,(t) = ir,(h) + —5—(t — t2), 7
2L,
At time f3, the inductor current ir,(f3) is calculated as
ts) =L, (t d 1—-d). @
ir,(t3) = ir, (o) + iIf Yt Tang (1—d). @®)

Mode 4 [t3, t4]: At the beginning of this mode, half-bridge
circuit HB5 enters dead time. Under the combined action of the
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inductor currents i,; and i1, the body diode of the switch S is
turned ON, and the voltage across S is clamped to zero. At time
13/, the drive signal arrives, and switch S, realizes ZVS turn-ON.
In this mode, the inductor L, freewheels through the loop formed
by the switches Q> and S2, and the circulating current is defined
as I. The energy stored by inductor L, is transferred to the output
side and the voltage across the inductor L, is (—V;—nV53)/2.
The current flowing through the inductor L, is calculated as

Vo —nV3

i, (t) =i, (t3) + oL

(t—t3). &)

At time 4, the inductor current ir,.(z4) is calculated as

Vo —nV3

AL f (10)

ir, (ta) =ir,(to) + (1—d).
In Modes 2 to 4, the voltage across the inductor Lo is main-
tained at V3—V,. And the current flowing through the inductor

L2 is

. ) Vi —V;
iL,(t) = L, (tr) + =7 (t —1). (11)
2
At time 14, the inductor current it,5(4) is calculated as
) . V-V,
ZLz(t4)i’LL2(t1)+ 2L2f d. (12)

Mode 5 [t4, t5]: In this mode, the proposed converter enters
intermittent operation mode. The energy storage element in
the circuit maintains the output voltage stability. At time 14,
switch S5 turns OFF. The inductor current ir, and the current
ir2 jointly discharge the parasitic capacitor of the switch Ss.
After the parasitic capacitor is completely discharged, switch Ss
can realize ZVS turn-ON. The front circuit maintains continuous
circulating current state. In this mode, the voltage across the
inductor Ly is —V, and the current flowing through inductor Lo
can be expressed as

. . .z
ip, (t) =ip, (ts) + T“(t —ty). (13)
2
At time 4, the inductor current ir,5(z4) is calculated as
. . V3 Vy
ts) =ip, (t . 14
i1, (ts) 1L2(1)+2L2f Tof (14)

Half-bridge capacitors Cs and Cy4 charge the inductor L, and
the voltage across the inductor L, is (— V2 + nV3)/2. The current
flowing through the inductor L, is calculated as

—Vo+nVs

ir, (t) =ir,(ts) + oL,

(t —ta). (15)

After the end of Mode 5, the converter starts to operate
periodically in steady state. When the converter operates in
reverse mode, extended half-bridges HB; and HB3 constitute the
boost unit, respectively. The operation process of the system in
the forward and reverse directions is symmetrical, so the detailed

explanation of the boost mode is omitted.
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III. CirRcuUIT CHARACTERISTIC ANALYSIS
A. Analysis of the Output Characteristic

According to the modal analysis in Section II, when the
system operates stably and the periodic stability condition of
inductor current i1,; and ig,» is

ir, (to) =i, (t3), i1, (to) = ir,(t5).

Therefore, the voltage gain between different voltage level dc
buses can be calculated as

(16)

Va/Vi = 2Dy, Vy/V3 = 0.5. 7)
The overall voltage gain of the system is calculated as
Vi DV D
== (18)

Vi Vo nk

where k = Vo/nV3 represents the voltage matching ratio of the
DAHB circuit. According to formula (18), the voltage gain of
HB2-DAHB converter is significantly increased. Compared with
the traditional DAHB or DAB converter, the gain range of the
HB2-DAHB converter can be widened by 0.1-9 times.

Because of the voltage stabilizing effect of the half-bridge
capacitor C1—Cy, the dc bus V5 and V3 can be regarded as
two constant voltage outputs. Therefore, the converter can be
regarded as a combination of two voltage sources and power
source. The output power of the low-voltage ports V3 and Vy is
determined by the DAHB circuit. The inductor L, plays the role
of energy storage and energy transfer. Integrating the inductor
current ir,, in each mode, the output power of the DAHB circuit
can be calculated as

nVl V4D

P [
°T T J 2 2L, f

By adding the duty cycle D as the control degree of freedom,
the control flexibility of the DAHB circuit can be optimized.
Compared with the traditional DAHB or DAB converter, the
proposed converter extends the voltage gain of the system,
reduces the voltage stress of the inductor L,, and optimizes the
voltage-matching state of the primary and secondary sides of the
inductor L,.

d1—d). (19

B. Analysis of the Soft-Switching Characteristic

Under the condition of high voltage gain, the large voltage
difference leads to the distortion of inductor current waveform,
and some switches would loss ZV'S turn-ON. Therefore, extend-
ing the soft-switching range of the converter under high-gain
conditions is of great significance for maintaining the EV’s dc
bus stability and high-efficiency bidirectional transmission. The
principle of ZVS turn-ON is that the parasitic capacitor of switch
is completely discharged during the dead time before the arrival
of the drive signal. Taking the current polarity as the criterion,
the soft-switching range of each switch is discussed as follows.

By integrating the inductor current ir,; during the turn-ON
time of Sy, the circulating current /; in Mode 4 to Mode 5 can
be calculated as

nV4
2L, f

ViD(2D — 1)

I =
! 2L f

d(1—d)+ (20)
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Fig.5. Soft-switching range of Q1 and Q2 under different D and d conditions.
(a) Soft-switching range of Q1. (b) Soft-switching range of Qs.

Similarly, the initial current of the inductor current iy, is

’I’LVlD V4
1—-d)— .

The current of switches Q1 and Q- at the turn-ON time are
ViD(1-2D)

iy (fo) = 2nLVAIfd( —d) - 2L, f
i (t2) = 2V d(1 — d) + LEU1-2D)

2L, f 201 f

Fig. 5 shows the soft-switching range of switches Q; and
Q- under different D and d conditions. Due to the continuous
flow effect of inductor L;, switch Q5 can be able to realize
the ZVS turn-ON under different conditions, showing good
soft-switching characteristics. The soft-switching condition of
switch Q; is related to the transmission power and the buck
ratio of HB, corresponding to the control variables d and D.
Fig. 5(a) compares the influence of D on the soft-switching
range of Q7 under specific power conditions and Q; has the
largest ZVS turn-ON range around D = 0.25. Combined with
the transmission power characteristics of the system, Q; has
better soft-switching characteristics under light-load condition.
With the transmission power P, of the system increases, the
circulating current /; increases, and the ZVS range of the 0,
decreases. This result limits the load-carrying capability of the
high-voltage side V5.

The half-bridge HB, and HB3 in the DAHB circuit are used
as sharing circuit arms, and the soft-switching conditions of
switches S-S, are jointly determined by multiple inductor cur-
rents. Under steady-state conditions, the average current flowing
through the inductor L, is zero during one switching cycle, and
the current i .(t) at the initial moment 7 is calculated as

nVi(2d — 1) + D1 V;
4L, f

Based on the formulas (20), (21), and (23), the currents of
switches §;—S4 at the turn-ON time are calculated as follows:

Iy = 21

(22)

ir, (to) = — (23)

is, (to) = %‘r%(l —4d +2d%) - VPt (7L 7T S 7)
isa (1) = D2 (1 2%) + ofs (412 — f)

i (1) = P (242 — 1) + 2 (LD2f + vfz%mzlf)

is, (ta) = Pt (1 —4d + 2d2) e (er f?%éf)

(24)
According to formula (24), Fig. 6 shows the soft-switching
range of switches S1—S4, respectively. The Z-axis represents the
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Fig. 6. Soft-switching range of switches S1—S4 under different D and d
conditions. (a) Soft-switching range of S;. (b) Soft-switching range of S3.
(c) Soft-switching range of S3. (d) Soft-switching range of S4.

polarity of the switching current at the turn-ON time, and the
reverse switching current can achieve soft switching. Due to the
continuous flow effect of inductors L; and Ly, shared switches
S2, S3, and §4 have a wider soft-switching range, which can
achieve ZVS turn-ON under full-power range. Combined with
the transmission power, the soft-switching range of switch S;
decreases under light-load condition. By adjusting the duty cycle
D torealize the voltage matching of the DAHB circuit, the shared
switches §1—S4 can realize ZVS turn-ON in a wide load range.

C. Analysis of the Inductor Current Stress

Inductor current stress is the maximum current flowing
through each inductor during periodic steady-state operation,
which always occurs at the inflection point of switching state
transitions. The current stress of each inductor is calculated as
follows. Correspondingly, the change of the inductor current
stress is shown in Fig. 7

. nv, ViD(1—-2D
IL, max = ip, (t2) = o7 ‘}d(l —d)+ W (25)
. nViD V.
Toy o = i, (1) = 2L1f d(1—d) + L;‘ 7 (26)
. ViDi(2d—1)+nVy Vv,
o i, (t1) = %T‘Z D% (27)
g ir,(t3) = %7& = D%

As shown in Fig. 7(a), the current stress of inductor L shows
a quadratic function with the duty ratio D, and reaches the
maximum at D = 0.25. According to Fig. 7(b), the current
stress of inductor Lo is mainly related to the output power
of the low voltage V4 port and inductance value. Under the
same transmission power condition, the stress of current iy,
is independent of D and d. The current stress of the inductor
current ir, divides two curved surfaces according to whether
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Fig.7.  Variation surface graph of the current stress of each inductor. (a) Current
stress of inductor L;. (b) Current stress of inductor Ls. (c) Current stress of
inductor L,.

the primary and secondary voltages of the DAHB circuit are
matched. As shown in Fig. 7(c), the simulation parameters are
set to be the voltage matching state when D = 0.3. Under the
same transmission power condition, it reaches the minimum
value at the voltage matching state.

D. Analysis of the Reactive Backflow Loss

During the operation of Mode 2, the input voltage and current
in opposite phases generate reactive backflow loss, which is
the necessary condition to realize ZVS turn-ON of switch Q;.
As an inherent problem of the traditional DAB and DAHB
converter, reactive backflow loss Q.. is not transferred to the
output load, which would increase the current stress in the
circuit and reduce the system efficiency. Especially at high-gain
conditions, large reactive backflow loss would cause voltage
fluctuation and harmonic contamination problems in the dc bus,
affecting the safe and stable operation of EVs.

According to the modal analysis in Section II, the reactive
backflow energy in this DAHB circuit charges the half-bridge
capacitors C; and Cz, which can maintain the voltage stability
of the DAHB circuit. In addition, because of the freewheeling
effect of inductor L1, the reactive backflow loss can be further
reduced under full-load condition. The reactive backflow loss of
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Fig. 8. Comparison of the reactive backflow loss ratio under different voltage
gain conditions. (a) HB2-DAHB converter. (b) DAB converter.

the proposed converter can be calculated as

nVid(1—d)1?
L.f

Lif
8(1—2D)

ViD(2D — 1)

Qre = Llf

(28)

Fig. 8 shows the variation of the reactive backflow loss ra-
tio 0’} of the HB2-DAHB converter and the traditional DAB
converter, under the same parameter conditions. Q' is defined
as the proportion of reactive backflow loss to the active output
power, which can intuitively reflect the influence of reactive
backflow loss on system efficiency. And G = V;/nV, represents
the voltage gain of the circuit structure without transformer.
Similar to the converter designed in this work, the DAB converter
is adopted on extend phase-shift control, which mainly adjusts
the magnitude and direction of the energy transfer through
interbridge phase shift d, and optimizes the circuit characteristics
by in-bridge phase shift d .

In the comparative analysis shown in Fig. 8, the reactive
backflow loss accounts for a less proportion in the proposed
HB2-DAHB converter, especially under high-gain condition. On
the contrary, due to the serious voltage mismatch state, tradi-
tional DAB and DAHB converter have larger reactive backflow
loss, which seriously would affect the efficiency and security
of the system. This result proves that the proposed HB>-DAHB
converter shows advantages and potential in the application of
low turn ratio and high gain.

IV. EXPERIMENTAL VERIFICATION
A. Parameter Design

According to the analysis of soft-switching characteristics in
Section III, switches Qs, So, S3, and S4 can realize ZVS turn-
ON in a wide load range. While, the soft-switching ranges of
switches Q¢ and S; show an opposite trend with load changes.
To expand the soft-switching range, the optimization design of
inductance parameters is necessary. When the voltages on the
primary and secondary sides of transformer are matched, as Vs
= nVj the soft-switching conditions of switches Q; and S; and
the reactive loss ratio Q', the can be simplified as

Ql . d(1-d) < L:

12D =
- . (29)

. d(1-d)
Sy 12D =
Q. = (1-2D) L, dl-d) L, 1
re — 4d(i—d) L, ' 4(1—2D) L, 2

&

~
ol
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Fig. 9. Influence of inductance parameter ratio L,/L; on soft switching and
reactive backflow loss. (a) Effect of L./L1 on ZVS range of switches Q1 and Sy.
(b) Effect of L,/Ly on reactive backflow loss ratio Q' c.

TABLE I
PROTOTYPE PARAMETER

Parameter Value
HV dc Bus V1 400 V
HV dc Bus 72 240 V
LV dc Bus V3 48V
LV dc Bus V4 24V
Rated power Pou 500 W
Switching Frequency f° 100 kHz
Transformer Turns Ratio n:1 5:1
Energy Storage inductor L; 47 uH
Energy Storage inductor L» 47 uH
Leakage inductor Lixn? 33 uH
Energy storage capacitor C1—Cs 200 uF

Fig. 9 shows the influence of inductance parameter ratio L,/L;
on soft-switching range of switches Q; and Sy, and the reactive
backflow loss ratio Q' under the condition of voltage matching
state. According to Fig. 9(a), when the inductance ratio L,/L;
is in the range of 0.6-0.8, the HB2-DAHB converter has a wide
soft-switching range and low reactive backflow loss, showing
a high performance. Considering the transmission power of the
system and the volume of magnetic components, the design of
inductance value can be designed.

According to the voltage value of each port, the transformer
turns ratio n is set to 5:1, to achieve better voltage matching
state. Considering the values of the common power inductors,
inductors Ly, Lo, and L, are selected as 47, 47, and 33 pH,
respectively. For better voltage regulation, capacitors C;—Cy
are designed to be 200 uF. The parameters of the HB>-DAHB
converter are shown in Table II. Port V3 and port V, are two
low-voltage dc output terminals, which can be connected with
EV’s on-bored dc electronic equipment and storage batteries of
different voltage levels.

B. Control Strategy

The system adopts a hybrid control method combining PWM
and PSM, and the control block diagram is shown in Fig. 10.
Due to the half-voltage output relationship between V3 and Vg,
the system only needs to sample voltages V5 and V3. According
to the sampling value V ¢ and V3 g, the duty cycle D of HB; can
be determined by the voltage regulator (classical PI algorithm
modules). According to the voltage sampling value V3 ¢ and
reference value Vs_..¢, the output voltage regulator generates the
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Fig. 12. Thermal image of the experimental prototype. (a) Heat generation of
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Fig. 10.  Control block diagram of the system.
Fig. 11.  Diagram of the experimental prototype.

phase shift d. Finally, the PWM signal generator generates the
pulse signal for the HB2-DAHB converter to drive the switch ON
and OFF. The proposed hybrid control strategy is simple, with
two classical PI algorithm modules, and can be implemented
online in common micCroprocessors.

C. Experimental Results

According to the optimized design of parameters, a 500 W
principle prototype was built and tested to verify the good
performance of proposed converter under high-voltage-gain
conditions. The experimental prototype is shown in Fig. 11.
The prototype adopts a 3-D vertical structure, the primary side
circuit is on the top layer, and the secondary side circuit is
on the bottom layer. The size of the experimental prototype is
8.4 cm x 8.4 cm x 8.5 cm, and the power density of the system
is about 14.9 W/in®.

By adjusting the duty cycle D of the extended half-bridge
HB1, the primary and secondary sides of the DAHB circuit are
designed as the matching state, which can achieve better soft-
switching characteristics, minimal current stress, and reactive
backflow loss. Through single-phase-shift control, the poststage
DAHB circuit transmits full-load power to the dual low-voltage
output sides. The performance of the converter is verified by
related experiments as follows.

Fig. 12 shows the thermal image of primary and secondary
circuits of the experimental prototype under stable operation
conditions. Through natural heat dissipation, the operating tem-
perature of the switches is around 70 °C. The temperature of each

the primary side circuit. (b) Heat generation of the secondary side circuit.
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Fig.13.  Soft-switching waveforms of each switch under rated operation mode.
(Pagv =250 W, Pagv = 250 W). (a) Soft switching of switches Q1. (b) Soft
switching of switches Q2. (c) Soft switching of switches S7. (d) Soft switching
of switches Sa. (e) Soft switching of switches S3. (f) Soft switching of switches
S4.
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Fig. 14. Voltage and current waveforms of each inductor and system output
under rated mode. (P4gy = 250 W, P2a4yv = 250 W). (a) Voltage and current
waveform of each inductor. (b) Voltage waveform of each port.

device in the prototype is below the rated maximum temperature,
and the circuit works reliably.

Figs. 13 and 14 show the experimental waveforms under rated
working condition, that is, the 48 V port and the 24 V port output
250 W, respectively. According to the soft-switching waveform,
it can be seen that all the switches achieve ZVS turn-ON. It
should be pointed out that due to the large parasitic capacitor, the
switch Q isinacritical soft-switching state. Fig. 14(a) shows the
voltage and current waveforms of each inductor. The converter
operates in the voltage matching state, with small reactive back-
flow loss and less current stress. The reverse circulating current
I of inductor L, is about 0.7 A, using to implement ZV'S turn-ON
for Q;. According to the Fig. 12(b), the voltage of the three ports
is stable, and the high step-down capability is achieved under
the condition of low turn ratio. Similarly, Figs. 15-18 conduct



LI et al.: DESIGN AND OPTIMIZATION OF HIGH-GAIN BIDIRECTIONAL DC-DC CONVERTER FOR ELECTRIC VEHICLES

11229

[]

K
O

Critica zvS ©  Time (2us/div) ZVs Time (2us/div)

(a) (b)
I:I‘o

O] Time (2us/div) Vs Time us/div)

(c) (d)
gl bl ‘

oZ\'S Time (2us/div) OZ\'S Time (2us/div)

(e) ®

Fig.15.  Soft-switching waveforms of each switch under the condition of P4gy
=500 W, P24v = 0 W. (a) Soft switching of switches Q1. (b) Soft switching of
switches Qs. (c) Soft switching of switches S;. (d) Soft switching of switches
Sa. (e) Soft switching of switches Ss. (f) Soft switching of switches S4.
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Fig. 19.  Voltage and current waveforms of each inductor and system output

under conditions of V3 =56V, V4 =28V, P4 = 500 W. (a) Voltage and current
waveform of each inductor. (b) Voltage waveform of each port.
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Fig. 20.  Voltage and current waveforms of each inductor and system output
SA/di under conditions of V3 =44V, V, =22V, P4 =450 W. (a) Voltage and current
waveform of each inductor. (b) Voltage waveform of each port.
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Fig. 16.  Voltage and current waveforms of each inductor and system output
under the condition of P4gy = 500 W, P24y = 0 W. (a) Voltage and current @ (b)
waveform of each inductor. (b) Voltage waveform of each port.
Fig.21.  Soft-switching waveforms of switches S3 and S4 under reverse boost
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Fig.17.  Soft-switching waveforms of each switch under the condition of P4gv
=500 W, Pagv = 0 W. (a) Soft switching of switches Q1. (b) Soft switching of
switches Qs. (c) Soft switching of switches S;. (d) Soft switching of switches
Sa. (e) Soft switching of switches S3. (f) Soft switching of switches S4.
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Fig. 18.  Voltage and current waveforms of each inductor and system output
under the condition of Pygyv = 500 W, P24y = 0 W. (a) Voltage and current
waveform of each inductor. (b) Voltage waveform of each port.

24-48 V working mode. (a) Soft switching of switches S3. (b) Soft switching
of switches Sy.

comparative experiments to verify the performance of the exper-
imental prototype under different power allocation conditions.
Based on the optimized parameter design, the system has good
soft-switching characteristics and low reactive backflow loss,
consistent with theoretical analysis.

To prove the superiority of the HB>-DAHB converter within
a certain voltage range, Figs. 19 and 20 show the experimental
waveforms when the output voltage V, is setto 28 V and 22 V, re-
spectively. By adjusting the duty cycle D of the prestage circuit,
the voltage across the inductor L, can be maintained matching
state. Each switch can achieve ZVS turn-ON, the current stress
and reactive loss are relatively low.

In addition, the performance experiment of reverse boost
mode is carried out. Fig. 21 shows the situation where the
24 V port directly supplies power to the 48 V port, simu-
lating the application scenario where the low-voltage energy
storage battery supplies power to the dc load. At this time, the
transformer is disconnected, and the system operating mode is
simple bidirectional buck/boost. Although switch Sy does not
implement soft switching, the system has higher efficiency due
to lower conduction loss and magnetic loss. Figs. 22 and 23 show
the experimental waveform under the reverse rated working
condition, that is, the low-voltage 24 V port transmits rated
power to the high-voltage 400 V port. Under the combined
effect of the inductor current iy, and iy, the switch §4 can
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Fig. 22.  Soft-switching waveforms of each switch under reverse boost 24—

400 V working mode. (a) Soft switching of switches Q1. (b) Soft switching of
switches Q2. (c) Soft switching of switches S7. (d) Soft switching of switches
Sa. (e) Soft switching of switches S3. (f) Soft switching of switches Sy.
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Fig. 23.  Voltage and current waveforms of each inductor and system output

under reverse boost 24-400V working mode. (a) Voltage and current waveform
of each inductor. (b) Voltage waveform of each port.
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Fig. 24.  Dynamic response under the power step change. (a) Forward buck
mode. (b) Reverse boost mode.

realize ZVS turn-ON, and the system shows good soft-switching
characteristics. Because of the freewheeling effect of inductor
Lo, there is no reactive backflow loss in the system. The output
voltage of each port is stable, which meets the boost requirement
and conforms to the theoretical analysis.

Related experiments on the dynamic response under the
output power step change are shown in Fig. 24. The initial
conditions of the experiment are, Pygy =200 W, Pog4yv = 100 W,
and the load power of the 24 V port is constantly adjusted. In
forward mode, Poyy is reduced from 300 W x 50 W to 200 W,
and adjusted from 200 W back to 300 W. In reverse mode, P4ogv
is adjusted from 500 W to 400 W at time #;, and adjusted back
to 500 W at time 5. The experimental results prove that when
the power changes, the voltage at each port can remain stable
without obvious fluctuations during the bidirectional energy
transmission process.

Fig. 25 presents the efficiency curves in both the forward
and reverse working modes under different load conditions.
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Fig. 25. Efficiency test curve of the experimental prototype.

And Fig. 26 shows the test efficiency and losses distribution
of the proposed converter under different power distribution
conditions. Under the same parameter and device conditions, a
DAHB experimental prototype was built for performance com-
parison. Because of the severe voltage mismatch state, inductor
current it waveform is distorted, leading to large current stress,
core loss and reactive backflow loss, and partial switches of
DAHB circuit loses ZVS turn-ON. On the contrary, through
the voltage regulation of the extended half-bridge HB;, the
proposed HB2-DAHB converter can maintain the matching state
and would have high efficiency under high-gain conditions.
The loss of the system mainly includes switching devices
losses, magnetic component losses, circuit conduction loss, and
other stray losses. The turn-ON loss of switches can be approxi-
mately ignored because of the good soft-switching characteris-
tics. And the reactive loss can be manifested as an increase in
conduction losses and magnetic losses. The peak efficiency in
rated forward mode can reach about 94.1%, which corresponds
to the situation where the 48 V port outputs full-load power.
As the output power of the 24 V port increases, the efficiency
of system decreases, because of additional conduction loss and
magnetic loss. In the reverse boost mode, where V, directly
transfers energy to Vs, the peak efficiency is about 98.1%, due
to fewer devices in the circuit. When the V4 port supplies power
to the dc bus V4, the test efficiency under rated conditions is about
93.4%. As the transmission power decreases, the ZVS range of
the multiplexing switches might be narrowed, and the reactive
loss of the system increases relatively, which would lead to lower
efficiency and bus voltage fluctuations. Overall, the HB>-DAHB
converter is more suitable for full-load and half-load conditions.
Table III shows the performance comparison between the
HB2-DAHB converter and other bidirectional isolated dc—dc
converters. The proposed converter can achieve high voltage
gain under the condition of low turns ratio and fewer switches.
Through the sharing of partial switches and the characteristics
of two low-voltage output ports, the proposed converter has
a simple structure and can improve the EV’s space. Although
the additional switches and inductors are added, the converter
can improve the performance without significantly reducing the
overall power density and increasing the system cost of the
experimental prototype, because of the low-voltage stress of the
primary switch and transformer and small magnetic core.
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TABLE III
COMPARISON WITH OTHER OPTIMIZED BIDIRECTIONAL CONVERTERS

Converter Inps:){g;?ut Frequency  Turnsratio  Switches ﬁ:ﬁﬁg (fe(;lv;iet; I;z\‘;veir ¢ fﬁl;?fs:flcy
[13] 400V/50V 1 MHz 8:2 12 4 =21.6 W/in* 500 W 93.0%
[15] 400V/48V 250 kHz 20:6 8 2 =29.0 W/in® 500 W 95.0%
[16] 380V/48V 50 kHz 40:10:10 6 4 — 1000 W 93.8%
[19] 400V/48V 40 kHz 21:10 6 4 =943 W/in* 500 W 94.1%
[22] 400V/48V 50 kHz 8.3:1 8 2 — 480 W 94.6%
[26] 400V/48V 200 kHz - 8 4 =152 W/in® 1000 W 94.5%
Traditional DAHB 400V/24V 100 kHz 5:1 4 2 =19.5 W/in® 500 W 81.1%
This work 400V/24V 100 kHz 5:1 6 4 =149 W/in®* 500 W 94.1%

V. CONCLUSION

On the basis of traditional DAHB converter, through partial
switch sharing, this article proposes an optimized HB?-DAHB
converter with high gain and multiplexed output. Under the
condition of fewer number of switches and less turn ratios,
the proposed converter achieves higher buck—boost capability.
Based on the circuit characteristic analysis and parameter op-
timization design, the principle prototype has been tested. And
the experimental results verified the correctness of the theoret-
ical analysis. The good soft-switching characteristics and low
reactive backflow loss make the battery pack have high charge-
discharge efficiency and service life. These advantages make the
proposed converter show application potential in intelligent and
automated EVs.
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