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Abstract: This paper presents a high-conversion ratio bi-directional dc-dc converter with coupled inductor. In the boost mode, two
capacitors are parallel charged and series discharged by the coupled inductor. Thus, high step-up voltage gain can be achieved with an
appropriate duty ratio. The voltage stress on the main switches reduced by a passive clamp circuit. Therefore, the low resistance
Rps(ON) of the main switch can be adopted to reduce conduction loss. In the buck mode, two capacitors are series charged and parallel
discharged by the coupled inductor. The bi-directional converter can have high step-down gain. Aside from that, all of the switches
achieve zero voltage-switching turn-on, and the switching loss can be reduced. Due to two active clamp circuits, the energy of the
leakage inductor of the coupled inductor is recycled. The efficiency can be further improved. Simulation of open loop and closed loop
control of novel high-conversion-ratio bi-directional dc-dc converter with coupled inductor is done in MATLAB and output is obtained.

Hardware implementation of the open loop is being done and the output is obtained.
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1. Introduction

Renewable energy sources such as wind and solar are widely
used nowadays. The output voltage of these sources is very
low. Also sudden load changes cannot met by these sources.
Therefore battery with bi-directional DC-DC converter is
needed [1] - [3]. Isolated bidirectional dc-dc converters such
as half and full bridge types, can provide high step-up and
step-down voltage gains by adjusting the turns ratio of the
transformer. The high step-up gain and the high step-down
voltage gain can be achieved. The leakage inductor of the
transformer leads to the HV spike on the main switch during
switching transition. A novel soft commutating isolated
boost full-bridge zero-voltage-switching (ZVS) pulse width
modulation dc-dc converter is introduced [4]. The energy of
the leakage inductor is recycled and not dissipated.
However, the number of switches is increased. To achieve a
high conversion ratio, two inductors charged in parallel and
discharged in series are proposed [5].Based on above
topologies, the novel bidirectional converter combines all
advantages such as high conversion ratio, recycling of the
inductor energy, soft switching and high efficiency etc.in
this converter a mutually coupled inductor and two
capacitors are used to achieve the high conversion ratio. The
inductor energy is also recycled by using another capacitor.
Soft switching is also obtainedin the converter. So that
switching losses are minimized. Therefore converter has got
high efficiency.

2. Operating Principle of the Novel High
Conversion Ratio Bi-Directional DC-DC
Converter

The switched-capacitor technique in [5] and [6] has
proposed that parallel-chargedand  series-discharged
capacitors can achieve high step-up gain. Also, series
charged and parallel-discharged capacitors can achieve high
step-down gain.Thecharacter of the coupled inductor is that
the secondary side can have oppositepolarity when the

switch is on and off. In the boost-state operation, this
character is combined with the switched capacitor technique.
Two capacitors C, andC; are parallel charged when the
switch is on and series discharged when theswitch is off. In
the buck-state operation, the coupled inductor is used as
atransformer. Thus, two capacitors C, and C; can be series
charged by HV sideand parallel discharged through the
secondary side. In addition, the problem ofthe energy of the
leakage inductor is also solved. In the boost-state
operation,S; is the main switch, and capacitor C; recycles
the energy. The voltage acrossswitch S; can be clamped.
Since switch S; has an LV level, the Ilow
conductingresistance Rpg(ON) of the switch is used to
reduce the conduction loss. In thebuck-state operation, the
main switches are S, and Ss. Two capacitors C, andC; with
switches S; and S; are used as active clamp circuits,
recycling the energyof the leakage inductor on the secondary
side of the coupled inductor. CapacitorC; with switch S, is
another active clamp circuit that recycled the energy ofthe
leakage inductor on the primary side.

Figure 1: Circuit configuration of the bidirectional
converter

Thus, four switches are ZVS turned on. The switching loss is
improved; the efficiency can be increased. It is because that
the high step-up converter needs a large input current, which
results that the conduction loss is larger than the switching
loss. Thus, reducing the switch voltage stress for alleviating
the conduction loss and the elimination of reverse-recovery
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current is the key point to improve efficiency. Similarly, the
main switch of the high step-up and step-down converters
suffers HV stress and low conducting current. The switching
loss should be reduced to improve efficiency.

A. Boost Mode Operation

The typical waveforms in the boost state at the CCM is
shown in fig.2.There are five operating modes in one
switching period of the novel converter in theCCM.
Switches S,, S;, S,, and Ssare synchronous rectifiers. The
main switchis S; for each modes.
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Figure 2: Waveforms of the bidirectional converter in the
boost state at the CCM
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MODE 3:Att=t,, S;is turned off, and diode S, is turned
on. Diodes Ss;and S, are still on, and Ss is still off. The
current flow path is shown in Fig.4(a).The output capacitor
Cy still provides energy to load R.The leakage inductor Ly
energy and the magnetizing inductor L, energy charge the
clamp capacitor C;. Due to the leakage inductor of the
secondary side of the coupled inductor, currents ipg; and ipgy
are linearly decreased. The reverse-recovery problem of the
diode is alleviated. As S; and Sjare cut off at t = t3, this
operating mode ends.

e Modes of Operation
The operating modes at the CCM are described below.

MODE 1: At t=ty, S is turned on. S,, S3, and S,are off, and
Ss is on.The current flow path is shown in Fig.3(a) The
voltage of the primary side is Vi =V +V,. Thus, the
leakage inductor L, and the magnetizing inductor Lare
charged by the dc source V. Due to the leakage inductor Ly,
the secondary side current is linearly decreases. The reverse-
recovery problem of the diode is alleviated. When current

ipgs becomes zero at t= t;, this operating mode is ended.

MODE 2:S; is still on. S, and Ssare off, &S; and S,are
turned on at t = t-1. The current flow path is shown in
Fig.3(b) The dc source V|charges the magnetizing inductor
L., as well as the charging capacitors Cand C; via

the coupled inductor. Voltages V., and Vare approximately
equal to nVL. Two capacitors are charged in parallel.The
output capacitor Cpyprovides energy to load R. This
operating mode ends when switch S; is turned off at t =t,.

(b)
Figure 3: (a)Current flow path during mode 1 in the boost state at the CCM(b)Current flow path during mode 2 in the boost
state at the CCM

MODE 4:S; is still off, and diode Ds2 is still on. At t = t,
diodes S; andS, are turned off, and Ss is turned on. The
current flow path is shown in Fig.4(b). The energies of the
leakage inductor L, and the magnetizing inductor Lare
released to the clamp capacitor C;. Some of the magnetic
energy is released bythe secondary side of the coupled
inductor. Voltage Vof the secondary side is build. At t=t,,
the energy of the leakage inductor is totally recycled
bycapacitor Cy; S, is cut off. This mode is ended.
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Figure 4: (a)Current flow path during mode 3 in the boost state at the CCM (b) Current flow path during mode 4 in the boost
state at the CCM
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n buck mode, there are six operating modes in one buck state at the CCM

switching period. The main switch is Ss. Switches S,,S; and

Sy are auxiliary switches for achieving ZVS turn-on. The o Modes of Operation

typical waveforms in the boost state at the CCM is shown in

Fig.6. MODE 1:The switch S, is turned on at t = t;. The current
flow path is shownin Fig.7(a). Due to the leakage inductor
Ly, the current of the secondary side of the coupled inductor
flows through diode Dgs. Capacitors C;, C,, and Csare also
discharged to Vy. Then, switch Ss is turned on, and ZVS is
achieved. Because of the HV side Vy, current ipg; and ipgs
linearly decrease. Meanwhile, the output capacitor Cp is
charged by the magnetizing energy. At t=t; this mode is
ended. ipgs become zero.

MODE 2:The switch Ss is turned on. The output capacitor
C. provides energy to load R. Capacitors C;, C,, and C;, and
the secondary side coil N are charged in series by HV side
Vu. Thus, the induced voltage V, on the primary-side coil
N, makes current ips; decrease and charge the magnetizing
inductor L. The magnetizing current i, is increased. At t =
tp,this mode is ended. the current ipg; become equal to zero.
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Figure 7: (a) Currentflow path during mode 1 in the buck state at the CCM(b)Current flow path during mode 2 in the buck
state at the CCM

MODE 3: The switch Ss is on. The leakage inductor Ly is
charged by the primary-side coil N,. The charge current
flows through the antiparallel diode Dy, of switch S,. Then,
S, is turned on, and ZVS is achieved. Capacitors C;, C,, and
Cs , and the secondary side coil Nj are still charged in series
by HV side Vy, and the magnetizing inductor L,, is also
charged. The output capacitor C; provides the energy to load
R.At t =13, ipsy is equal to zero. This mode is ended.

MODE 4: The switches S, and Ss are on. At t = t;, capacitor
C, starts to charge the magnetizing inductor Lm. The output
capacitor CL discharges to load R. Because two capacitors
C, and C;, and the coupled inductor are charged in series by
the HV side Vy, the high step-down voltage gain can be
achieved. At t = t4, switches S, and Ssare turned off. This
mode is ended.

(a)

(k)
Figure 8: (a) Current flow path during mode 3 in the buck state at the CCM (b)Current flow path during mode 4 in the buck
state at the CCM

MODE 5:The switches S, and Ss are turned off at t=t;. The
current ofthe leakage inductor flows through the antiparallel
diodes Dy, Dy, and Dgof switches. Then, switches S; and Sy
are turned on, and ZVS turn on is achieved. The energy of
the magnetizing inductor L, discharges to capacitor C, and

loadR. At t = t5, currents ipg3 and ipgs are zero. This mode is
ended.

MODE 6:The switches S; and S, are on. At t = ts, the
energy of capacitorsC, and C; discharges to the output
capacitor Crand load R through the coupled inductor. The
magnetizing inductor L,, also discharges to the output. This
mode is ended at t = ts when S; and S, are off.

..
AAA-

(a)
Figure 9: (a) Currentflow path during mode 5 in the buck
state at the CCM (b)Current flow path during mode 6 in the
buck state at the CCM

3. Steady State Analysis of the Novel Converter

According to the assumptions before the steady state
analysis, the equations of the turn ratio and the coupling
coeffcients k of the coupled inductor are defined as,
n= Ny
N,
k = L—m
L, + L
The voltage gain of the boost-state operation is obtained as,

VH 1+n
Mboost :V_:1—D+n
L

The voltage gain of the buck-state operation is obtained as,
14 D

M = ———
buck =y, T 14 n+Dn
The value of the magnetic inductor can be decided by,
Lo D(1—D)?Ry
™ 2(1+n)(1 +2n —nD)f,
where Ry is the load, D is the duty ratio and f; is the
switching frequency. HereL,, is 60uH and Ly is 0.16 pH.The
capacitor C; is 47 pF and C, and C; are 0f23.5 uF. The
value of capacitors C, and C; are obtained as,
((1-D)r?
minll,,

62263>
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4. Simulink Model and Results
A. Open Loop Control of Boost Mode Operation

The simulation diagram of bi-directional dc-dc boost converter is shown below.
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The input voltage and output voltage waveforms obtained in
MATLAB Simulink are shown in the Fig.11 and Fig .12.
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Figure 10: Simulation diagram of bi-directional dc-dc boost converter in MATLAB
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Figure 11: Input voltage (6V) waveform of bi-dir

ectional dc-dc boost converter
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The input voltage is 6V. The output voltage obtained after

simulation is 52V.
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Figure 12: Output voltage (52V) waveform of bi-directional de-dc boost converter

B. Open Loop Control of Buck Mode Operation
The simulation diagram of bi-directional dc-dc buck

converter is shown below.

Volume 5 Issue 9, September 2016

Licensed Under Creative Commons Attribution CC BY

www.ijsr.net

Paper ID: ART20161833

1442



International Journal of Science and Research (IJSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2013): 6.14 | Impact Factor (2015): 6.391

===

=]

Saxe?

5 m‘;f"@ —8
L

Cument Muat rwrang|

ety

').‘:l - »l

Figure 13: Simulation diagram of bi-directional dc-dc buck converter in MATLAB

The input voltage and output voltage waveforms obtained in
MATLAB Simulink are shown in the Fig.14 and Fig .15

Figure 14: Input Voltage (24V) waveform of bi-directional dc-dc buck converter
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Figure 15: Input Voltage (3V) waveform of bi-directional dc-dc buck converter
The simulation of the closed loop bi-directional converter is

The input voltage is 24 V. The output voltage obtained after done and the resultis obtained. The reference output voltage
simulation is 3V. is set to 35 V. The initial input voltage is set as 5 V and final

input voltage is set as 10 V. Closed loop is obtained usingpi
C. Closed Loop Control of Boost Mode Operation controller. The simulation results are shown below.
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Figure 16: Closed loop simulation diagram of bi-directional dc-dc boost converter
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Figure 17: Closed loop input and output voltage of bi-directional dc-dc boost converter
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5. Hardware Implementation

The simulation is done by using MATLAB software and R U R R _
practical prototypeis made in the experimental environment. ) S SR AP IR PR
Hardware implementation of the bi-directional dc-dc boost : : :
converter with coupled inductor is done. Figure below
shows the experimental set up. The switching pulses are I TEER T i eI R SO o
generated using Arduino .And TLP250 is used as BLl: . SR S RO R
optocoupler and IRF350 is used as the switch. For an input B 5 : i
voltage of 6V, an output voltage of 24 V is obtained here.

Uguall) kikkrk  Uaus2l= 2.64U  +Dutu(2) =48.2%
mzpEm 2 .00U Time 5.800us ©+-5.680us
Figure 19: Gating Signal generated from Arduino

Input and output voltage waveform is shown below.

Figure 18: Hardware Setup
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Figure 20: Input and output voltage waveform

6. Conclusion

A novel, high efficiency, and high step-up/step-down
bidirectional dc-dc converter has been introduced here. By
using the capacitor charged in parallel and discharged in
series by the coupled inductor, proposed converter have
been discussed. The voltage gain and the utility rate of the
magnetic core have been increased by using a coupled
inductor with a low turn ratio. The energy of the leakage
inductor has been recycled with the clamp circuit. The
simulation of the converter for open loop and closed loop is
done in MATLAB and results are obtained. And also the
hardware implementation of the bi-directional boost
converter is done and boost output is regulated using the pi
controller.
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