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Abstract:

Recent trends in power conversion indicate a need for
dc-dc power conversion at very high power levels and
with high voltage buck/boost ratio for transmission/
distribution purposes. No single conventional topology
is well suited to these constraints. This paper presents
a New Bidirectional DC-DC converter with high con-
version ratio. The proposed converter uses the coupled-
inductor to achieve high voltage conversion ratio. In the
boost mode, the proposed converter is cascaded by boost
converter and fly back converter with voltage double to
increase the voltage gain. The switch voltage stress is
reduced by a voltage clamping circuit, and the leakage-
inductor energy is recycled. In the buck mode, the circuit
consists of asymmetrical half-bridge fly back convert-
er and buck converter. The leakage-inductor energy is
recycled by a clamping circuit, and all of the switches
achieve zero-voltage-switching turn on.

This paper first analyzes the proposed converter oper-
ating principles and steady-state circuit characteristics.
Eventually, a Simulation circuit with conversion voltage
24 V/400 V and output power 500 W is implemented
to verify the feasibility of the proposed converter. In
step-up mode, the primary and secondary windings of
the coupled inductor are operated in parallel charge and
series discharge to achieve high step-up voltage gain. In
step-down mode, the primary and secondary windings
of the coupled inductor are operated in series charge and
parallel discharge to achieve high step-down voltage
gain. Thus, the proposed converter has higher step-up
and step-down voltage gains than the conventional bidi-
rectional DC-DC boost/buck converter.

Index Terms:

step-down and step-up, AC module, coupled inductor,
PV cell.

LINTRODUCTION:

Nowadays, renewable energy is increasingly valued and
employed worldwide because of energy shortage and en-
vironmental contamination [1]-[4].
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Renewable energy systems generate low voltage output,
and thus, high step-up dc/dc converters have been widely
employed in many renewable energy applications such
fuel cells, wind power generation, and photovoltaic (PV)
systems. Such systems transform energy from renewable
sources into electrical energy and convert low voltage
into high voltage via a step-up converter, which can con-
vert energy into electricity using a grid inverter. Fig. 1
shows a typical renewable energy system that consists
of renewable energy sources, a step-up converter, and an
inverter for ac application. The high step-up conversion
may require two-stage converters with cascade structure
for enough step-up gain, which decreases the efficiency
and increases the cost. Thus, a high step-up converter is
seen as an important stage in the system because such
a system requires a sufficiently high step-up conversion
with high efficiency [5]. Theoretically, conventional step-
up converters, such as the boost converter and flyback
converter, cannot achieve a high step-up conversion with
high efficiency because of the resistances of elements or
leakage inductance; also, the voltage stresses are large.

Thus, in recent years, many novel high step up convert-
ers have been developed [6]—[8]. Despite these advances,
high step-up single-switch converters are unsuitable to
operate at heavy load given a large input current ripple,
which increases conduction losses. The conventional
boost converter is an excellent candidate for high-power
applications and power factor correction. Unfortunately,
the step-up gain is limited, and the voltage stresses on
semiconductor components are equal to output voltage.
Hence, based on the aforementioned considerations,
modifying a conventional boost converter for high step-
up and high-power application is a suitable approach.
To integrate switched capacitors into an boost converter
may make voltage gain reduplicate, but no employment
of coupled inductors causes the step-up voltage gain to
be limited [9], [10]. Oppositely, to integrate only coupled
inductors into a boost converter may make voltage gain
higher and adjustable, but no employment of switched
capacitors causes the step-up voltage gain to be ordinary.
Thus, the synchronous employment of coupled inductors
and switched capacitors is a better concept; moreover,
high step-up gain, high efficiency, and low voltage stress
are achieved even for high-power applications [11].
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Fig. 1. Typical renewable energy system.

Many boost converters based on a coupled inductor or
tapped inductor provide solutions to achieve a high volt-
age gain, and low voltage stress on the active switch
without the penalty of high duty ratio. However, the input
current is not continuous. Particularly, as the turn ratio
of the coupled inductor or tapped inductor is increased
to extend the voltage conversion ratio, the input current
ripple becomes larger. Thereby, an input filter is inserted
into a coupled-inductor boost converter. In order to satis-
fy the extremely high step-up applications and low input
current ripple, a cascaded high step-up converter with an
individual input inductor was proposed [12], which can
be divided as a basic boost converter and a boost-flyback
converter.

In this paper, a novel single switch dc—dc converter with
high voltage gain is presented. The features of the pro-
posed converter are as follows: 1) the voltage gain is
efficiently increased by a coupled inductor and the sec-
ondary winding of the coupled inductor is inserted into
a diode-capacitor for further extending the voltage gain
dramatically; 2) a passive clamped circuit is connected
to the primary winding of the coupled inductor to clamp
the voltage across the active switch to lower voltage lev-
el. As a result, the power devices with low voltage rating
and low on-state resistance RDS (ON) can be selected.
On the other hand, this diode—capacitor circuit is use-
ful to increase voltage conversion ratio; 3) the leakage
inductance energy of coupled inductor can be recycled,
improving the efficiency; and 4) the potential resonance
between the leakage inductance and the junction capaci-
tor of output diode may be cancelled [13]-[16].

II.LOPERATING PRINCIPLES
PROPOSED CONVERTER:

OF THE

Fig. 2(a) shows the circuit structure of the proposed con-
verter, which consists of an active switch Q, an input
inductor L1 and a coupled inductor T1 , diodes D1, D2
, and DO , a storage energy capacitor C1 and a output
capacitor CO , a clamped circuit including diode D3 and
capacitor C2 , an extended voltage doubler cell compris-
ing regeneration diode Dr and capacitor C3 , and the sec-
ondary side of the coupled inductor [17]. The simplified
equivalent circuit of the proposed converter is shown in
Fig. 2(b).

The dual-winding coupled inductor is modeled as an
ideal transformer with a turn ratio N (n2 /nl ), a parallel
magnetizing inductance Lm, and primary and secondary
leakage inductance Lk1 and Lk2 .
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Fig. 2. Circuit configuration of proposed converter.
In order to simplify the circuit analysis of the converter,
some assumptions are as follows:
1)the input inductance L1 is assumed to be large enough
so that iL1 is continuous; every capacitor is sufficiently
large, and the voltage across each capacitor is considered
to be constant during one switching period;
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Fig. 3. The key waveforms of the proposed converter
at C-CCM operation.
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2) All components are ideal except the leakage induc-
tance of the coupled inductor;

3) Both inductor currents iL.1 and iLm are operated in
continuous conduction mode, which is expressed as C-
CCM; the inductor current i1 is operated in continu-
ous conduction mode, but the current iLm of the coupled
inductor is operated in discontinuous conduction mode,
which is called C-DCM.
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Fig. 4 Equivalent circuits of five operating stages dur-
ing one switching period at C-CCM operation.

A.C-CCM:

Based on the aforementioned assumption, Fig. 3 illus-
trates some key waveforms under C-CCM operation in
one switching period, and the corresponding equivalent
circuits are shown in Fig. 4. The operating stages are de-
scribed as follows:

1) Stage 1 [tO —t1 ]: The switch Q is conducting at t =
t0 . Diodes D1,D3 ,and DO are reverse-biased by VCI,
VC1+VC 2 and VO — VCI1 — VC2 , respectively. Only
Diodes D2 and Dr are turned ON. Fig. 4(a) shows the
current-flow path. The dc source Vin energy is trans-
ferred to the inductor L1 through D2 and Q. Therefore,
the current iL1 is increasing linearly. The primary volt-
age of the coupled inductor including magnetizing in-
ductor Lm and leakage Lk1 is VC1 and the capacitor C1
is discharging its energy to the magnetizing inductor Lm
and primary leakage inductor Lk1 through Q. Then cur-
rents iD2, iLm, and ik1 are increasing. Meanwhile, the
energy stored inC2 and C1 is released toC3 through Dr.
The load R energy is supplied by the output capacitor
CO. This stage ends at t = t1.

2) Stage 2 [t1 —t2]: In this transition interval, Fig. 4(b)
depicts the current-flow path of this stage. Once Q is
turned OFF at t = t1 , the current through Q is forced to
flow through D3. At the same time, the energy stored in
inductor L1 flows through diode D1 to charge capacitor
C1 instantaneously and the current iL1 declines linearly.
Thus, the diodeD2 is reverse biased by VC2. The diode
DO is still reverse biased by VO — VC1 — VC2. The
energy stored in inductor Lk1 flows through diodeD3 to
charge capacitor C2. Therefore, the energy stored in Lk1
is recycled to C2. The iLK2 keeps the same current di-
rection for charging capacitor C3 through diode D3 and
regeneration-diode Dr. The voltage stress across Q is the
summation of VC1 and VC2. The load energy is sup-
plied by the output capacitors CO. This stage ends when
iLK2 reaches zero at t =t2.
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3) Stage 3 [t2—t3]: During this transition interval, switch
Q remains OFF. Since iLK2 reaches zero at t = t2, VC2
is reflected to the secondary side of coupled inductor T1 ;
thus, regeneration-diode Dr is blocked by VC3 + NVC2 .
Meanwhile, the diode DO starts to conduct. Fig. 4(c) de-
picts the current-flow path of this stage. The inductance
L1 is still releasing its energy to the capacitor C1. Thus,
the current iL1 still declines linearly. The energy stored
in Lkl and Lm is released to C2. Moreover, the energy
stored in Lm is released to the output via n2 and C3. The
leakage inductor energy can thus be recycled, and the
voltage stress of the main switch is clamped to the sum-
mation of VCI1 and VC2. This stage ends when current
iLK1 =1iLK2, thus the current iC2 =0 at t = t3.

4) Stage 4 [t3 —t4 ]: During this time interval, the switch
Q, diodes D2 and Dr is still turned OFF. Since iC2 reach-
es zero at t = t3, the entire current of iLK1 flows through
D3 is blocked. The current-flow path of this mode is
shown in Fig. 4(d). The energy stored in an inductor L1
flows through diode D1 to charge capacitor C1 contin-
ually, so the current iL.1 is decreasing linearly. The dc
source Vin, L1, Lm, Lkl , the winding n2, Lk2 and VC3
are series connected to discharge their energy to capaci-
tor Co and load R. This stage ends when the switch Q is
turned ON att=1t4 .

5) Stage 5 [t4 —t5 ]: The main switch Q is turned ON at
t4 . During this transition interval, diodes D1,D3 , and Dr
are reverse-biased by VC1, VC1+VC 2 and VO — VC1
— VC2 , respectively. Since the currents iL1 and iLm are
continuous, only diodes D2 and DO are conducting. The
current-flow path is shown in Fig. 4(e). The inductance
L1 is charged by input voltage Vin , and the current iL.1
increases almost in a linear way. The blocking voltages
VCl1 is applied on magnetizing inductor Lm and prima-
ry-side leakage Lk1 , so the current iLk1 of the coupled
inductor is increased rapidly. Meanwhile, the magnetiz-
ing inductor Lm keeps on transferring its energy through
the secondary winding to the output capacitor CO and
load R. At the same time, the energy stored in C3 is dis-
charged to the output. Once the increasing iLK1 equals
the decreasing current iLm and the secondary leakage
inductor current ik2 declines to zero at t = t5 , this stage
ends.

B.C-DCM:

To simplify the C-DCM analysis, all leakage inductanc-
es of the coupled inductor are neglected. The coupled in-
ductor is modeled as a magnetizing inductor Lm and an
ideal transformer. The key waveforms of the proposed
converter are shown in Fig. 5. There are four main stages
during one switching cycle. The equivalent circuits for
each subinterval are shown in Fig. 6.
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Fig. 5. The key waveforms of the proposed converter
at C-DCM operation.
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Fig. 6. Equivalent circuits of four operating stages
during one switching period at DCM operation.
The detailed operation of each case is presented next.
1) Stage 1 [t0 —t1 ]: During this time interval, Q is turned
ON. Diodes D2 and Dr are conducted but diodes D1,
D3, and DO are blocked by VC1, VC1+VC 2, and VO
— VC1 — VC2 , respectively. The current-flow path is
shown in Fig. 6(a). The inductance L1 is charged by in-
put voltage Vin; thus, the current i1 increases linearly.
The energy from capacitor C1 transfers to magnetizing
Lm and current iLm increases linearly. Meanwhile, ca-
pacitor C3 is charged through the secondary winding
coil n2 by capacitors C1 and C2. The output capacitor
CO provides its energy to load R. The clamped diodeD3
is biased forward when the main switch Q is turned OFF
att=tl , and this stage ends.

2) Stage 2 [t1—t2 ]: Att=tl1, the switch Q is turned OFF,
resulting in a current commutation between the switch
Q and diode D3 immediately. During this transition time
interval, diodes D2 and Dr are turned OFF because they
are respectively anti biased by VC2 and VO — VCI1 —
VC2 , and other diodes are conducting. The current-flow
path is shown in Fig. 6(b). The dc sources Vin is series-
connected with inductor L1 and transfer their energies
to the capacitor C1 through D1 . The capacitors C2 is
charged by the magnetizing inductor Lm via D3 . Simi-
larly, the dc source Vin , inductor L1, magnetizing induc-
tor Lm and capacitor C3 are series connected to transfer
their energy to capacitor Co and load R. This stage ends
when the rising current iC3 equals to current iLm at t =
t2 . At the same instant, the diode D3 is reverse biased
att=t2.

3) Stage 3 [t2 —t3 ]: During this time interval, the switch
Q, D2 and Dr remain turned OFF. The diodes D1 and
Do are still turned ON. Since iC2 reaches zero at t2 ,
the coupled inductor transfers energy to the output, and
diode D3 is also blocked. The current-flow path is shown
in Fig. 6(c). The dc source Vin and the input inductor
L1 are still connected serially to charge capacitor C1 .
Thus, the current iL1 continues to decrease. Meantime,
the primary and secondary sides of doubled-inductor are
serially connected, and serially connected with VC3 ,
delivering their energy to the output capacitor CO and
load R. This stage ends when the current iLm reduces to
zero att=1t3 .

4) Stage 4 [t3 —t4 ]: During this transition time inter-
val, the switch Q and the diode D2 is still turned OFF.
Meanwhile, the primary and secondary currents of the
coupled inductor have run dry at t3 . Therefore, the diode
D3 is still blocked by VC1+VC 2, and only diode D1 is
conducting for continuous iL.1 . The current-flow path is
shown in Fig. 6(d). The capacitor C1 is still charged by
the energy stored in L1 and dc sources Vin . Since the
energy stored in Lm is empty, the energy stored in CO is
discharged to load R. This stage ends when Q is turned
ON at t = t4 , which is the beginning of the next switch-
ing period.

IIILSTEADY-STATE ANALYSIS OF PRO-
POSED CONVERTERS:
A.C-CCM Operating Conduction:

To simplify the analysis, the leakage inductances of the
coupled inductor are neglected in the steady-state analy-
sis. Also, the losses of the power devices are not con-
sidered. Only stages 1 and 3 are considered for C-CCM
operation because the time durations of stages 2, 4, and
5 are short significantly. At stagel, the main switch Q is
turned ON, the inductor L1 is charged by the input dc
source Vin, and the magnetizing inductor Lm is charged
by the voltage across C1 . The following equations can
be written from Fig. 4(a):

"'?Ll = ll'r':n (D

Vim = V1. (2)
And the voltage of the switched capacitorC3 can be expressed
by
l(f[ — \1(1 + 1(1 + l(g (3)

During stage 3, the main switch @ is in the OFF state, the
inductor L1 and magnetizing inductor Lin are discharged,
respectively. The voltages across the inductor L1 and L can
be obtained by

Vii =Vin = Ve 4)
1-}.::.' = _1:.("2 (5
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'n"}) = ":}‘1 + [:."\" + 1}1"'('-3 + 1"'(-3. (6)
Using the inductor volt-second balance principle to the

inductor L1 and magnetizing inductor Lm, the following
equations can be expressed as:

DT, T,
f Vindt + [ (Vin — Ve1)dt =0 N
] DT

DT, Ts
Veydt + / (~Via)dt = 0. (8)

0 DT.
From (1)—(8), the voltages across capacitors €1, C2, and C3
are derived as follows:

Vin _ (1-D)Vo

Ver=1—p="3%nN "
. D .V, DVop

Vs = = 0
U= 2N o
~ (N+1-DN)V,, (N+1-DN)_

Vo Wi _ Wo. (1)

(1-D)? 24+ N
Substituting (9)—{11) into (6), the dec voltage gain MC-CCM is
obtained as

Vi 24N
Mc.cem = ‘—G = ﬁ (12)
m e

B.C-DCM Operating Condition:

In C-DCM operation, there are four stages. The key
waveforms are shown in Fig. 5. During the time of stage
1, the switch Q is turned ON, and only diodesD2 and Dr
are turned ON. The following equations can be written
as:

Vit = Vi

lfL m = 1:1' 1

1":4‘2 = ‘\'-1':},"4 e 1-("3 - 1':"'3 = 1"-('1'
During the time of stage 3, the switch O is turned OFF, and
only diodesDlandDQ are conducting. The voltage levels

across inductorl]l and magnetizing Lm and the secondary
winding coil #2 are given as follows:

Vi =Vin = Veu
Ves +Ver — Vo
N+1
o N(Vos +Vor = Vo)
n2 -"'.- + 1

During the time of stage 2, the output voltage 7O can be
expressed as

":-L m =

Vo=Ver +Ves + (N +1)Vea.

If D_is defined as the duty cycle of the magnetizing in-
ductor current from peak point ramped down to zero. By
applying the volt-second balance principle to the induc-
tor L1, magnetizing inductor Lm and the secondary side
of winding coil n2, the following equations are derived:

DT, (D+D"T,
f Vidt + [ (Via — Ver )dt = 0
0 L

T,
DT, (D+D)Ts Vo 3 Vg — Vi
f 1-"}-1dr+/ (.]+'l11 gt =0
0 DT, N +1

DT, (D+ DT,
f (Vea = Ver = Ve )dt + f
0 DT,

. N(Ves + Vo1 - 1"()}0,{ —0.

N +1
The voltages of C1, €2, C3, and D_ are obtained
Vi
1.-"_‘ = mn
C1 1-D
2= 1-DD
. _ [(N+1)D'+ D|Viy
Ves = :
(1-D)D
Mo oo — YO _ 2+ N)(D' + D)
Mc_-pcm = V. = (DD

IV.Grid connected converters:

The use of power electronic converters as interface to
power sources, energy storages and power consumers
will increase. One application example is autonomous
power systems where renewable energy sources like
wind and fuel cells are integrated with appropriate stor-
age elements to gain energy efficient and reliable energy
supply. Other examples are ship electric propulsion sys-
tems, electric cars/buses and autonomous power sys-
tems of ships, offshore installations and remote utility
networks..
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Fig.7. Block diagram representation of grid connect-
ed system

The performance of a grid-connected AC-converter that
interfaces a DC-power source to the grid has a lot more
controllability than a traditional synchronous generator.
The designer of the converter has therefore the possibil-
ity to select the behavior of the converter during and af-
ter a transient or a line fault. A converter can for example
change its reactive power flow almost instantly. The sys-
tem components of existing AC-grids, including protec-
tion relays, are usually designed assuming synchronous
generators as power sources. It is therefore important to
verify that alternative converter interfaced power sourc-
es are compatible to the existing system in normal opera-
tion, but also during faults and transients.
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The importance of suitable simulation tools, modeling
techniques and laboratory facilities then becomes appar-
ent (se results summaries for the activities simulation
and modeling and energy laboratory).

V.MATLAB MODELING AND SIMULA-
TION RESULTS:

A prototype sample is presented to verify using MAT-
LAB/SIMULINK Platform to the practicability of the
proposed converter. Here simulation is carried out in
two different cases 1) Implementation of Proposed Con-
verter with constant DC Sources operated in CCM mode
2) Implementation of Proposed Converter applied to grid
connected system.

Case 1: Implementation of proposed con-
verter with boost mode:

Fig. 8 shows the Matlab/Simulink Model of Proposed
boost mode using Matlab/Simulink platform.

Fig.9 shows the Diode across Voltages & Switch

across Voltage, capacitor currents, input inductor

currents, output capacitor current of proposed boost
converter.

Fig. 10 shows the Matlab/Simulink Model of Pro-
posed buck mode using Matlab/Simulink platform.

Fig.11 shows the Diode across Voltages & Switch

across Voltage, capacitor currents, input inductor

currents, output capacitor current of proposed boost
converter.

Fig.12 shows the Diode across Voltages & Switch

across Voltage, capacitor currents, input inductor

currents, output capacitor current of proposed boost
converter.

Case 2: Implementation of Proposed Con-
verter applied to grid connected system.

et

Fig. 13 Matlab/Simulink Model of Proposed High
Step up DC/DC Converter with RES Interfaced to
Grid.
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Fig.15 FFT Analysis of Inverter Voltage without
filter.
Fig.16 FFT Analysis of Inverter Voltage without fil-
ter of Proposed High Step up DC/DC Converter with
RES Interfaced to Grid.

VI.CONCLUSION:

The conventional energy sources, obtained from our en-
vironment, tend to exhaust with relative rapidity due to
its irrational utilization by the humanity. Renewable en-
ergy offers a promising alternative source. Solar energy
seems to be most attractive in present days. Power elec-
tronics applications requiring high-voltage high-power

converters have been steadily growing in fields such as
interfacing RES system, power quality, power systems
control, adjustable speed drives, and uninterruptible
power supplies (UPS), and co-generation. Most appli-
cations demand high voltage gain converters. Various
converter topologies have been proposed in the litera-
ture, to improve performance, adapt to requirements
and avoid proprietary technologies. This paper proposes
the non-isolated high step-up industry applications, a
novel high-voltage gain converter is introduced in this
paper, which combines a quadratic boost converter with
coupled inductor and diode—capacitor techniques. A
clamped-capacitor circuit is connected to the primary
side of the coupled inductor, the voltage stress of the ac-
tive switch is reduced greatly and the clamped capacitor
also transfers the primary leakage energy to the output.
At last same converter applied to grid connected system
by using three level inverter topology and results are pre-
sented.
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