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Abstract - Renewable energy sources such as photovoltaic
(PV) cell and fuel cell are characterized by low output
voltage, strict current ripple requirement and high output
current hence they require high step up gain DC-DC
converter as an important interface with the power grid or
distributed generation (DG) system. High gain high
efficiency DC-DC converter as a power conditioning unit
for a renewable energy sources is presented here. A novel
high step-up dc—dc converter with coupled-inductor and
voltage-doubler circuits is proposed. The coupled-inductor
and voltage-doubler circuits are integrated in the proposed
converter to achieve high step up voltage gain. The
converter achieves high step-up voltage gain with
appropriate duty ratio and low voltage stress on the power
switches. Also, the energy stored in the leakage inductor of
the coupled inductor can be recycled to the output. The
operating principles and the steady-state analyses of the
proposed converter are discussed in detail. Finally, a
prototype circuit of the proposed converter is implemented
in the laboratory to verify the performance of the
proposed converter.

Keywords: Coupled inductor, high step-up voltage gain,
voltage doubler.

I. INTRODUCTION

The dc—dc converter with high step-up voltage gain is
widely used for many applications, such as fuel-cell energy-
conversion systems, solar-cell energy-conversion systems, and
high-intensity-discharge lamp ballasts for automobile
headlamps. Conventional dc-dc boost converters are used for
voltage step up applications. These operated at high duty ratio
for achieving high voltage gain [1], [2]. High duty ratio results
in serious reverse recovery problem. So, Literature says some
researchers found out some converters that incur high duty
ratio [3]-[11] and operates at high voltage gain among them
some are transformer-less dc-dc converter include the voltage
doublers type [5] and the boost type that is integrated using a
switched-capacitor techniques. These converters can provide
higher voltage gain than the conventional dc-dc converter.
However, the voltage gain of these converters is only
moderately high in above converters For high voltage gain
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requirements the converters must cascade more power stages
which result in low efficiency. Drawbacks of the cascade
converters result in efficiency low. Fly back converter is
adopted to achieve high voltage gain by adjusting the turns
ratio of the transformer. This converter has the merits of
simple topology, easy control, and low cost, but the fact that
the leakage-inductor energy of the transformer cannot be
recycled results in low efficiency and high voltage stress on
the active switch. In order to reduce the voltage stress, an RCD
snubber is used. However, this decreases the efficiency.

Some active-clamp techniques are adopted to recycle the
leakage-inductor energy of the transformer and to minimize
the voltage stress on the active switch, but this approach
requires an additional switch. Some converters, which include
the clamp-mode boost type, the integrated boost—flyback type,
and the integrated boost-sepic type, are developed to achieve
high step-up voltage gain by using the coupled-inductor
technique [6]-[11]. The leakage-inductor energy of the
coupled inductor can be recycled, and the voltage stress on the
active switch is reduced. Much higher voltage gain is achieved
by using the coupled-inductor and the voltage multiplier or
voltage-lift techniques [9]-[11].

However, the active switch will suffer high current stress
during the switch-on period. A conventional high step-up dc—
dc converter with a coupled inductor technique is shown in
Fig.1.
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Figure 1: Conventional high step-up dc—dc converter
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The structure of this converter is very simple, and the
leakage-inductor energy of the coupled inductor can be
recycled to the output. However, the voltage stresses on switch
S1 and diode D1, which are equal to the output voltage, are
high. This paper presents a novel high step-up dc—dc
converter.

I1. PROPOSED CONVERTER AND OPERATION

The coupled-inductor and voltage-doubler techniques are
integrated in the proposed converter to achieve high step-up
voltage gain shown in Fig.2.

The features of this converter are as follows:

1) The leakage inductor energy of the coupled inductor can be
recycled;

2) The voltage stresses on the switches are half the level of the
output voltage; thus, the switches with low voltage rating and
low ON-state resistance Rds(ON) can be selected;

3) The voltage gain achieved by the proposed converter is
double that of the conventional high step-up converter; under
the same voltage gain and duty ratio, the turns ratio of the
coupled inductor for the proposed converter can be designed
to be less than that of the conventional high step-up converter;

4) The frequency of the magnetizing-inductor current for the
proposed converter is double the switching frequency. Thus,
the magnetizing inductance of the coupled inductor for the
proposed converter can be designed to be less than that of the
conventional high step-up converter under the same switching
frequency. Fig.2 shows the circuit configuration of the
proposed converter, which consists of two active switches S1
and S2, one coupled inductor, four diodes D1-D4, and two
output capacitors C1 and C2.
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Figure 2: Circuit configuration of the proposed converter

The simplified circuit model of the proposed converter is
shown in Fig. 3. The coupled inductor is modelled as a
magnetizing inductor Lm, a primary leakage inductor Lk1, a
secondary leakage inductor Lk2, and an ideal transformer.

© 2021-2017 IRJIET All Rights Reserved

ISSN (online): 2581-3048
Volume 5, Issue 4, pp 32-41, April-2021
https://doi.org/10.47001/IRJIET/2021.504006

Capacitors CS1 and CS2 are the parasitic capacitors of S1 and
S2, respectively. In order to simplify the circuit analysis of the
proposed converter, some conditions are assumed as follows.
First, all components are ideal.
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Figure 3: Simplified circuit model of the proposed converter

The ON-state resistance RDS(ON) of the active switches,
the forward voltage drop of the diodes, and the ESR of the
coupled inductor and output capacitors are ignored. Second,
output capacitors C1 and C2 are sufficiently large, and the
voltages across C1 and C2 are considered to be constant
during one switching period.

Fig. 4 shows some typical waveforms during one
switching period in continuous-conduction-mode (CCM)
operation.

Modes of Operation

1) Mode | [tO, t1]: At t =t0, S1 and S2 are turned on. The
Current- flow path is shown in Fig. 4a. The dc-source energy
is transferred to Lm and Lk1 through D3, S1, and S2, so
currents iLm, iLk1, and iD3 are increased. The energy stored
in Lk2 is released to Lm and Lk1 through D4, S1, and S2.
Thus, iLk2 is decreased. Meanwhile, the energy stored in Lk2
is recycled. The energy stored in CS2 is rapidly and
completely discharged. The energies stored in C1 and C2 are
discharged to the load. This mode ends when iLk2 is equal to
zero at t=t1.
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Figure 4(a): Operating mode |
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2) Mode 1l [t1, t2]: In this mode, S1 and S2 are still turned on.
The current-flow path is shown in Fig.4b). The dc source
energy is still transferred to Lm and Lk1. Thus, iLm and iLk1

are still increased. The energies stored in C1 and C2 are still
discharged to the load.

Figure 4(b): Mode 11

3) Mode 111 [t2, t3]: At t = t2, S1 is turned off, and S2 is still
turned on. The current-flow path is shown in Fig. 4(c). The dc-
source energy is still transferred to Lm, Lk1, and CS1.
Meanwhile, the voltage across S1 is increased rapidly. The
energies stored in C1 and C2 are still discharged to the load.

Figure 4(c): Mode 111

4) Mode IV [t3, t4]: During this time interval, S1 is still turned
off, and S2 is still turned on. The current-flow path is shown in
Fig. 4(d). The dc source, Lm, and Lk1 are series connected to
transfer their energies to Lk2, C1, and the load. Thus, iLm and
iLk1l are decreased, and iLk2 is increased. Meanwhile, the
energy stored in Lk1 is recycled to C1 and the load. The
energy stored in C2 is still discharged to the load. This mode
ends when iLk1 is equal to iLk2 at t = t4.
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Figure 4(d): Mode IV
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5) Mode V [t4, t5]: During this period, S1 is still turned off,
and S2 is still turned on. The current-flow path is shown in
Fig. 4(e). The dc source, Lm, Lk1, and Lk2 are series
connected to transfer their energies to C1 and the load. Thus,
iLm, iLK1, and iLk2 are decreased. The energy stored in C2 is
still discharged to the load.

Figure 4(e): Mode V

6) Mode VI [t5, t6]: At t =15, S1 and S2 are turned on. The
current-flow path is shown in Fig. 4(f). The dc-source energy
is transferred to Lm and Lkl throughD3, S1, and S2.
Therefore, currents iLm, iLk1, and iD3 are increased. The
energy stored in Lk2 is released to Lm and Lk1 through D4,
S1, and S2. Thus, iLk2 is decreased. Meanwhile, the energy
stored in Lk2 is recycled. The energy stored in Csl is rapidly
and completely discharged. The energies stored in C1 and C2
are discharged to the load. This mode ends when iLk2 is equal
to zeroatt =t6.

Figure 4(f): Mode VI

7) Mode VII [t6, t7]: During this time interval, S1 and S2 are
still turned on. The current-flow path is shown in Fig. 5(g).
The dc-source energy is still transferred to Lm and Lk1. Thus,
iLm and iLk1 are still increased. The energies stored in C1
and C2 are still discharged to the load.
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Figure 4(g): Mode VI1I
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8) Mode VIII [t7, t8]: Att =17, S1 is still turned on, and S2 is
turned off. The current-flow path is shown in Fig. 4(h). The
dc-source energy is still transferred to Lm, Lk1, and CS2.
Meanwhile, the voltage across S2 is increased rapidly. The
energies stored in C1 and C2 are still discharged to the load.

Figure 4(h): Mode V111

9) Mode IX [t8, t9]: During this period, S1 is still turned on,
and S2 is still turned off. The current-flow path is shown in
Fig. 4(i). The dc source, Lm, and Lk1 are series connected to
transfer their energies to Lk2, C2, and the load. Thus, iLm and
iLk1l are decreased, and iLk2 is increased. Meanwhile, the
energy stored in Lk1is recycled to C2 and the load. The energy
stored in C1 is still discharged to the load. This mode ends
when iLk1 is equal to iLk2 at t = t9.
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Figure 4(i): Mode IX

10) Mode X [t9, t10]: In this mode, S1 is still turned on, and
S2 is still turned off. The current - flow path is shown in Fig.
4(j). The dc source, Lm, LK1, and Lk2 are series connected to
transfer their energies to C2 and the load. Thus, iLm, iLk1,
and iLk2 are decreased. The energy stored in C1 is still
discharged to the load. This mode ends when Sland S2 are
turned on at the beginning of the next switching period.
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Figure 4(j): Mode X
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I1l. STEADY-STATE ANALYSIS OF THE PROPOSED
CONVERTER

A) Voltage Gain

At CCM operation, the time durations of modes I, 111, 1V,
VI, VIII, and IX are very short as compared to one switching
Period. Thus, only modes I, V, VII, and X are considered. At
modes |1 and VII, the following equations can be written from
Fig. 4(b) and (g):

v =) = kVin 0
dfﬁm - ES}FTILIr _ KV @

dt dt L

where the coupling coefficient k of the coupled inductor is
equal to Lm/(Lm+Lk1). At mode V, the following equations
are derived from Fig. 4(e):

WV v

bkl =trgn K

i = (14 0)if g @)
Vin = Ver =01 + 0] 05 + 01k ®)

where the turns ratio n of the coupled inductor is equal to
N2/N1. Voltage "Iz js found to be

di¥ div
v o Wk B
Uipg=Lp—2 = Lp—=

v
y - Ehfe!»:.l. W, (6)

ot g =0 Uk

Substituting (6) into (5) yields the following equation:
Via = Ve = (L n)vpy + (1+ 0. 0]

Voo .
Voltage "i#*2 is written as

diy diy,
vy = Ly d’%’“ =(1 +u]Lm—t:;:1. (8)
Thus
di¥ Ly 1-k
Wiy = Loy KL = B = 9

dt  (1+n)Ly Vi1 (1+ n}k”“'

Substituting (9) into (7) yields the following equation:

v (1+n)k v
Y 1+ 2nk + n2 (‘i"‘;n cl] (10)
diy,,  (1+n)k Vi — Vi

= TR Tin T el 11
dt 14 20k +n2 Lo (n

Similarly, at mode X, the voltage across Lm is derived
from Fig. 5(j) as follows:
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v = ?le';i—m(ﬁll - Vo) (12)

(ﬁfm — (1 + n.}k % Vin - V;Q. (13)
dt 1 + 2nk + n? Lo

Using the volt-second balance principle on Lm, the
following equation is derived:

Dy (1- D)7y Dy (A-D)Ty
I - - T
fv,,1w+ f v“(il‘-!-[ﬂ}'rln{ﬁ+ vy dt=0.
0 0

(14)

Substituting (1), (10), and (12) into (14), the voltage gain
is obtained as

V., 2(1+mn—nD+n?D+2nDk)

Moow =y, == a-parm -

Thus, the plot of the voltage gain versus the duty ratio
under various coupling coefficients of the coupled inductor is
shown in Fig. 6. It can be seen that the voltage gain is not very
sensitive to the coupling coefficient. If the impact of the
leakage inductor of the coupled inductor is neglected, then
coupling coefficient k is equal to one. Substituting k=1 into
(15), the voltage gain becomes

¥V, 2(1+nD)
Meom Fm -0 (16)
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Figure 5: Some typical waveforms of the proposed converter at CCM
operation
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MCCM

Figure 6: Voltage gain versus duty ratio of the proposed converter at
CCM operation with n =2 and various values for k

B) Boundary Operating Condition

Fig. 7 shows some waveforms of the proposed converter at
boundary conduction mode (BCM). When the proposed
converter is operated in BCM, the peak value of the
magnetizing inductor current is given as

kDV, T,
I},mp = 2, .

(17

Since the time duration [t1, t3] is very short as compared
to one switching period, this time duration is not considered.
The average value of iD1 is found to be

1, Itm 1-D
Iy 2 X (0Dl
T, 401+ n)

At steady state, the average value of ID1 is equal to lo. Thus

(1— D)1y

V.
iiin) TR (19

Then, the normalized magnetizing-inductor time constant
is defined as

= Lm _ Lmls (20)

Where fs is the switching frequency.

Substituting (15), (17), and (20) into (19), the boundary
normalized magnetizing-inductor time constant tLmB can be
derived as
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kD(1- D)?
16(1+ n—nD + n2D + 2nDk)’

TLmB = 21

The curve of tTLmB is shown in Fig. 6. If tLm is larger
than tLmB, the proposed converter is operated in CCM.

VolViy
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Figure 7: Calculated voltage gain versus duty ratio
C) Efficiency Analysis

In order to simplify the efficiency analysis of the proposed
converter, the leakage inductors of the coupled inductor are
neglected. Thus, the operating principle is divided into four
modes, the equivalent circuits for which are shown in Fig. 9.
rL1 and rL2 represent the ESRs of the primary and secondary
windings of the coupled inductor. VFD1-VFD4 and rD1-rD4
are the ON-state forward voltage drops and resistances of
D1-D4.rS1 and rS2 denote the ON-state resistances of S1 and
S2.When SlandS2 are turned on; the equivalent circuit is
shown in Fig. 9(a). This time interval is DTs/2. The average
values of icl and vL1are obtained as

VO

o=k @
Vi =V = Via = Vs
= Lingon)(TL1 + T3 + P51+ Ts2) (23)

Where lin(on) is the average value of the input current in
this time interval.

When S1 is turned off and S2 is turned on, the equivalent
circuit is shown in Fig. 9(b). This time interval is (1-D)Ts/2.

The average values of icl and vL1 are derived as

V.
I =lin(or) — — 24
el in(off) R ( )

Vi VepaVep1—Vea—Tines) (rurtr patriatrprivss)

VlI_
El 1+n

25)
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Where lin(off) is the average value of the input current in
this time interval.

When S1 is turned on and S2 is turned off, the equivalent
circuit is shown in Fig. 9(c). This time interval is (1-D)Ts/2.

The average values of icl and vL1 are given as

Vs
=3 (26)
VIV Vin=Vipa—Ver-Vipo—Tineal 114 patr ot s+ p2)
= 1+n )
27

By using the ampere—second balance principle on C1, the
following equations are obtained:

1— Dy

LV
2
[rj,dﬂ / IHdt
o

1}

Bl [EIOL

|/I1”dt1 j I¥di=o0. (28)

0

Substituting (22), (24), and (26) into (28),lin(off) can be
computed as

2V,
Tin(orry = 0-DR 29)
Also, lin(on) can be found to be
2(1 +n)V,
Lingon) = (1 + 1) Lin(om) = A—DR" (30)

Using the volt-second balance principle on Lm yields

(5 1—D)T
B (.._ﬁ_l_i

[ viars [ Viia
i} 0

Dy [ n)r

+[V,”Jdr+ / Vidt=0. (31
o

Substituting (23), (25), and (27) into (31), the actual
voltage gain is derived as

V. 201+ nD} 1-4; 32
V. _ AD(14n)2A
Vo 1D H’ - m;ng + iohm r)

Where

Ay

1-D Vepr | Vrps
21+ nD) \ Va Vin

(1+n)D x Vips  1-D ’ Viea
1+nD Vin 1+nD Vin

Az =71 +7Tp3+Ts1+ a2

Az =2rpy 4+ 2rpe + rp1+ Tp2 4 2rpg -+ rs1 A+ T
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The input power and output power of the proposed
converter are obtained as

D D
VT i sl
R indin{on) ( 2 } 2)

1-D 1-D
+ VinLin(om) (T + T) (33)
%2
P=. (34)

Substituting (29) and (30) into (33), the input power can be
computed as

2(1+nD)

A ~(I-=D)R

VinVo. (33)

From (32), (34), and (35), the efficiency of the proposed
converter is found to be

Po 1—_/[_1
rr_,n—_1 AD(1+n)2A; 24 " =

in + 1-D)R 'f_(t—n}h’.
Efficieny (%)
el e L

.rva.—--\r.-r-g,—ﬂ_-__—_ _____
90
85
80}
Case |

Bl e — Case?
gL Case 3
65 e o III,.....I"'P:)(\V)
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Figure 8: Calculated efficiency versus output power
D) Voltage and Current Stresses on Power Devices

According to the operating principle, the voltage and
current stresses on power devices are discussed as follows. If
the impact of the leakage inductor of the coupled inductor is
ignored, the voltage stresses on S1, S2, and D1-D4 are given
as

va
Vo1 =Vga =Vp1 = Vpa = 3 (37
n V,
Vps = T+n (E — Vin) (38)
Vpa =nVin. (39)

From (2), the ripple of iLm can be derived as
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kDVinT,
2L,

Al = . (40)

From (29), (30), and (40), the current stresses that flow
through S1,S2, and D/—D4 are found to be

AI e
Is1 =1Is2 = Ipi = Ip2 = Ips = Iinon) + TL

2(1+n)V,  EkDV,T,

“U-DR 4l @n
o4 =Tintom * 231:‘;:,)
—a Ell33)1? 4:1D.Vn}1; “2)
]
Vens Tz

{al

A
Y
e e 712
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Figure 9: Equivalent circuit of the proposed converter, including the ESR
of the coupled inductor, the ON -state forward voltage drop and
resistance of the diodes, and the ON -state resistance of the switches (a)
Sland S2on

(b)S1 off and S2 on. (c)S1 on and S2 off.

Case ) n=1, 71 =Tr2o=7Tp1=Tp2=Tp3="7D
10 mQ, g1 =Tga = 18 ITIQ, Vle = VFD
0.92V,and Vrps = Vrps = 0.75 V.

Case2) n=2,rp1 =rp1=7p2 =rp3 = rps = 10 mf2,
T = 20 mQ, Tsy =Tgo = 18 mﬂ, VFDI =
V};‘DQ =(.92 V, and V};‘Dg = Vpp.{ =085V.

Case3) n=3,rr1 =rp1 =7p2 =7vp3 =rps = 10 mf2,
Tra = 30 mﬂ, gy =Tga = 18 mﬂ, VFDI -
Vepa =092V, and Vrps = Veps = 0.85 V.

Substituting the circuit specifications and parameters into
(32) and (36), the calculated voltage gain and efficiency are
shown in Figs. 7 and 8. Fig. 8 shows that the calculated
efficiency in case 1 is better than those in cases 2 and 3. Thus,
the turns ratio n of the coupled inductor is chosen as one.

4 =
9 =
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As can be seen from Fig. 11, duty ratio D is 0.634 for case
1. Substituting k=1, n=1, and D=0.634 into (21), the boundary
normalized magnetizing-inductor time constant tLmB is
obtained as 0.00162. The proposed converter is operated in
CCM from 25% of the full load, i.e., R = 640 Q. When tLm is
larger than tLmB, the proposed converter is operated in CCM.
Using (20), Lm is found by

Tim = = 000162

Infs _ Lin x 25K
R 640
Loy =41 pH.

Lm is selected to be 48uH
IV. SIMULATION RESULTS

A Simulation of the proposed converter was modelled with
the circuit parameters as follows:

Table 1: Circuit parameters

Capacitors C1,C2 47uF

Resistor R 160Q
MOSFETs IXFK140N20P
Diodes D1,D2 MBR20150CT
Diodes D3,D4 SBL2060CT
Inductor Lm 48uH

And circuit specifications are shown below

Table 2: Circuit specifications

parameters specifications
Vin 24v
Vo 200v
fs 25kz
Po 250w
Vdss 200v
Rds(on) 18mohm
Vrrm(D1,D2) 150v
Vv{(D1,D2) 0.92v
Vrrm(D3,D4) 60v
Vf(D3,D4) 0.75v
Duty ratio(D) 0.634
Turns ratio(n) 1

© 2021-2017 IRJIET All Rights Reserved

ISSN (online): 2581-3048
Volume 5, Issue 4, pp 32-41, April-2021
https://doi.org/10.47001/IRJIET/2021.504006

The below are the simulation results obtained by
considering all the circuit parameters and specifications.

Figure 10: Waveforms of the gate pulses of the switch s1& s2

BT [ S i st i e
)

Figure 11: Voltage and current waveforms of switch s1 & s2

Figure 13: Waveforms of iD4, iin, iD3
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Figure 14: Waveforms of iS1& iD1

002

Figure 16: Waveforms of input & output voltages

When output power is over 70w, the proposed converter
has higher efficiency than the conventional converter from the
below figure. Also the measured efficiency of the proposed
converter is 95.8% at the full condition.
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Figure 17: Measured efficiency of proposed converter and conventional

converter with various output power

V. CONCLUSION

High step up dc-dc converter has been presented. The
coupled inductor and voltage doubler circuits are integrated in
the proposed converter to achieve high step-up voltage gain.
And the energy stored in the leakage inductor of the coupled
inductor is recycled. Voltages across the switches are half the
level of the output voltage. Finally the proposed converter is
modelled and efficiency is improved.
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