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Abstract 

 

In order to match the voltages between high voltage battery stacks and low voltage super-capacitors with a high conversion efficiency 
in hybrid energy sources electric vehicles (HESEVs), a high ratio bidirectional DC-DC converter with a synchronous rectification 
H-Bridge is proposed in this paper. The principles of high ratio step-down and step-up operations are analyzed. In terms of the 
bidirectional characteristic of the H-Bridge, the bidirectional synchronous rectification (SR) operation is presented without any extra 
hardware. Then the SR power switches can achieve zero voltage switching (ZVS) turn-on and turn-off during dead time, and the power 
conversion efficiency is improved compared to that of the diode rectification (DR) operation, as well as the utilization of power switches. 
Experimental results show that the proposed converter can operate bidirectionally in the wide ratio range of 3~10, when the low voltage 
continuously varies between 15V and 50V. The maximum efficiencies are 94.1% in the Buck mode, and 93.6% in the Boost mode. In 
addition, the corresponding largest efficiency variations between SR and DR operations are 4.8% and 3.4%. This converter is suitable 
for use as a power interface between the battery stacks and super-capacitors in HESEVs. 
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I. INTRODUCTION 

With the aggravation of the global energy crisis and the 
deterioration of the environmental pollution, clean-energy 
vehicles which are powered by renewable energy sources 
with reduced or zero pollution, are a new trend for the future 
of transportation [1]-[3]. While electric vehicles, e.g. fuel cell 
vehicles and pure electric vehicles, are one of the most 
significant types of clean-energy vehicles [4], [5]. These new 
energy vehicles reduce the consumption of non-renewable 
energy sources and results in pollution reduction [6]. 
However, high specific energy sources, such as fuel cell 
stacks and battery stacks cannot supply instantaneous 
power well for acceleration [7], [8]. In addition, the 

battery stacks cannot store braking energy efficiently to 
extend mileage by a few seconds [9], [10]. Therefore, 
hybrid energy sources vehicles comprised of high specific 
energy and high specific power sources, e.g. battery stacks 
and super-capacitors, have been proposed by some scholars 
to fulfill the bidirectional stable energy and instantaneous 
power requirements for the high voltage DC-link of electric 
driving systems [11], [12]. 

Regarding high specific power sources (e.g. 
super-capacitors), they still have characteristics such as a low 
output voltage and a high output current [13]. In addition, 
their terminal voltages vary a great deal when they are being 
charged or discharged. Therefore, the high specific power 
sources are difficult to be directly parallel with the high 
voltage DC-link. And it is necessary to interface with the 
super-capacitors and the high voltage DC-link by a high ratio 
bidirectional DC-DC converter. The present high ratio 
bidirectional DC-DC converters can generally achieve high 
step-down and step-up voltages by high-frequency 
transformers, coupled inductors, or switched capacitors 
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[14]-[16]. However, the leakage of the transformer and the 
coupled inductors may easily induce higher voltage stresses 
across the power switches. In addition, the design parameters 
of the transformer and the coupled inductors would be 
affected by the leakage, and the magnetic components have to 
be off-standard. Particularly, it  highly depends on the 
magnetic components and switched capacitors which would 
be subject to lower power density and non-easy packages, 
and may not be tolerant in HESEVs. 

In fact, a synthesis method to achieve high ratio step-down 
and step-up DC-DC converters without coupled inductors or 
switched capacitors was proposed in [17], and the peak 
current loss due to the extreme duty cycles was reduced. 
However, compared with two-phase or three-level DC-DC 
converters, the high ratio unidirectional converters above 
operate with a lower efficiency [18], because the total 
inductor current flows simultaneously through two 
semiconductors, or the semiconductors have a full blocking 
voltage. In this paper, a high ratio bidirectional DC-DC 
converter with a H-Bridge is proposed to avoid the 
transformers, coupled inductors and switched capacitors. 
Furthermore, the high ratio bidirectional H-Bridge DC-DC 
converter with synchronous rectification operation is 
presented which takes full advantage of the power switches 
without any other hardware and improves efficiency, as the 
four driving circuits are actually needed for the bidirectional 
operation of the H-Bridge. The remainder of this paper is 
organized as follows. In Section II, the topology and 
operation principles of the proposed converter are stated. 
Then, some experimental results and analysis are given in 
Section III. Finally, the conclusion is delivered in Section IV. 

 

II. HIGH RATIO BIDIRECTIONAL CONVERTER AND 
OPERATIONS 

A. Bidirectional Topology 

The proposed high ratio bidirectional DC-DC converter 
with a SR H-Bridge is shown in Fig. 1. L is the energy 
storage/filter inductor, and Chigh and Clow are the energy 
storage/filter capacitors. When energy flows from the high 
voltage side (Uhigh) to the low voltage side (Ulow), the output 
voltage Ulow is stepped down (in Buck mode) from Uhigh by 
controlling the power switches of QD1,  and QD4, and the 
anti-parallel diodes of QD2 and QD3. Otherwise, Uhigh is 
stepped up (in Boost mode) from Ulow through the controlled 
power switches QD2,  and QD3, as well as the anti-parallel 
diodes of QD1 and QD4. 

B. High Ratio Step-Down Operation 

In terms of the step-down operation of the bidirectional 
H-Bridge shown in Fig. 1, its output voltage Ulow is filtered 
from the PWM voltage Uab by L and Clow, and Uab can be 
described as: 

ab an bnU U U                  (1) 

 
Fig. 1. High ratio bidirectional DC-DC converter with SR 
H-Bridge. 
 

where Uan and Ubn are the output PWM voltage of the left and 
right half bridges, respectively. However, the high ratio 
step-down operation of this Buck DC-DC converter requires 
a narrow pulse voltage Uab. In this paper, the narrow pulse 
voltage Uab is obtained from the PWM voltage difference 
between the wider pulse voltages Uan and Ubn, by means of 
(1). Its high ratio step-down operation principle is shown in 
Fig. 2. The gate signal S1 for the power switch QD1 is decided 
by the modulation index mb, as shown in Fig. 2(a) and 2(b). 
Similarly, the gate signal S4 for the power switch QD4 depends 
on the modulation index ma, as shown in Fig. 2(a) and 2(c). In 
addition, it is under the conditions of 0<mb<0.5<ma<1, and 
ma+mb>1. Therefore, the output PWM voltages Uan and Ubn 
are controlled by the gate signals S1 and S4, as shown in Fig. 
2(d) and 2(e), and the narrow pulse voltage Uab can be 
obtained by adjusting ma and mb which can be near 0.5. 

In the current continuous mode, the energy stored in the 
inductor L is equal to the energy transferred to the load in 
each carrier period T, then it can be obtained that: 

 high low off4 off1

low off1 off4

( ) [(0.5 ) (0.5 )]

( )

U U T t T t

U t t

    

  
   (2) 

where toff1 and toff4 are the turn-off times for QD1 and QD4, 
respectively. Then the step-down ratio MBuck of the Buck 
DC-DC converter is obtained by: 
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where d1 and d4 are the duty cycles of QD1 and QD4, 
respectively. In addition, the relationship between MBuck and 
ma, mb can be written as: 

low
Buck a b b a a b

high

, (0 0.5 , and 1)
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M m m m m m m
U

        (4) 

C. High Ratio Step-Up Operation 

Regarding the step-up operation of the H-Bridge shown in 
Fig. 1, the output voltage Uhigh is obtained by rectifying the  
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Fig. 2. High ratio step-down operation principle of H-Bridge. 

 

PWM voltage Uab through the anti-parallel diodes of QD1 and 
QD4, and the filter capacitor Chigh. Thus, the high ratio step-up 
operation of the H-Bridge also needs a narrow pulse voltage 
Uab, which is also obtained from the PWM voltage difference 
between the PWM voltages Uan and Ubn. Its operation 
principle is shown in Fig. 3. And the gate signals S2 and S3 for 
QD2 and QD3, shown in Fig. 3(a-c), are generated by the 
modulation indices mc and md, respectively. Furthermore, this 
is done under the conditions of 0<md<0.5<mc<1 and mc+md<1. 
Therefore, the output PWM voltages Uan and Ubn of each half 
bridge are controlled by S2 and S3, as shown in Fig. 3(d) and 
(e). Finally, the narrow pulse voltage Uab can be obtained by 
adjusting mc and md, which can also be around 0.5. 

Similarly, in the current continuous mode, the energy 
stored in the inductor L is equal to the energy transferred to 
the load in each carrier period T, then it can be obtained that: 

 high low on2 on3

low on2 on3

( ) [(0.5 ) (0.5 )]

( )

U U T t T t

U t t
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     (5) 

where ton2 and ton3 are the turn-on times for QD2 and QD3, 
respectively. As a result, the step-up ratio MBoost of the 
H-Bridge can be obtained by means of (5) and Fig. 3(b), 3(c), 
and 3(g). 
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where d2 and d3 are the duty cycles of QD2 and QD3, 
respectively. Then, the relationship between MBoost and mc 
and md can be described as: 
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Fig. 3. High ratio step-up operation principle of H-Bridge. 
 

D. Synchronous Rectification Operation 

Although the power semiconductors switch with duty 
cycles which are near 0.5, the inductor currents of the 
bidirectional H-Bridge converters have to flow in the 
corresponding anti-parallel diodes. However, this still lead to 
a lower efficiency, as well as lower utilization of the 
H-Bridge power switches. Therefore, a high ratio 
bidirectional DC-DC converter with a synchronous 
rectification H-Bridge is proposed in this paper. In addition, 
the H-Bridge is comprised of four MOSFETs QD1-QD4 with 
anti-parallel diodes. 

The synchronous rectification operation principle of the 
bidirectional H-Bridge is shown in Fig. 4. When it operates in 
the Buck mode (high ratio step-down), the main power 
semiconductors QD1 and QD4 switch according to the gate 
signals S1 and S4, as shown in Fig. 4(a). During the dead time 
td, the inductor current iL flows into the anti-parallel diodes of 
QD2 and QD3. Otherwise, by means of the gate signals S2 and 
S3, shown in Fig. 4(a), it flows into the controlled power 
switches QD2 and QD3, as shown in Fig. 4(b). Similarly, when 
the bidirectional H-Bridge operates in the Boost mode (high 
ratio step-up), the main power semiconductors QD2 and QD3 
switch according to the gate signals S2 and S3, shown in Fig. 
4(c). In the dead time td, iL flows into the anti-parallel diodes 
of QD1 and QD4. Otherwise, in terms of the gate signals S1 and 
S4, shown in Fig. 4(c), it flows into the controlled power 
switches QD1 and QD4, as shown in Fig. 4(d). 

E. Control Strategy of Bidirectional Power Flow 

Based on the operations analyzed in Section II (B-D), the 
bidirectional power flow control strategy can be achieved as 
shown in Fig. 5. When the bidirectional DC-DC converter 
interfaces with the battery stacks and the DC bus, it operates  
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Fig. 4. Synchronous rectification operation principle of 
bidirectional H-Bridge. 

 
as a current-source converter with a current loop. According 
to the power flow control signal Uc, the operation modes of 
the bidirectional DC-DC converter change between the 
step-down and the step-up modes. It operates in the 
step-down mode with Uc=0, and the inductor current iL is 
controlled by the Buck current controller with the reference 
current Iref-Buck. The corresponding PWM scheme, as shown in 

+
-

+
-

+

-

-+

 
Fig. 5. Control strategy of bidirectional power flow. 
 
Fig. 2 and Fig. 4(a), is selected to generate the gate signals 
S1-S4 in the step-down mode. Therefore, the power flow is 
from the DC bus to the battery stacks. During the step-down 
mode, if Uc is changed from "0" to "1", the inductor current iL 
is controlled by the Boost current controller with the opposite 
direction reference current Iref-Boost. The corresponding PWM 
scheme, as shown in Fig. 3 and Fig. 4(c), is selected to 
generate the gate signals S1-S4 in the step-up mode. As a 
result, the inductor current rises reversely after falling to zero. 
The power flow is controlled from the battery stacks to the 
DC bus. 
 

III. SMALL-SIGNAL MODELING AND 
PARAMETERS DESIGN 

A. Small-Signal Modeling 

It is supposed that the power switches with anti-parallel 
diodes, the inductor, and the capacitors are ideal. The 
capacitance of Chigh and Clow is large enough to neglect the 
voltage ripples. 

When the bidirectional DC-DC converter operates in the 
step-up mode, the main power semiconductors QD2 and QD3 
have three switching states: S2S3=[10, 00, 01]. When S2S3=10, 

its operation time is 2d T , and the state space average 

model can be obtained as follows: 
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where RBoost is the equivalent load resistance in the step-up 

mode. When S2S3=01, its operation time is 3d T , and the 

state space average model can be written as: 
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When S2S3=00, its operation time is 2 3(1 )d d T   , and the 

state space average model can be achieved as: 
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Combing (8), (9) and (10), the average model of the 
bidirectional DC-DC converter in the step-up mode can be 
obtained as (11). 
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Fig. 6. Control scheme with voltage and current loops. 
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Based on (11), the small-signal disturbance variables 

 L̂i t ,  highû t ,  d̂ t , and  lowû t  are introduced for the 

alternating current small-signal disturbance variables 
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where LI , highU , D  and lowU  are steady state 
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small-signal model of the bidirectional DC-DC converter in 
the step-up mode can be written as: 
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According to (12), the dynamic mathematic model for the 

output disturbance variable  highû s  and the control 

disturbance variables 2
ˆ ( )d s  and 3

ˆ ( )d s  in the step-up mode 

can be achieved from the time domain to the complex 
frequency domain as (13). 

high 2

low 3

high 3

low 2

high L high 2 3

2 2ˆ2 ˆ =0, ( ) 0 high 2 3
Boost

high L high 2 3

2 2ˆ3 ˆ =0, ( ) 0 high 2 3
Boost

ˆ ( ) ( 1)
( )

ˆ ( ) ( 1)

ˆ ( ) ( 1)
( )

ˆ ( ) ( 1)

u d

u d s

u d

u d s

u s I Ls U D D
G s

Ld s LC s s D D
R

u s I Ls U D D
G s

Ld s LC s s D D
R





   
  

    



     
   



(13) 

When the bidirectional DC-DC converter operates in the 
step-down mode, the main power semiconductors QD1 and 
QD4 have three switching states: S1S4=[01, 10, 11]. Similarly, 
the average model of the bidirectional DC-DC converter in 
the step-down mode can be achieved as (14). 
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where RBuck is the equivalent load resistance in the step-down 
mode. Based on (14), the small-signal model of the 
bidirectional DC-DC converter in the step-down mode can be 
obtained as: 
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In terms of (15), the dynamic mathematic model for the 

output disturbance variable  lowû s  and the control 

disturbance variables 1
ˆ ( )d s  and 4

ˆ ( )d s  in the step-down 

mode can be achieved from the time domain to the complex 
frequency domain as (16). 
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low 4

high 1
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


   
 



 (16) 

Based on (13) and (16), a control scheme with voltage and 
current loops can be obtained as shown in Fig. 6. When the 
bidirectional DC-DC converter operates in the step-up mode, 

the converter transfer function 
HL i

( )u dG s  is switched as (13). 

Otherwise, 
HL i

( )u dG s  is switched as (16). In addition, m ( )G s  

is the PWM transfer function, cv ci( ), ( )G s G s  are the voltage 

and current controller transfer functions, and ( )H s  is the 

feedback transfer function. Therefore, two PI (proportional 
integral) controllers can be designed for the bidirectional 
DC-DC converter to achieve static and dynamic performance. 

B. Parameters Design of the Capacitor and Inductor 

According to Fig. 1, Fig. 2 and the operation principle of 
the bidirectional DC-DC converter in the step-down mode, 
when S1S4=11, QD1 and QD4 are turned on, QD2 and QD3 are 
turned off, and the inductor is being charged. The charging 
time in each carrier period is (d1+d4-1)×T, and the high 
frequency component current of the inductor current flows 
through the low voltage side capacitor. Then, (17) can be 
obtained as: 
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      (17) 

where lowU  is the voltage ripple of the low voltage side 

capacitor, and L_BuckI  is the inductor current ripple in the 

step-down mode. In addition,  low 1 4 high= 1U D D U  . Then 

the capacitance of the low voltage side capacitor and the 
inductance LBuck in the step-down mode can be obtained as: 
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Buck
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         (18) 

Similarly, in the step-up mode, the inductor is being 
discharged when S2S3=00. The discharging time in each 
carrier period is (1-d2-d3) ×T. Then (19) can be achieved as: 
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     (19) 

where highU  is the voltage ripple of the high voltage side 

capacitor, and L_BoostI  is the inductor current ripple in the 

step-up mode. In addition,  o 2 3 L_Boost1I D D I    is the 

load current in the high voltage side, 

 low 2 3 high= 1U D D U  . Then the capacitance of the high 

voltage side capacitor and the inductance LBoost in the step-up 
mode can be achieved as: 
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          (20) 

In terms of (18) and (20), the capacitance of the high and low 
voltage-side capacitors and the inductance of the inductor can 
be designed in this paper. 
 

IV. EXPERIMENTAL VERIFICATION AND ANALYSIS 

In experiments, the high voltage DC bus (supported by a 
high specific energy source, e.g. battery stacks) can be 
replaced by a constant DC voltage source with Uhigh=150V 
(as a stable input voltage), and the low voltage with a high 
specific power source (e.g. super-capacitors) can be replaced 
by a load resistor RLbuck=1.5~30   or low voltage (48V) 
battery stacks in the Buck mode. In the Boost mode, the high 
specific power source (e.g. super-capacitors) can be replaced 
by an adjustable DC voltage source with a range of  

1 0.54d 

4 0.56d 

(20μs/div)t

 
 

 (a) Output PWM voltage of each half-bridge. 
 

(20μs/div)t

1 4 1 0.1d d  

 
 

 (b) Inductor current and output PWM voltage of H-Bridge. 
 

S2 (5V/div)

UQD2 (50V/div)

(4μs/div)t

ZVS
Turn-on

ZVS
Turn-off

 
 

 (c) Gate signal and voltage stress of synchronous rectification 
power switch. 

 

Fig. 7. Output PWM voltages and inductor current with 
MBuck=10 in Buck mode. 

 
Ulow=15~50V (as a variable input voltage) or low voltage 

(48V) battery stacks, and the high DC bus voltage source 
(normally high specific energy source battery stacks) can be 
replaced by a load resistor RLboost=130~260 . In addition, 
the converter voltage loops are controlled by a 
TMS320F28335 DSP. For the power circuit IXTK102N30P 
MOSFETs are used. The switching frequency is fs=10kHz, 
the dead time is td=1 μs , and the initial value of the inductor 

is L=1.7mH. 
Fig. 7 and Fig. 8 show experimental results in the Buck 

mode. The output PWM voltages with MBuck=10 are shown in 
Fig. 7. In this mode, the output PWM voltages of each 
half-bridge Uan and Ubn are shown in Fig. 7(a). The output 
PWM voltage of the H-Bridge Uab, shown in Fig. 7(b), is 
obtained from the voltage difference between Uan and Ubn. 
Although the step-down ratio is very high, a narrow pulse 
voltage Uab still can be obtained by duty cycles that are near 
0.5 (d1 is about 0.54, and d4 is about 0.56, as shown in Fig. 
7(a)). In addition, the frequency of Uab and the inductor  
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(4s/div)t

 
 

Fig. 8. Output voltage (varying from 15V to 30V) and the 
corresponding inductor current in Buck mode (RLbuck=1.5 ). 

 
current iL is double the switching frequency, because Uab is 

indirectly obtained by the voltage difference between Uan and 
Ubn. The other two arms (QD2 and QD3) operate in the 
freewheeling state with synchronous rectification. During the 
dead time, current flows through the anti-parallel diodes of 
QD2 and QD3, leading to near zero voltage stress. Otherwise, 
the freewheeling current is turned on or turned off by the 
controlled MOSFETs QD2 and QD3 with ZVS (zero voltage 
switching), as shown in Fig. 7(c). 

In Fig. 8, the load resistor for the Buck mode is 
RLbuck=1.5 , and the output voltage Ulow is controlled from 
15V to 30V with a variable reference voltage in a few 
seconds. And the inductor current iL increases 
correspondingly until the output voltage arrives at Ulow=30V. 
In this dynamic process, the converter steps down with 
synchronous rectification in a wide range of 5~10. 

Fig. 9 and Fig. 10 show experimental results in the Boost 
mode with a load of RLboost=50~130 . The output PWM 
voltages with MBoost=10 are shown in Fig. 9. The output 
PWM voltages Uan and Ubn of each half-bridge with wider 
duty cycles are shown in Fig. 9(a). In this mode, QD2 and QD3 
alternate to be the main power switches, and QD1 and QD4 
become the rectification power switches. Then the output 
narrow PWM voltage Uab is obtained from the voltage 
difference between Uan and Ubn, as shown Fig. 9(b). Similarly, 
the frequencies of Uab and iL are double the switching 
frequency. It can be seen that the high step-up ratio can still 
be achieved by the duty cycles of the main power switches, 
which are near 0.5 (d2 is about 0.46, and d3 is about 0.44, as 
shown in Fig. 9 (a)). For QD1 and QD4, current flows through 
the anti-parallel diodes of QD1 and QD4 during the dead time. 
Then, their blocking voltages are around zero. Otherwise, the 
current is turned on or turned off by the controlled MOSFETs 
QD1 and QD4 with ZVS, as shown in Fig. 9(c). 

The input voltage and step-up output voltage are shown in 
Fig. 10. The reference voltage is given at 150V, and the input 
voltage continuously varies from 30V to 15V. However, the 
corresponding output voltage is stable at 150V. Therefore, a 
constant output voltage of 150V can be obtained by the 
variable input DC voltage source and the wide range 
voltage-gain of 5-10. 
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 (a) Output PWM voltage of each half-bridge. 
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 (c) Gate signal and voltage stress of synchronous rectification 
power switch. 

 

Fig. 9. Output PWM voltages and inductor current with 
MBoost=10 in Boost mode. 
 

(4s/div)t

 
Fig. 10. Input voltage (varying from 30V to 15V) and the 

corresponding output voltage in Boost mode (RLboost=130 ). 

 

The output voltages and inductor currents under load step 
changes from the bidirectional DC-DC converter are shown 
in Fig. 11. In the step-down mode, the output voltage Ulow is 
controlled at 50V, and the load resistor is changed from 15  
to 30  with a load step change. The inductor current iL 
changes from 3.3A to 1.65A, and the output voltage Ulow is  
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(40ms/div)t

 
(a) In step-down mode. 

(40ms/div)t

 
(b) In step-up mode. 

Fig. 11. Output voltages and inductor currents under load step 
change. 

 
stabilized at 50V after approximately 30ms, as shown in Fig. 
11(a). In the step-up mode, the output voltage Uhigh is 
controlled at 150V. The load resistor is changed from 100  
to 50  with a load step change, the inductor current iL 
changes from 1.5A to 3A, and the output voltage Uhigh is 
stabilized at 150V after approximately 80ms as shown in Fig. 
11(b). 

In order to validate the bidirectional power control scheme, 
some experimental results are shown in Fig. 12. Low voltage 
battery stacks (48V) and a high voltage DC bus (150V) 
interface with the proposed bidirectional DC-DC converter. 
In Fig. 12(a), when the converter starts, the soft starting 
process is needed to suppress the rush current in the inductor. 
Then the converter operates at the reference inductor current 
Iref-Boost=3A with a current control loop in the step-up mode, 
and there is a power flow from the low voltage battery stacks 
to the high voltage DC bus. When the power flow needs to be 
changed, the converter operates at the reference inductor 
current Iref-Buck=-3A, and the inductor current rises reversely 
after falling to zero (Boost to Buck). The converter operates 
at the reference inductor current Iref-Buck=-3A in the step-down 
mode, and the power flow goes from the high voltage DC bus 
to the low voltage battery stacks. Similarly, the converter can 
also switch from the step-down mode to the step-up mode 
(Buck to Boost), and the transient process is shown in Fig. 
12(b). The inductor current falls to zero from IL=-3A. Then it 
increases and stabilizes at IL=3A in approximately 20ms. 

In addition to the high ratio bidirectional step-down and 
step-up operations of the proposed converter, the 
synchronous rectification operation, which takes advantage of  

(2s/div)t

 
(a) Process of soft starting, Boost to Buck, and Buck to Boost. 

(4ms/div)t

 
(b) Transient process of Buck to Boost. 

Fig. 12. Experimental results of bidirectional power flow control. 
 

 
Fig. 13. Efficiency comparisons between diode and synchronous 
rectification operations for proposed bidirectional converter. 
(Uhigh=150V, Ulow=15~50V, RLbuck=6 , RLboost=130 ). 

 
the proposed topology instead of extra hardware, improves 
the efficiency as well as the utilization of the freewheeling 
and rectification power switches. When Uhigh is a constant 
150V, and the output voltage (in the Buck mode) varies from 
15V to 50V, or the input voltage (in the Boost mode) varies 
from 50 to 15V, the efficiencies measured by a power 
analyzer (Yokogawa-WT3000) are compared between the 
DR and SR operations for the proposed bidirectional 
converter and are shown in Fig. 13.  

In the step-down mode, when the bidirectional DC-DC 
converter operates with the diode rectification (DR), the 
discharging inductor current flows through one MOSFET and 
one diode in series, while it flows through two MOSFETs in 
series with the SR operation. In addition, the on-resistance of 
the selected MOSFET is less than its anti-parallel diode, as 
well as the ZVS operation of the SR power switches. 
Therefore, the efficiency (Buck-SR) with the SR operation is 
higher than that (Buck-DR) with the DR operation, as shown 
in Fig. 13. In the step-up mode with the DR operation, the 
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discharging inductor current flows through two diodes in 
series, and the charging inductor current flows through one 
MOSFET and one diode in series, while the inductor current 
flows through two MOSFETs in series with the SR operation. 
Similarly, the efficiency (Boost-SR) with the SR operation is 
higher than that (Boost-DR) with the DR operation, as shown 
in Fig. 13. Because the flowing path of the inductor current is 
devolved from the anti-parallel diodes to the controlled 
MOSFETs, the efficiencies in the Buck and Boost modes are 
improved by 4.8% and 3.4%, respectively. When Ulow 
continuously varies between 15V and 50V, the maximum 
efficiency arrives at 94.1% and 93.6% in the Buck-SR and 
Boost-SR operations, respectively. 

 
V. CONCLUSIONS 

 

A high ratio bidirectional DC-DC converter with a 
synchronous rectification H-Bridge is proposed in this paper, 
and the high ratio bidirectional operations can be obtained by 
non-extreme duty cycles that are near 0.5. In addition, the 
equivalent switching frequency is double the actual one, and 
the bidirectional synchronous rectification operations are 
achieved by taking full advantage of the H-Bridge, instead of 
extra hardware. Then compared with the diode rectification, 
the power conversion efficiency is improved significantly 
when the low voltage side voltage varies widely. Therefore, it 
is suitable for application as a power interface between the 
battery and super-capacitor stacks in hybrid energy sources 
electric vehicles. 
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