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ABSTRACT The study proposes a novel integrated three-port bidirectional dc/dc converter for energy

storage systems. The converter includes two batteries, namely 24- and 48-V batteries, used as input source

and for backup energy, respectively. Each battery can supply to dc load in the normal case. When the grid

power fails, 24-V battery input is stepped up to the dc bus through a high step-up converter. The 48-V battery

serves as a buffer power supply when the load increases instantaneously. At night, when the 48-V battery is

under low power consumption, the dc bus can charge the battery. In addition, the converter can monitor both

battery voltages simultaneously; when one battery is used excessively, the other battery can charge it, thus

keeping the system power stable. The integrated three-port bidirectional dc/dc converter is a combination

of a boost–flyback, forward converter, and voltage doubler and has the following advantages: 1) it operates

in input continuous current and low voltage stress; 2) it provides input current recovery; 3) it improves

high reverse voltage caused by the transformer; 4) it operates in zero current switching (ZCS); and 5) its

doubler circuit can flexibly adjust the dc bus voltage. A 500-W three-port bidirectional dc/dc device was

implemented to verify the feasibility and practicability of the proposed converter. The highest efficiency

achieved for operation in 24-V battery high step-up mode was 95.3%; it was 94.9% and 95.2% in 48-V

battery step-up and step-down mode, respectively.

INDEX TERMS Flyback converter, three-port bidirectional dc/dc converter, coupled inductor.

I. INTRODUCTION

Renewable energy is environment friendly and emits low

pollution, but it has a disadvantage of unstable output DC

voltage. For example, maximum solar energy can be obtained

at noon but the output voltage and energy depend on the

time and angle of the sun. While providing wind power to

a generator, a fixed wind speed cannot be maintained and the

output voltage is insufficient for direct supply to an inverter

for conversion into AC voltage or supply load.

Nowadays, DC electronic products use batteries of differ-

ent specifications. This study aims to step up a DC bus by pro-

viding 24-V and 48-V batteries to supply theDC load [1]–[9].

The 24-V battery is used as the auxiliary supply when the

main power supply fails, whereas the 48-V battery supplies

power under rapidly changing load. When the night power

demand is low, the DC bus charges the battery. In addition,

the two batteries can balance the energy by charging and

discharging each other, thus maintaining a fixed amount of

energy to the DC load. In addition, to prevent power failure
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FIGURE 1. Proposed power system.

at the main supply, the battery terminal can maintain a stable

voltage to the DC bus and DC load (Fig. 1).

II. LITERATURE REVIEW

To reduce the number of components, cost, and volume of

the converter, shared switches are used such that a bidirec-

tional step-up/step-down converter can be realized. To add an

energy storage battery to the regenerative energy system, a

three-port-type circuit is used. Commonly used nonisolated
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three-port bidirectional DC/DC converters include high volt-

age gain boost-buck three-port bidirectional conversion cir-

cuits [18], and three-port bidirectional single-storage inductor

DC/DC conversion circuits [19]. These nonisolated bidirec-

tional DC/DC converters are low cost and have few com-

ponents and simple control design. However, because of

the fewer energy storage components, voltage gain increase

in the circuit is difficult to achieve. Moreover, in the case

of high power, the circuit becomes easily unstable, result-

ing in low efficiency, and because an isolation circuit is

not used, the application of the converter is limited and

the circuit is susceptible to interference. Isolated three-port

bidirectional DC/DC converters include high-conversion-

ratio half-bridge LLC bidirectional conversion circuits [17],

three-port interleaved full-bridge conversion circuits [20],

three-port half-bridge LLC resonant circuits [23], and high-

voltage gain-doubler bidirectional circuits [24]. Half- and

full-bridge architecture conversion circuits can realize the

switching soft-cut function by using a phase shift control and

the bidirectional function for efficiency by using a bypass

diode. The use of LLC resonant circuits in the transformer

design reduces the transformer volume and provides a wide

range of voltage input; however, the design is difficult to

implement and easily becomes unstable under light load,

thereby lowering its efficiency. The control signal is inter-

leaved to improve energy shortage and reduce the output

inductor ripple. In recent years, many improved three-port

bidirectional DC/DC converters, such as high-conversion-

ratio half-bridge LLC bidirectional conversion circuits [17]

with an interleaved forward circuit to recover leakage induc-

tance energy and synchronous rectification to improve its

efficiency, have been proposed, but the transformer in this

converter is regarded as an ideal transformer, it is more

impractical. Although the transformer has relatively few turns

in the case of high power, the energy of the magnetizing

inductor is released, affecting the efficiency. The three-port

interleaved full-bridge conversion circuit [20] uses two induc-

tors placed in an interleaved manner to charge the battery,

and the secondary side uses the full bridge. In [21], [22],

adjust the switch position so that the current flows through the

bypass diode to simplify the circuit. A three-port half-bridge

LLC resonant circuit [23] changes the secondary-side full-

wave forward direction to two outputs, and the second-port

voltage increasing circuit supplies energy to the third port.

To increase the voltage gain, the solar input is connected in

series with the boost circuit in front of the resonant circuit.

To reduce the number of switches, the transformer winding

is increased and used as a switch. However, the problems of

poor response of the LLC under light load and low efficiency

cannot be solved. Finally, a high-voltage-gain double-voltage

bidirectional circuit [24] uses a voltage doubler circuit to

realize a high step-up/step-down bidirectional circuit. In this

converter, a set of three windings in the transformer, which

reduces the number of inductors and transformers required.

However, the primary side is subjected to excessive voltage

FIGURE 2. Integrated three-port bidirectional DC/DC converter.

stress, and the efficiency gradually decreases after reaching

the maximum value under very light load.

III. PROPOSED CONVERTER AND

OPERATIONAL PRINCIPLES

The integrated three-port bidirectional DC/DC converter

combines a boost-flyback, forward converter and a voltage

doubler. By using a common power switch and a diode to

achieve a set of power supplies, power can be simultaneously

supplied to the remaining two sets of the bidirectional output

circuits [10]–[18], and the advantages of continuous input

current of the booster circuit and high step-up are maintained.

In addition, it can improve the problem that the larger instan-

taneous reverse voltage caused by the larger turns ratio of the

transformer, as shown in Fig. 2. The V1, V2 and V3 voltages

in the circuit are 24V, 48V and 200V respectively. The circuit

architecture includes two energy storage inductors L1 and

L2, a set of magnetizing inductor Lm, five power switches

S1-5, a diode D1, and capacitors C1-4. The characteristic

of the circuit is that the second power source is used as a

relay capacitor, which can absorb the high reverse voltage

and energy generated by the magnetizing inductance. When

the power switches are switched each other, resonance can be

generated by parasitic capacitance and leakage inductance on

the switch to achieve secondary-side zero current switching

(ZCS), improving the converter conversion efficiency and

voltage gain.

The five switches of the integrated three-port bidirectional

DC/DC converter circuit operate in the continuous conduc-

tion mode. First, a steady-state analysis of the circuit is per-

formed by assuming the following conditions for simplicity:

(1) Both the power switches and the diode are assumed

to be ideal components and the leakage inductance of the

transformer is ignored.

(2) The equivalent magnetizing inductance Lm of the cou-

pled inductor is considered.

(3) The capacitance of capacitors C1-4 is considered large

enough to maintain voltages VC1−C4.

A. 24-V VOLTAGE SOURCE

The circuit operation at 24-V input voltage can be divided

into four modes. S1 and S5 and S2-4 operate in a mutually

switching manner, where S1 and S5 are the main switches.

The equivalent circuit and key waveforms of the operation

mode are shown in Figs. 3 and 4.
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FIGURE 3. 24-V voltage source power switch operation situation.

FIGURE 4. Integrated three-port bidirectional DC/DC converter circuit
operating at 24-V input voltage in modes (a) 1, (b) 2, (c) 3, and (d) 4.

1) MODE 1 (FIG. 4(A), T0–T1)

Power switches S1 and S5 are turned off for a half cycle,

whereas S2-4 are turned on. In this mode, the input voltage

simultaneously outputs the energy on inductor L1 to load

Ro2 and stores energy to transformer magnetizing inductance

Lm; inductor current iL1 linearly decreases to provide energy.

At this time, energy ip stored in the magnetizing inductance

is transmitted to the secondary side in the forward direction,

such that the secondary side generates voltage VNs, stored in

C3 through switch S4; finally, the energy in C3 and C4 is

simultaneously supplied to load Ro3.

2) MODE 2 (FIG. 4(B), T1–T2)

When power switches S1 and S5 are turned on in a positive

half cycle, S2-4 are turned off. In this mode, the input volt-

age crosses inductor L1 and inductor current iL1 increases

linearly. At this time, the magnetizing inductance releases

energy ip, which is reversely transmitted to the secondary

side. A high voltage is instantaneously generated at switch

S3, which drives D1 to conduct; the energy generated by the

surge is absorbed back to capacitor C2. When the primary

side of the transformer senses the current, the secondary

side generates a voltage VNS, stored in C4 through S5.

Finally, the energy in C3 and C4 is simultaneously supplied to

load Ro3.

3) MODE 3 (FIG. 4(C), T2–T3)

Power switches S1 and S5 are turned on for a positive half

cycle, whereas S2-4 are turned off. D1 conducts the high

voltage energy on the magnetizing inductor. When the surge

voltage at the switch S3 is less than Vo2, the magnetizing

inductor current is supplied only to the secondary terminal,

and the energy stored in inductor L2 is bypassed by S3.

The diodes release energy. At this time, the input power

source continues to store energy in inductor L1, and the

excitation inductor reverse energy generates secondary-side

voltage VNs, which is stored in C4.

4) MODE 4 (FIG. (D), T3–T4)

Power switches S1 and S5 are turned on for a positive half

cycle, whereas S2-4 are turned off, the energy of the inductor

L2 is completely released and D1 is turned off. The excita-

tion inductance simply outputs energy to the secondary side,

which is released until the next cycle begins.

B. 48-V VOLTAGE SOURCE

The circuit operation at 48 V can be divided into three modes.

S1 and S5 and S2-4 operate in a mutually switching manner,

where S1 and S5 are the main switches. The equivalent circuit

and key waveforms of the operation mode are as shown

in Figs.5 and 6.

1) MODE 1 (FIG. 6(A), T0–T1)

Power switches S1 and S5 are turned on for a positive half

cycle, whereas S2-4 are turned off. In this mode, the energy

on inductor L1 is supplied to load Ro1 and inductor cur-

rent iL1 linearly decreases to provide energy. In addition,

when switch S3 instantaneously cuts off the surge voltage,

the energy is absorbed by D1 and inductor L2. At this time,
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FIGURE 5. 48-V voltage source power switch operation situation.

FIGURE 6. Integrated three-port bidirectional DC/DC converter circuit
operating at 48-V input voltage in modes (a) 1, (b) 2, and (c) 3.

the magnetizing inductance releases the energy, which is

reversely transmitted to the secondary side simultaneously;

the secondary side generates voltage VNs, which is stored in

C4 through switch S5. Finally, the energy in at C3 and C4 is

simultaneously supplied to load Ro3.

2) MODE 2 (FIG. 6(B), T1–T2)

Power switches S1 and S5 are turned on for a positive half

cycle, whereas S2-4 are turned off. Continuing from mode 1,

FIGURE 7. 200-V voltage source power switch operation situation.

after energy recovery on the magnetizing inductance, D1 is

turned off, and the magnetizing inductance continuously out-

puts the remaining energy to the secondary side.

3) MODE 3 (FIG. 6(C), T2–T3)

Power switches S1 and S5 are turned off for a half cycle,

whereas S2-4 are turned on. The input voltage stores energy

to inductor L1, which is output to Ro1, and inductor current

iL1 increases linearly. Simultaneously, the stored excitation

energy ip is transmitted to the secondary side in the forward

direction; the secondary side generates voltage VNs, which

is stored in C3 through switch S4. Finally, the energy in

C3 and C4 is simultaneously supplied to load Ro3. At the

end of the state, power switches S1 and S5 are turned on

and S2-4 are turned off instantaneously, causing a voltage

surge at switch S3.

C. 200-V VOLTAGE SOURCE

The circuit operation at 200 V can be divided into two modes.

S1 and S5 and S2-4 operate in a mutually switching manner,

where S1 and S5 are the main switches. The equivalent circuit

and key waveforms of the operation mode are as shown

in Figs.7 and 8.

1) MODE 1 (FIG. 8(A), T0–T1)

Power switches S1 and S5 are turned on for a positive half

cycle, while S2-4 are turned off. In this mode, the input

voltage is divided into capacitors C3 and C4, and the energy

stored in the magnetizing inductance Lm is absorbed back

to the power supply terminal by switch S5 and simul-

taneously output to the secondary side load Ro2. Simul-

taneously, energy storage inductor L1 maintains the sup-

ply of energy to load Ro1, whereas current iL1 decreases

linearly.
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FIGURE 8. Integrated three-port bidirectional DC/DC converter circuit
operating at 200-V input voltage in modes (a) 1 and (b) 2.

2) MODE 2 (FIG. 8(B), T1–T2)

Power switches S1 and S5 are turned off for a half cycle,

whereas S2-4 are turned on. In this mode, the input voltage

stores energy to the magnetizing inductor through switch

S4 and outputs the energy to the secondary side in the forward

direction. This generates voltage VNs, which supplies power

to load Ro2. The energy is stored in inductor L1, and current

iL1 increases linearly.

IV. STEADY-STATE ANALYSIS

A steady-state analysis of the integrated three-port bidi-

rectional DC/DC converter circuit is conducted with its

five switches operating in the continuous conduction mode.

To simplify the analysis of the circuit, the following condi-

tions are assumed:

(1) Both the power switches and the diode are assumed

to be ideal components and the leakage inductance of the

transformer is ignored.

(2) The equivalent magnetizing inductance Lm of the cou-

pled inductor is considered.

(3) The capacitance of capacitors C1-4 is considered to be

large enough to maintain voltages VC1–VC4.

A. 24-V BATTERY STEP-UP MODE

The on period of switches S1 and S5 is DTs, and the off

period S2-4 is (1-D) Ts, as shown in Fig. 3. When switches

S1, 5 are turned on and S2-4 are turned off, the amount of

current change 1 iL1+ of inductor L1 and the amount of

current change 1 iLm− of the transformer can be obtained

as follows:

1i+L1 =
V1

L1
· D · Ts (1)

1i−Lm =

VC4 ·
Ns
Np

Lm
· (1 − D) · Ts (2)

When switches S1 and S5 are turned off and S2-4 are turned

on, the amount of current change 1 iL1+ of inductor L1 and

the amount current change 1 iLm− of the transformer can be

obtained as follows:

1i+L1 =
Vo2 − V1

L1
· (1 − D) · Ts (3)

1i−Lm =
Vo2

Lm
· D · Ts (4)

By volt-second balance1 i+L1 = 1 i−Lm, the voltage gains Vo2

and Vo3 can be obtained as follows:

Vo2

V1
=

1

1 − D
(5)

Vo3

V1
=

1

1 − D
·
Ns

Np
(1 +

D

1 − D
) (6)

B. 48-V BATTERY STEP-UP /STEP-DOWN MODE

The on period of switches S1 and S5 is DTs, and the off

period of S2-4 is (1-D) Ts, as shown in Fig. 5. When switches

S1 and S5 are turned on and S2-4 are turned off, the amount

of current change 1iL1− of inductor L1 and the amount of

current change 1iLm− of the transformer can be obtained as

follows:

1i−L1 =
Vo1

L1
· (1 − D) · Ts (7)

1i−Lm =

VC4 ·
Ns
Np

Lm
· (1 − D) · Ts (8)

When switches S1 and S5 are turned off and S2-4 are turned

on, the amount of current change 1iL1+ of inductor L1 and

the amount of current change 1iLm+ of the transformer can

be obtained as follows:

1i+L1 =
V2 − Vo1

L1
· D · Ts (9)

1i+Lm =
V2

Lm
· D · Ts (10)

By volt-second balance 1iL+ = 1iL−, the voltage gains Vo1

and Vo3 can be obtained as follows:

Vo1

V2
= D (11)

Vo3

V2
=

Ns

Np
(1 +

D

1 − D
) (12)

C. 200-V DC BUS STEP-DOWN MODE

The on period of switches S1 and S5 is DTs, and the off

period of S2-4 is (1-D) Ts, as shown in Fig. 7.When switches

S1 and S5 are turned on and S2-4 are turned off, the amount

of current change 1iL1− of inductor L1 and the amount of

current change 1iLm− of the transformer can be obtained as

follows:

1i−L1 =
Vo1

L1
· (1 − D) · Ts (13)

1i−Lm =

(V o2 ·
Np
Ns
)

Lm
· (1 − D) · Ts (14)

When switches S1 and S5 are turned off and S2-4 are turned

on, the amount of current change 1iL1+ of inductor L1 and
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the amount of current change 1iLm+ of the transformer can

be obtained as follows:

1i+L1 =

(

V3
2

·
Ns
Np

)

− Vo1

L1
· D · Ts (15)

1i+Lm =
1

2

V3

Lm
· D · Ts (16)

By volt-second balance 1iL+ = 1iL−, the voltage gains Vo1

and Vo2 can be obtained as follows:

Vo1

V3
=

1

2

Ns

Np
D (17)

Vo2

V3
=

1

2
·
Ns

Np
·

D

1 − D
(18)

V. DESIGN AND EXPERIMENTAL RESULTS

In this study, we implement an integrated three-port bidirec-

tional converter with 500-W full load and 250-W power at

each output and measure the power switches VGS, VDS, and

IL1; coupled inductor currents ip and is; and important wave-

forms in each mode to verify the practicality of the converter.

A microcontroller DSPIC30f4011 was employed as the basis

of system control. Through digitized control, the problems of

an overly complex hardware circuit and difficulty in design-

ing the control circuit caused by the massive use of analog

circuits can be avoided. With the control of MCU, the system

can achieve the overcurrent and overvoltage protection. The

electrical specifications of the system are shown in Table 1.

TABLE 1. The electrical specifications of the system.

In the 24-V set-up mode light load, input voltage V1 =

24 V, as shown in Fig. 9.

Fig. 9(a) and 9(b) shows switch control signals Vgs1, 2,

storage inductor L1 current IL1, and switch voltage stress

Vds1, 2. When switch S1 is turned on, energy is stored in

inductor L1, and after S1 is turned off, S2 is turned on and

the inductor releases energy.

Fig. 9(c) and 9(d) shows switching signals Vgs1,3, trans-

former primary-side current ip, and switching voltage stress

FIGURE 9. 24-V set-up mode light-loaded measured waveforms,
(a) Vgs1,2 signals and inductor L1 current waveform, (b) Vds1,2 waveform,
(c) Vgs1,3 signals and ip waveform, (d) Vds1,3 waveform, (e) Vgs4,5
signals and is waveform, and (f) Vds4,5 waveform.

Vds1, 3. Switch S3 is turned on to store energy for the trans-

former, and the resonance is generated by the parasitic capac-

itance on the switch to achieve ZCS. Moreover, the reverse

voltage on switch S3 is recovered at the off time.

Fig. 9(e) and 9(f) shows switching signals Vgs4,5, trans-

former secondary-side current is, and switching voltage stress

Vds4, 5. After amplifying the current generated on the pri-

mary side to the secondary side, the current can be reduced

to zero by turning off the switch to achieve ZCS.

In the 24-V set-up mode half load, input voltage V1 =

24 V, as shown in Fig. 10.

Fig. 10(a) and 10(b) shows switch control signals Vgs1,2,

storage inductor L1 current IL1, and switch voltage stress

Vds1,2. After the load is aggravated, the current DC level rises

because of the continuous current conduction mode (CCM).

Fig. 10(c) and 10(d) show switching signals Vgs1,3, trans-

former primary-side current ip, and switching voltage stress

Vds1,3. Compared with the light load current, it gradually

stabilizes after entering the CCM, and the reverse voltage

caused by the switch is not excessively generated.

Fig. 10(e) and 10(f) show switching signals Vgs4,5, trans-

former secondary-side current is, and switching voltage stress

Vds4,5. As the load changes, the current in the negative half

cycle of the current can be stored again in capacitor C3 by

turning on switch S4.

104606 VOLUME 7, 2019



Y.-E. Wu, I-C. Chen: Novel Integrated Three-Port Bidirectional DC/DC Converter for Energy Storage System

FIGURE 10. 24-V set-up mode half-load measured waveforms, (a) Vgs1,2
signals and inductor L1 current waveform, (b) Vds1,2 waveform, (c) Vgs1,3
signals and ip waveform, (d) Vds1,3 waveform, (e) Vgs4,5 signals and is
waveform, and (f) Vds4,5 waveform.

In the 24-V set-up mode full load, input voltage V1= 24V,

as shown in Fig. 11.

Fig. 11(a) and 11(b) shows switch control signals Vgs1,2,

storage inductor L1 current IL1, and switch voltage stress

Vds1,2. When the load is full, some micro-oscillation occurs

when the switches are switched with each other, and the value

of the stored energy inductor L1 is large, whereas the current

ripple is small. When the switches S1 and S2 are switched to

each other, as shown in Fig. 11(a), there is a short staggered

period, which causes the inductor current to ring. It can be

improved by setting the deadtime of the two switches or the

signal up and down slope of the Gate-Source terminal of the

switch.

Fig. 11(c) and 11(d) shows switching signals Vgs1,3, trans-

former primary-side current ip, and switching voltage stress

Vds1,3. After entering the full load, the current ip increases,

and the reverse voltage of the main switch S3 increases

slightly.

Fig. 11(e) and 11(f) show switching signals Vgs4,5, trans-

former secondary-side current is, and switching voltage stress

FIGURE 11. 24-V set-up mode full-load measured waveforms, (a) Vgs1,2
signals and inductor L1 current waveform, (b) Vds1,2 waveform, (c) Vgs1,3
signals and ip waveform, (d) Vds1,3 waveform, (e) Vgs4,5 signals and is
waveform, and (f) Vds4,5 waveform.

Vds4,5. The primary-side current of the transformer is ampli-

fied and output to the secondary side.

In the 48-V step-up/step-down mode light load, input volt-

age V2 = 48 V, as shown in Fig. 12.

Fig. 12(a) and 12(b) shows switch control signals Vgs1, 2,

storage inductor L1 current IL1, and switching voltage stress

Vds1, 2. When switch S1 is turned on, the energy storage

inductor L1 current releases energy to load Ro1, and switch

S1 is turned off. When S2 is turned on, the power source

stores energy to inductor L1, and the current increases lin-

early.

Fig. 12(c) shows switch control signals Vgs1,3, transformer

primary-side current ip, and switching voltage stress Vds3.

When switch S3 is turned on, the power supply stores energy

to the transformer and generates a current ip with the para-

sitic capacitance of the switch. The reverse voltage Vds3 and

current change are checked when switch S3 is turned off.

Fig. 12(d) and 12(e) show switch control signals Vgs4,5,

transformer secondary-side current is, and switching voltage

stress Vds4,5. After amplifying the current generated on the
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FIGURE 12. 48-V step-up/step-down mode light-load measured
waveforms, (a) Vgs1,2 signals and inductor L1 current waveform,
(b) Vds1,2 waveform, (c) Vgs1,3 signals and ip waveform, (d) Vgs4,5
signals and is waveform, and (e) Vds4,5 waveform.

primary side to the secondary side, the current can be reduced

to zero when the switch is turned off to achieve ZCS.

In the 48-V step-up/step-down mode half load, input volt-

age V2 = 48 V, as shown in Fig.13.

Fig. 13(a) and 13(b) shows switch control signals Vgs1,2,

storage inductor L1 current IL1, and switching voltage stress

Vds1,2. In the half load, the inductor L1 enters the CCMmode,

and the DC level increases. Simultaneously, the surge voltage

through the step-down circuit is not high.

Fig. 13(c) shows switch control signals Vgs1,3, transformer

primary-side current ip, and switching voltage stress Vds3.

In the half load, when switch S3 is turned off, the resulting

surge and light load do not considerably change, and the 48 V

input source absorbs energy.

Figs. 13(d) and 13(e) shows switch control signals Vgs4,5,

transformer secondary-side current is, and switching voltage

stress Vds4,5. When the switch S4 is turned on, the energy

can be stored again in capacitor C3 in order to reduce the

instantaneous change current when the switch is turned off.

In the 48-V step-up/step-down mode full load, input volt-

age V2 = 48 V, as shown in Fig. 14.

FIGURE 13. 48-V step-up/step-down mode half-load measured
waveforms, (a) Vgs1,2 signals and inductor L1 current waveform,
(b) Vds1,2 waveform, (c) Vgs1,3 signals and ip waveform, (d) Vds3
waveform, (e) Vgs4,5 signals and is waveform, and (f) Vds4,5 waveform.

Fig. 14(a) and 14(b) shows switch control signals Vgs1,2,

storage inductor L1 current IL1, and switching voltage stress

Vds1,2. When the load is full load, the circuit is gradually

stabilized, and the current increases steadily to the DC level.

The design inductor L1 value is large, whereas the generated

current ripple is small.

Fig. 14(c) shows switch control signals Vgs1,3, transformer

primary-side current ip, and switching voltage stress Vds3.

When the load is full, the surge voltage and current ip increase

slightly.

Fig. 14(d) and 14(e) show switch control signals Vgs4,5,

transformer secondary-side current is, and switching voltage

stress Vds4,5. The primary-side current is amplified by the

transformer and output to the secondary side. Compared with

the current at half load, it is slightly affected by the switching

and oscillates.

In the 200-V step-down mode light load, the circuit is

changed to the reverse state, and the original secondary side is

changed to the primary side, with input voltage V3 = 200 V,

as shown in Fig.15.

Fig. 15(a) and 15(b) shows switch control signals Vgs4,5,

transformer primary-side current ip, and switching voltage
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FIGURE 14. 48-V step-up/step-down mode full-load measured
waveforms, (a) Vgs1,2 signals and inductor L1 current waveform,
(b) Vds1,2 waveform, (c) Vgs1,3 signals and ip waveform, (d) Vgs4,5
signals and is waveform, and (e) Vds4,5 waveform.

stress Vds4,5. When switch S4 is turned on, power supply

V3 stores energy to transformer Lm2, and when it turned

off, switch S5 is turned on and the input current energy is

recovered to the 200 V voltage source.

Fig. 15(c) shows switch control signals Vgs1,3, transformer

secondary-side current is, and switching voltage stress Vds3.

When switch S3 is turned on, the circuit serves as a for-

ward circuit, and the primary-side current is supplied to

Ro2 through the transformer. When switch S3 turned off,

the reverse voltage of the transformer supplies energy to Ro2.

Fig. 15(d) shows switch control signals S1, 2, storage

inductor L1 current IL1, and switching voltage stress Vds1.

When switch S1 is turned on, the circuit serves as a step-down

circuit and the inductor L1 supplies energy to Ro1. When it

is turned off, the transformer stores energy for L1. When the

batteries deliver power, the ripple voltage appears at the DC

bus is about 0.5%.

In the 200-V step-downmode half load, input voltageV3=

200 V, as shown in Fig. 16.

Fig. 16(a) and 16(b) shows switch control signals Vgs4,5,

transformer primary-side current ip, and switching voltage

stress Vds4,5. When switch S4 is turned on, the power supply

FIGURE 15. 200-V step-down mode light-load measured waveforms,
(a) Vgs4,5 signals and ip waveforms, (b) Vds4,5 waveform, (c) Vgs1,3
signals and is waveforms, and (d) Vds1 and inductor L1 current iL1
waveforms.

FIGURE 16. 200-V step-down mode half-load measured waveforms,
(a) Vgs4,5 signals and ip waveforms, (b) Vds4,5 waveform, (c) Vgs1,3
signals and is waveforms, and (d) Vds1 and inductor L1 current IL1
waveforms.

V3 stores energy to the transformer Lm2; when it is turned

off, switch S5 is turned on and the input current energy is

recovered to the 200 V voltage source.

Fig. 16(c) shows switch control signals Vgs1,3, transformer

secondary-side current is, and switching voltage stress Vds3.

In the half load, the surge voltage increases slightly, and when

switch S3 is turned off, the energy is absorbed back to the

48-V batteries through the D1 loop.

Fig. 16(d) shows switch control signals S1 and S2, storage

inductor L1 current IL1, and switching voltage stress Vds1.
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In the half load, the current DC level increases under the

stable operation of the circuit.

In the 200-V step-downmode full load, input voltage V3=

200 V, as shown in Fig.17.

Fig. 17(a) and 17(b) show switch control signals Vgs4,5,

transformer primary-side current ip, and switching voltage

stress Vds4,5. When changing to the full load from the half

load, current ip increases and the circuit remains stable.

Fig. 17(c) shows switch control signals Vgs1,3, transformer

secondary-side current is, and switching voltage stress Vds3.

The voltage surge on switch S3 is close to that of the half

load condition, and the energy is stably absorbed to the 48-V

battery terminal.

Fig. 17(d) shows switch control signals S1 and S2, storage

inductor L1 current IL1, and switching voltage stress Vds1.

When the switches are switched between each other, there

will be some micro-oscillation during full load, but it will not

affect the circuit action.

To prove the performance of the proposed converter, its

characteristics are compared with other bidirectional con-

verters to determine the advantages and disadvantages of

the proposed architecture. Table 2 compares the compo-

nents, their number, and the voltage gain of the proposed

architecture with nonisolated architecture [19] and isolated

architecture [20], [23], [24]. In the bidirectional architecture,

many power switches and diodes are used. In the proposed

architecture, the diode is replaced by a power switch as a

bidirectional shared switch. Compared with others, the output

and boost of the proposed architecture are higher and can be

changed. The stage voltage doubler circuit is adjusted.

TABLE 2. Comparison of components and output numbers of various
three-terminal bidirectional circuits.

Figs. 18–20 show the efficiency graphs of the proposed cir-

cuit. Figure 18 is a graph showing the efficiency of light load

to full load measured by a 24-V battery as the input source.

When the output power is 140 W, the maximum efficiency is

95.3%, and when the load is 250 W, the efficiency is 93.4%.

Compared with [19], the proposed architecture shows higher

output power performance. Although [20] and [23] have obvi-

ous differences in efficiency at light and half loads, however

the circuit cannot be stabilized under full load. Compared

FIGURE 17. 200-V step-down mode full-load measured waveforms,
(a) Vgs4,5 signals and ip waveforms, (b) Vds4,5 waveform, (c) Vgs1,3
signals and is waveforms, and (d) Vds1 and inductor L1 current IL1
waveforms.

FIGURE 18. 24-V set-up mode efficiency curve.

FIGURE 19. 48-V step-up/step-down mode efficiency curve.

with [24], the output power and efficiency are excellent at

full load.

Fig. 19 shows the efficiency of light load to full load

measured with the 48 V input source. When the output power
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FIGURE 20. 200-V step-down mode efficiency curve.

is 150W, themaximum efficiency is 94.9%, andwhen the full

load is 250 W, the efficiency can reach 93.3%. The proposed

architecture possesses higher efficiency than [20] and [23] at

light load and half load.

Fig. 20 shows the efficiency of light load to full load mea-

sured with the 200 V input source. When the output power

is 150 W, the maximum efficiency is 95.2%, and when the

load is 250 W, the efficiency is 93.7%. Compared with [24],

although the efficiency of the proposed architecture is slightly

lower under light-load conditions, there are obvious excellent

in output power and half and full load conditions.

VI. CONCLUSION

To eliminate the use of DC/DC converters of different speci-

fications in electronic products, an integrated three-port bidi-

rectional DC/DC converter circuit was proposed. This circuit

uses a combination of the boost–flyback, forward converter,

and voltage doubler of different specifications. The circuits

are combined and the principle of switch sharing is used to

achieve the effect of bidirectional mutual conduction. In addi-

tion, ZCS is achieved by using the leakage inductance of the

transformer and the parasitic capacitance on the power switch

to generate resonance. The second set of power supplies

is used to absorb the high reverse voltage caused by the

transformer, thereby improving the basic architecture, which

would otherwise require the use of a high breakdown voltage

switch. Thus, the overall output efficiency of the converter

is increased. Finally, the circuit was implemented and tested

to prove its feasibility. A double-ended 250-W circuit was

realized. The step-up and step-down modes provided the

maximum efficiencies of 95.3% and 95.2%, respectively.
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