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Abstract

A novel bidirectional DC-DC converter with high conversion ratio is proposed in this paper. The
proposed converter uses the three windings coupled-inductor to achieved high voltage conversion ratio.
The primary side consist of a winding and secondary side consist of two windings, which these two
windings are series to achieved high voltage gain.In the boost mode, a capacitor is parallel charged and
series discharged by the coupled inductor. Thus, high step-up voltage gain can be achieved with an
appropriate duty ratio. In the buck mode, a capacitor is series charged and parallel discharged by the
coupled inductor. The bidirectional converter can have high step-down voltage gain.The stress voltage of
main switches can be reduced, and efficiency can be improved. The operating principle and the steady-
state analyses of the voltage gain are discussed. Finally, in 24V for low voltage, and 400V for high voltage,
and 200W for output power, this converter is simulated in MATLAB.
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1. Introduction

Because of the environmental pollution and global warming, renewable energy has
become the research and the development priorities for most of the industrial countries.
Bidirectional DC-DC converter can transfer the power between two dc sources. So bidirectional
DC-DC converter is widely used for many green energy applications, such as wind power
systems [ ], photovoltaic systems [ ], fuel cell and battery hybrid supplied power systems [ ].
Another application of bidirectional DC-DC converter is uninterruptible power supplies (UPSs) [
]. UPSs are used for some very important loads such as computers, telecommunications and
medical equipment. Batteries are commonly served as an energy storage device for the UPS
system. Bidirectional DC-DC converters play an important part for back-up energy system.
However, photovoltaic (PV) solar or wind power cannot provide sufficient power when the load
is suddenly increased [4]-[6]. Because the renewable systems cannot provide a stable power for
user, the renewable energy systems and battery can be employ for the hybrid power systems
[7]. When the renewable energy systems cannot supply enough power for the load, the battery
must provide this power. If the power of the renewable energy systems cannot be used
completely by the load, the excess energy can be used to charge the battery [8]-[10]. Because
the bidirectional DC-DC converters can transfer the power between two DC sources in either
direction, these converters are widely used for renewable energy hybrid power systems, hybrid
electric vehicle energy systems and uninterrupted power supplies [11]-[12]. The topologies of
these converters have the isolated and non-isolated types for different applications. The isolated
types include the flyback type [13]-[14], forward-flyback type [15]-[16], half-bridge type [17]-[18]
and full-bridge type [19]. These converters can achieve high voltage gain by adjusting the turns
ratio of the transformer. The bidirectional flyback converter has the simple structure and easy
control but the switches of this converter have high voltage stresses. Thus, this converter is
applied for low power applications. To reduce the voltage stresses on the switches, the energy
regeneration techniques used [20]. The non-isolated types include the multi-level type,
switched-capacitor type, cuk/cuk type, sepic/zeta type, buck-boost type, coupled-inductor type,
three-level type and conventional buck/boost type [21]. In multi-level and switched-capacitor
types, if high voltage gain needed, more switches and capacitors are required. Also, the control
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circuits of these converters are complicated. For the cuk/cuk and sepic/zeta types, the efficiency
are low because these converters cannot provide wide voltage conversion range [22]-[24].
Compare with [25], the proposed converter successfully developed to high conversion ratio
bidirectional dc-dc converter with a three windings coupled inductors whit low duty cycle, and
the switches voltage stress reduced and efficiency increase in boost and buck mode.

The proposed bidirectional converter is analysed, and its operation in boost and buck
mode is described in section Il. Steady-state analysis and equations of the boost and buck
mode described in section Il and Simulation results described in section IV.

2. Operating Principle of the Proposed Converter

Figure 1 shows the circuit configuration of the proposed converter. It is used to
bidirectional transfer the energy between the DC source V;, in the low-voltage side and the DC
source V,in the high-voltage side.
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Figure 1. The proposed converter

When the proposed converter operated in the boost mode, a capacitor is parallel
charged and series discharged by the coupled inductor. When the proposed converter operated
in the buck mode, a capacitor is series charged and parallel discharged by the coupled
inductor.In the boost mode operation, S;, S, is the main switches and the buck mode, main
switches are S3;, S, and S,.

A. Boost-mode Operation

Figure 2(a) shows the waveforms and Figure 2(b) and 2(c) shows the current flow path
of the proposed converter in boost mode. There are two operating modes in one switching
period of the proposed converter. The main switch is s;, s, for each mode.
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Figure 2. (a) waveforms of boost mode, (b) and (c) Current-flow path of the operating mode
during one switching period in the boost mode.

The operating modes are described below:

1) Mode | [t, — t;]: S;,S5 turn on and S,,S, turn off in t =t,. The current-flow path is
shown in Figure 2(b). The dc source V;, charges the magnetizing inductor L, , and the charging
capacitor C; via the coupled inductor. Voltage V;is equal to 2nV;, and a capacitor is charged in
parallel. The output capacitor Cy provides energy to load R. This operating mode ends when
switch S, is turned offat t = t;.

2) Mode Il [t; — t,]:S,,S, turn on and S;, S5 turn off. The current flow path is shown in
Figure 2(c). The coupled inductor, dc source V;,, and capacitor C; are connected in series to
charge the output capacitor Cy and load R. This operating mode ends when switchS,,S, is
turned off at t = t, and beginning of the next switching period.

B. Buck-mode Operation

Figure 3(a) shows the waveforms and Figure 3(b) and 3(c) shows the current flow path
of the proposed converter in boost mode. There are two operating modes in one switching
period of the proposed converter. The main switch is s, for each mode.
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Figure 3. (a) waveforms of buck mode, (b) and (c) Current-flow path of the operating mode
during one switching period in the buck mode

The operating modes are described below:

1) Mode | [ty — t;]:S,, S, turn on and S;,S; turn off. The current flow path is shown in
Figure 3(b). Capacitor C;and the secondary side coil N,, N; are still charged in series by V;,, and
the magnetizing inductorL,, is also charged. The output capacitor C;, provide the energy to load
R. This operating mode ends when switch S,, S, is turned off at t = t;.

2) Mode Il [t; — t,]: S1,S;5 turn on and S,, S, turn off at t = t;. The current flow path is
shown in Figure 3(c). The energy of capacitor C; discharges to the output capacitor C;, and load
R through the coupled inductors. The magnetizing inductor L, also discharges to the output.
This operating mode ends when switch S; is turned off at t = t,.

3. Steady-state analysis of the proposed converter

After the mode analysis of the boost and buck mode operations, the following equations
and voltage gain in the steady state of the proposed converter can be derived. The equations of
the turn ratio of the coupled inductor are defined as

_Nz N
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n

A. Boost-mode Operation

There are two operating modes in one switching period of the proposed converter. In
the time period of mode |, the following equations can be written based on Figure 2(b). The
voltage on the primary and secondary sides of the coupled inductors are showed as

Vi = Vi, (2)

Vi =V} =nV] =nv,, (3)
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Also the voltage of capacitor C; can be written as follows:
Vo, = Vi + Vi =2nV] = 2nv;, (4)

Based on Figure 2(c), in modes Il, the voltage on the secondary side of the coupled
inductor can be formulated as follows:

Vil+ vl =v, =il +V, -V, (5)
2nVi = vy, — V' + 2nV;, — V, (6)

1+ 2n)Vy, — V,

VII=
1+2n

(7)

Using the volt-second balance principle on the magnetizing inductor L,,,, the following is

given:
DTy T
v{dt+f vildt=0 (8)
0 DTy
Also, the voltage stress of the main switch S;can be expressed as
Vi =V, ©)
Substituting (2) and (9) into (8), voltage stress is obtained as
Vos: = T2 (10)
Substituting (2) and (7) into (8), the voltage gain of the boost state operation is obtained
as
Moo = 7 = T3 (11)

B. Buck-mode Operation

In the time period of mode I, the following equations can be written based on Figure
3(b). The voltage on the primary and secondary sides of the dual coupled inductors are showed
as

Vi+Vi=v, -VI+V, -V, (12)
2nV} =V, — Vi + 2nV, -V, (13)

_ (1 + 2n)VL - VH
- 1+ 2n

I
1

(14)

The voltage on the primary and secondary sides of the coupled inductor in mode Il can
be written based on Figure 3(c):

Vil =v,, (15)
Vil = vil = nv]' = ny;, (16)

Thus, the voltage of capacitor C1 is also derived on Figure 3(c). The voltage is
expressed as
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Vo = Vi + Vi =2nV] = 2nv;, (17)

Using the volt second balance principle on the magnetizing inductor L,,, the following is
given:

DT; Ts
V! dt+f vlldt =0 (18)
0 DTs

Substituting (12) and (13) into (16), the voltage gain of the buck-mode operation is
obtained as

: D

M =2
buck =y "7 1+ 2n

<

(19)

4. Simulation Results
To illustrate the performance and the functions of the proposed converter, this converter
is implemented in the MATLAB. The specifications are:
1) dc voltage V;, is 24 V and Vy is 400 V;
2) output power: 200 W;
3) switching frequency: 50 kHz;
4) Coupled inductor: N;:N,:N, = 1:5:5, L,,= 100 pH;
5) Capacitors C; and C, is 15pF;
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Figure 4. Simulation results in the boost mode under full load Po = 200 W. (a) voltage stress of
switches, (b) current of switches

In Figure (4), the waveforms are the boost mode operation at full load Po = 200 W,
Vi, =24V, and V,,, = 400 V. The waveform shows that the steady-state analysis of the boost
mode is correct. According to (11) and specifications, the duty cycle is 34.5%. Figure 4(a)
shows waveform of voltage stress of switches. According to (10) stress voltage of main switches
S; equal in 36.65 V. Because the proposed converter works in the boost mode, stress voltage in
low side switch S;reduced. Figure 4(b) shows waveform of current of switches. Because the
proposed converter works in the boost mode, stress voltage in low side switches S; reduced.
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Figure 5. Simulation results in the buck mode under full load Po = 200 W. (a) voltage stress of
switches, (b) current of switches

In Figure (5), the waveforms are the buck mode operation at full load Po = 200 W,V;, =
400 V, and V,,; = 24 V. According to (19) and specifications, the duty cycle is 65.5%. Figure
5(a) shows waveform of voltage stress of switches. Stress voltage of main switch S, is 165 V.
Figure 5(b) shows waveform of current of switches. Because the proposed converter works in
the buck mode, stress voltage in high side switch S, reduced.

Also, According the equation (20) curve of efficiency in buck and boost mode are given
as figure 6.

P V1
efficiency = ;ut = V_o ; (20)
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=&~ hoost

98.5

efficiency

©
oo

97.%

Figure 6. Efficiency in the boost and buck mode

Figure (6) shows the measured efficiency of proposed converter in boost and buck
mode at V;, =24V and Vy = 400 V.the maximum efficiency in the boost mode is 98.76% at
P, = 150 W and full load efficiency is 98.66% at P, = 200 W. The maximum efficiency in the
buck mode is 98.91% at P, = 150 W and full load efficiency is 98.8% at P, = 200 W.
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Figure 7. voltage gain curves under different turn ratio, (a) boost mode, (b) buck mode

Figure 7(a) shows the voltage gain versus the duty cycle under various turns ratio of

coupled inductors in the boost mode.in the boost mode, if the turn ratio increases, voltage gain
will also be increased

Figure 7(b) shows the voltage gain versus the duty cycle under various turns ratio of

coupled inductors in the buck mode.in the buck mode, if the turn ratio increases, voltage gain
will be decreases.

5.

Conclusion

This paper has proposed a high-efficiency, and high step-up and step-down

bidirectional dc—dc converter. This converter successfully developed a high-voltage gain
bidirectional dc-dc converter by using three winding coupled inductor. By using the a capacitor
charged in parallel and discharged in series by the coupled inductor, high conversion ratio and
high efficiency has been achieved. The voltage gain increased by using a coupled inductor with
a low turn ratio. Simulation results shows that the efficiency at full load P, = 200 W is 98.66% in
the boost mode and 98.8% in the buck mode.
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