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A Novel Structure for Single-Switch Nonisolated
Transformerless Buck–Boost DC–DC Converter

Mohammad Reza Banaei and Hossein Ajdar Faeghi Bonab

Abstract—A novel transformerless buck–boost dc–dc
converter is proposed in this paper. The presented con-
verter voltage gain is higher than that of the conventional
boost, buck–boost, CUK, SEPIC, and ZETA converters, and
high voltage can be obtained with a suitable duty cycle. In
this converter, only one power switch is utilized. The volt-
age stress across the power switch is low. Hence, the low
on-state resistance of the power switch can be selected
to decrease conduction loss of the switch and improve effi-
ciency. The presented converter has simple structure, there-
fore, the control of the proposed converter will be easy. The
principle of operation and the mathematical analyses of the
proposed converter are explained. The validity of the pre-
sented converter is verified by the experimental results.

Index Terms—Power switch, transformerless buck–boost
dc–dc converter, voltage gain, voltage stress.

I. INTRODUCTION

IN recent years, environmental troubles, such as climate
change and global warming by increased emissions of car-

bon dioxide, are very important. With increasing attention to
environmental problems, energy achieved from the fuel cell
systems is focused on the low environmental effects and clean
energy. Fuel cells are an effective alternative to replace fuels
in emergency power systems and vehicles. User can use fuel
cells as clean energy with low emissions of carbon dioxide.
Due to steady operation with renewable fuel supply and high
effectiveness and efficiency, the fuel cell has been recognized
increasingly as a suitable alternative source. There are some
problems of this fuel, such as high costs, but they have bril-
liant features, such as high efficiency and small size. Due to
this explanation, the fuel cell is appropriate as power supplies
for telecom back-up facilities and hybrid electric vehicles. The
output voltage of the fuel cell unit cell is low and is not steady
and it cannot be directly connected to the load. For applications
that need a steady dc voltage, buck–boost dc–dc converter is
required [1]–[5]. However, the traditional buck–boost converter
is not suitable for fuel cells sources. The traditional buck–boost
converter efficiency is expected to be high, however, it is low and
is limited by the effects of diodes, switches, and equivalent series
resistance (ESR) of capacitors and inductors [6]. In order to ob-
tain the high efficiency and high voltage gain, many high step-up
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dc–dc converters have been proposed and in order to use the low
duty cycle, adding a new control method is a good choice [7],
[8]. For example, the high step-up voltage gain can be achieved
by using a flyback converter with low duty cycle. The voltage
gain of the flyback converter can be increased by raising the
turns ratio of the transformer. Although the flyback converter
can obtain the high step-up voltage gain, the power switches
suffer a voltage spike across the switches and the converter ef-
ficiency is not high because of the reverse-recovery problems
and leakage inductor [9]–[11]. In [12] and [13], high voltage
gain dc–dc converters with a coupled inductor are proposed.
The leakage inductance of the coupled inductor is so important
that it causes high voltage spikes and adds the voltage stress.
In [14], the switched capacitor method is used to obtain high
step-up voltage gain. In [15], a high step-up bidirectional dc–dc
converter with low voltage stress on the switch is proposed. In
[16], a high conversion ratio bidirectional dc–dc converter is
proposed. However, this converter has five power switches that
increase the conduction losses and the cost of the circuit and de-
crease the efficiency. In [17], a transformerless interleaved high
step-down converter is proposed, but, in the presented converter,
two power switches have been utilized and the capacitors of the
converter are suddenly charged. In [18], transformerless high
step-up dc–dc converters are proposed. In [19], a transformer-
less buck–boost dc–dc converter is proposed. The voltage gain
for this converter is twice as large as that of the conventional
buck–boost converter. In [20], a buck–boost converter based on
KY converter is proposed. In this converter, two main switches
are used and the voltage gain of the presented converter is 2D.
In [21], a transformerless buck–boost dc–dc converter based on
CUK converter is proposed. The voltage transfer gain for the
presented converter is twice as large as that of the conventional
buck–boost converter. In [22], a multioutput buck–boost dc–dc
converter is proposed. This converter has several output volt-
ages, but, in the presented converter, many power switches have
been used. In [23], a two-stage inverting buck–boost converter
is proposed. The presented converter is constructed of two par-
allel conventional buck–boost converters. In [24], a two-stage
buck–boost converter for power factor correction is presented
and this converter does not require additional power switch.
In this paper, a novel single-switch transformerless buck–boost
dc–dc converter with high step-up voltage gain and low voltage
stress on the power switch is proposed. The voltage transfer
gain of the proposed converter is higher than that of the classic
buck–boost converter, SEPIC, CUK, and ZETA converters. The
structure of the proposed converter is simple, hence the control
of the converter will be easy. In this converter, only one main
switch is used. The voltage stress across the power switch and
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Fig. 1. (a) Equivalent circuit of the proposed converter. (b) Mode 1.
(c) Mode 2.

diodes is less than the output voltage, hence the conduction loss
of the power switch is low and the efficiency of the presented
converter can be improved. The presented converter operates as
a universal power supply and it is appropriate for low-voltage
and low-power applications and the proposed converter input
current is discontinues. The proposed buck–boost converter is
utilized in many applications, like fuel-cell systems, car elec-
tronic devices, LED drivers, and gadgets, such as mobile phones
and notebooks. In this paper, the mathematical analyses of the
proposed converter are explained. Besides, to verify the feasi-
bility of the converter, experimental results are provided.

II. OPERATING PRINCIPLE OF THE PROPOSED CONVERTER

The proposed converter is shown in Fig. 1(a). This converter
consists one power switch S, three diodes D1 , D2 , and D3 , three
inductors L1 , L2 , and L3 , five capacitors C1 , C2 , C3 , C4 , and
Co and load R.

For simplicity of the analysis of the operating principles, the
following assumptions are considered.

1) The capacitors of the presented converter are large
enough, hence the voltage across capacitors are assumed
to be constant.

2) The main switch of the proposed converter is treated as
ideal and the parasitic capacitor of the main switch is
neglected.

The presented converter can be operated in both the continu-
ous conduction mode (CCM) and the discontinuous conduction

mode (DCM). The CCM can be divided into two operation
modes. The analysis of the presented converter in one switching
period under CCM is explained in detail as follows:

1) First mode [0 ≤ t ≤ DTs ]: During this time interval as
shown in Fig. 1(b), the switch S is turned ON and the
diodes D1 , D2 , and D3 are turned OFF. The inductors L1 ,
L2 , and L3 are magnetized linearly. The capacitors C1
and C4 are charged by the capacitors C2 and C3 . Thus,
the relevant equations can be expressed as follows:

VL1 = Vi (1)

VL2 = VC 2 − VC 1 + Vi (2)

VL3 = VC 3 − VC 4 + Vi. (3)

2) Second mode [DTs ≤ t ≤ Ts ]: The equivalent circuit is
shown in Fig. 1(c). During this time interval, the switch
S is turned off and the diodes D1 , D2 , and D3 are turned
on. The inductors L1 , L2 , and L3 are demagnetized lin-
early. The capacitor C2 is charged by the inductor L1
and the capacitor C3 is charged by the inductors L1 and
L2 and the capacitors C1 and C4 are discharged. The
corresponding equations can be written as follows:

VL1 = −VC 2 (4)

VL2 = −VC 1 = VC 2 − VC 3 (5)

VL3 = VC 1 − VC 4 = VC 3 − Vo. (6)

III. STEADY STATE ANALYSIS OF THE PROPOSED

CONVERTER

A. Voltage Gain

By applying volt-sec balance principle on the inductors L1 ,
L2 , and L3 and using (1)–(6), we have

1
Ts

(∫ DTs

0
Vidt +

∫ Ts

DTs

(−VC 2)dt

)
= 0 (7)

1
Ts

(∫ DTs

0
(VC 2 − VC 1 + Vi)dt +

∫ Ts

DTs

(−VC 1)dt

)
= 0

(8)

1
Ts

(∫ DTs

0
(VC 3 − VC 4 + Vi)dt+

∫ Ts

DTs

(VC 1−VC 4)dt

)
= 0.

(9)

By using (5) and (7)–(9), the voltage across capacitors
C1 , C2 , C3 , and C4 (VC 1 , VC 2 , VC 3 , and VC 4) can be achieved
as follows:

VC 1 = VC 4 =
2DVi

1 − D
(10)

VC 2 = VC 3 =
DVi

1 − D
. (11)

Using (10) and (11), the voltage transfer gain (MCCM) can
be found as follows:

MCCM =
Vo

Vi
=

VC 3 + VC 4

Vi
=

3D

1 − D
. (12)
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Fig. 2. Some typical waveforms of the proposed converter.

Fig. 3. Curves of voltage gain comparison of proposed converter and
other converters at CCM operation.

According to (12), the voltage gain of the proposed converter
is higher than that of the conventional boost, buck–boost, CUK,
SEPIC, and ZETA converters and is thrice as large as the voltage
gain of the conventional buck–boost converter. Fig. 2 shows
some typical key waveforms of the proposed converter in CCM.

The voltage gain curves for the proposed converter, conven-
tional boost, buck—boost, and CUK converters, proposed con-
verter III in [18] and proposed converter in [19] are shown in
Fig. 3. It is seen that the proposed converter is buck–boost and
the voltage transfer gain of the converter is higher than that of
the other converters.

B. Calculation of the Currents

The average current that flows through the capacitor Co dur-
ing switch ON period (ICo,on) can be achieved as follows:

ICo,on = −Io . (13)

The average current that flows through the capacitors C1 and
C2 and the inductor L2 (IC 1,on , IC 2,on , and IL2) during switch
ON period can be obtained as follows:

IC 1,on = −IC 2,on = IL2 . (14)

The average current that flows through the capacitors C3 and
C4 and the inductor L3 during switch ON period (IC 3,on , IC 4,on ,

and IL3) can be earned as follows:

−Ic3,on = IC 4,on = IL3 . (15)

The average current that flows through the capacitor C1 dur-
ing switch off period (IC 1,off ) can be earned as follows:

IC 1,off = IL2 − IC 3,off − IL3 . (16)

Where, IC 3,off is the average current that flows through the
capacitor C3 during switch OFF period.

The average current that flows through the capacitors C4
(IC 4,off ) during switch OFF period can be achieved as follows:

IC 4,off = IL3 − IC o,off − Io (17)

where, ICo,off is the average current that flows through the ca-
pacitor Co during switch OFF period.

By applying current-sec balance principle on capacitors C1 ,
C2 , C3 , C4 , and Co , the following equation is derived as follows:

1
Ts

(∫ DTs

0
IC 1,2,3,4,o,ondt +

∫ Ts

DTs

IC 1,2,3,4,o,off dt

)
= 0

(18)
where IC 2,off is the average current that flows through the ca-
pacitor C2 during switch OFF period.

By substituting (13)–(17) into (18), the average current that
flows through the inductors L2 and L3 (IL2 and IL3) and the
capacitors C1 , C2 , C3 , C4 , and Co (IC 1,on , IC 2,on , IC 3,on ,
IC 4,on , and IC o,on) can be obtained as follows:

IL2 = IL3 = IC 1,on = −IC 2,on = −IC 3,on = IC 4,on

= −IC o,on = Io . (19)

According to Fig. 1(c), the average current that flows through
the inductor L1 (IL1) can be earned as follows:

IL1 = (IL2 + IC 2 − IC 1 − IC 4)off =
1 + 2D

1 − D
Io. (20)

According to Fig. 1(b), the average current that flows through
the switch S (IS ) can be obtained as follows:

IS = IL1 + IC 1,on + IC 4,on =
3

1 − D
Io. (21)

The average of input current (Ii) can be achieved as follows:

Ii =
1
Ts

(∫ DTs

0
(IL1 + IC 1 + IC 4)ondt

)
=

3D

1 − D
Io.

(22)
The currents that flows through the diodes D1 , D2 , and D3

(ID1 , ID2 , and ID3) can be achieved as follows:

ID1 = IL1 − IC 1,off − IC 4,off =
Io

1 − D
(23)

ID2 = IL2 + IC 1,off =
Io

1 − D
(24)

ID3 = IL3 + IC 4,off =
Io

1 − D
. (25)
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Fig. 4. Equivalent circuits of the presented converter in third mode at
DCM operation.

Fig. 5. Some illustrated waveforms of the proposed converter at DCM
operation.

The currents ripple of inductors L1 , L2 , and L3 (ΔIL1,2,3)
can be calculated as follows:

ΔIL1,2,3 =
DVi

L1,2,3fs
=

(1 − D) Vo

3L1,2,3fs
=

VoVi

(Vo + 3Vi) L1,2,3fs
.

(26)

C. Discontinuous Conduction Mode

The operation modes in DCM can be divided into three
modes. The first mode in DCM is the same as the first mode in
CCM. In the second mode, the diodes currents are decreasing
and in the third mode the diodes D1 , D2 , and D3 currents will
be zero and the diodes and switch will turn OFF. The equiva-
lent circuit and the typical waveform in third mode are shown
in Figs. 4 and 5. In this mode, the inductors L1 , L2 , and L3
currents will be constant; therefore, the voltage of the inductors
L1 , L2 , and L3 will be zero.

According to (23)–(25), the sum of the diodes D1 , D2 , and
D3 currents can be obtained as follows:

ID1 + ID2 + ID3 = IL1 + IL2 + IL3 . (27)

By using (23)–(25), the average currents of diodes D1 , D2 ,
and D3 (ID1,av , ID2,av , and ID3,av) can be achieved as follows:

ID1,av = ID2,av = ID3,av =
Vo

R
. (28)

According to Fig. 4, the sum of the diodes D1 , D2 , and D3
average currents during one switching period can be obtained
as follows:

ID1,av + ID2,av + ID3,av =
1
2
× Dm2 × ID−PK (29)

Fig. 6. Boundary normalized inductor time constant versus duty cycle.

where Dm2 is duty cycle in second mode at DCM and ID−PK
is sum of the peak currents of inductors L1 , L2 , and L3

ID−pk = IL1−pk + IL2−pk + IL3−pk =
ViDTs

Leq
(30)

where

1
Le

=
1
L1

+
1
L2

+
1
L3

. (31)

By applying volt-sec balance principle on inductors L1 , L2 ,
and L3 , duty cycle in second mode at DCM (Dm2) can be
achieved as follows:

Dm2 =
3DVi

Vo
. (32)

By using (27)–(32), the voltage transfer gain in DCM
(MDCM) can be earned as follows:

MDCM =
D√
τL

(33)

where the parameter τL is expressed as follows:

τL =
2Le

RTs
. (34)

D. Boundary Condition Mode

In this mode, the voltage transfer gain of the CCM is equal
to the voltage transfer gain of the DCM. According to (12) and
(33), the boundary normalized inductor time constant (τb) can
be earned as follows:

τb =
(1 − D)2

9
. (35)

The curve of the boundary normalized inductor time constant
(τb) is shown in Fig. 6. If τL is larger than τb , the proposed
buck–boost converter operates in CCM.

The boundary normalized inductor time constant curves for
the proposed converter, proposed converter III in [18] and pro-
posed converter in [19] are shown in Fig. 7.

E. Efficiency Analysis

For efficiency analysis of the proposed converter, parasitic
resistances are defined as follows: rDS is switch ON-state re-
sistances, RF 1 , RF 2 , and RF 3 are the diodes D1 , D2 , and
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Fig. 7. Curves of boundary inductor time constant comparison of pro-
posed converter and other converters.

D3 forward resistances, respectively, VF 1 , VF 2 , and VF 3 are
the diodes D1 , D2 , and D3 threshold voltages, respectively,
RL1 , RL2 , and RL3 are the ESR of inductors L1 , L2 , and L3 ,
respectively.rC 1 , rC 2 , rC 3 , rC 4 , and rC o are the ESR of capaci-
tors C1 , C2 , C3 , C4 , and Co , respectively, and the voltage ripple
across the capacitors and the inductors is ignored.

The power loss of the switch S (PrDS) can be earned as
follows:

PrDS = rDSIS,rms
2 = rDS

9D

(1 − D)2 Io
2 . (36)

The switching loss of the proposed converter (PSw ) can be
obtained as follows:

PSw = fsCS VS
2 = fsCS

(
Vi

1 − D

)2

. (37)

The total losses of the switch S (PSwitch) can be expressed as
follows:

PSwitch = PrDS +
PSw

2
. (38)

The diodes D1 , D2 , and D3 forward resistance losses
((PRF)D1,2,3) can be achieved as follows:

(PRF)D1, 2, 3 = RF 1, 2, 3I
2
D1, 2, 3, rms = RF 1, 2, 3

1
1 − D

Io
2 .

(39)
The diodes D1 , D2 , and D3 forward voltage losses

((PVF)D1, 2, 3) can be obtained as follows:

(PVF)D1,2,3 = VF 1,2,3ID1,2,3,av = VF 1,2,3Io . (40)

The power losses of capacitors C1 , C2 , C3 , C4 , and Co

(PRC1,2,3,4,o) due to them ESR, can be earned as follows:

PRC1,2,3,4,o = rC 1,2,3,4,o IC 1,2,3,4,o,rms
2

= rC 1,2,3,4,o
D

1 − D
Io

2 . (41)

The conduction losses of inductors L1 , L2 , and L3 (PrL1 and
PrL2,3) can be earned as follows:

PrL1 = RL1I
2
L1,rms = RL1

(
1 + 2D
1 − D

)2

Io
2 (42)

PrL2,3 = RL2,3I
2
L2,3,rms = RL2,3Io

2 . (43)

Fig. 8. Normalized switch voltage stress of the proposed converter
versus voltage gain.

TABLE I
COMPARISON BETWEEN PROPOSED CONVERTER AND OTHER STRUCTURES

Converter in Proposed
converter

Converter in ref. Conventional
buck–boost converter

Quantities of
switches

1 1 1

Quantities of diodes 3 2 1
Quantities of
capacitors

5 4 1

Quantities of
inductors

3 3 1

Total device count 12 10 4

Voltage stress of the
switch

Vo + 3
3

Vo + 2
2

Vo + 1

Voltage gain
3D

1 − D

2D

1 − D

D

1 − D

The total power loss of the proposed converter (PLoss) can
be obtained as follows:

PLoss = PSwitch +
3∑

u=1

(PRF)Du +
3∑

u=1

(PVF)Du

+
4∑

u=1

PRCu + PRCo + PrL1 + PrL2 + PrL3 . (44)

The efficiency of the proposed converter (η) can be defined
as follows:

η =
PO

PO + PLoss
=

1

1 +
PLoss

PO

. (45)

According to above equations, the efficiency of the proposed
converter can be rewritten as follows:

η =
1

1 +
π

R(1 − D)2 +
fsCsV

2
i

2(1 − D)2RI2
o

(46)

where

π = 9DrDS + (1 − D)(RF 1 + RF 2 + RF 3)

+
(1 − D)2

Io
(VF 1 + VF 2 + VF 3)

+D(1 − D)(rC 1 + rC 2 + rC 3 + rC 4 + rC o)

+ (1 + 2D)2RL1 + (1 − D)2(RL2 + RL3). (47)
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Fig. 9. Current and voltage of the capacitor C1 .

Fig. 10. Current and voltage of the capacitor C2 .

Fig. 11. Current and voltage of the capacitor C3

Fig. 12. Current and voltage of the capacitor C4 .

Fig. 13. Current and voltage of the capacitor Co .

F. Voltage Stress of the Switch

In this converter, the voltage stress across the active compo-
nents, such as switch and diodes, is lesser than output voltage.
The voltage stress on power switch (VS ) can be achieved as
follows:

VS =
Vi

1 − D
. (48)

The relationship between the normalized voltage stress across
power switch of the proposed converter and other converters is
depicted in Fig. 8. According to Fig. 8, the normalized voltage
stress of the switch in the proposed converter is lesser than that
in other converters.

In order to show the total device number and voltage gain of
the proposed converter, conventional buck–boost, and converter

Fig. 14. Prototype of the proposed converter.

in [18], a comparison is made between the proposed topology
and other converters. The device number and voltage gain of
the structures are given in Table I. As shown in Table I, the
proposed structure uses higher number of elements. But, the
total device of the other converters is higher comparing to their
gains and voltage stresses. Based on the low voltage stress of
the proposed converter, the efficiency of the proposed converter
is higher comparing to its gain.

G. Calculation of the Voltage Ripple of the Capacitors

From Fig. 9, the voltage ripple of the capacitor C1 is rep-
resented by ΔVC 1 . The voltage ripple on capacitor C1 created
from the current that flows through the ESR is signified by
ΔVC 1,ESR and the voltage ripple of capacitor C1 created from
the charging and discharging is indicated by ΔVC 1,cap .

ΔVC 1,ESR can be calculated as follows:

ΔVC 1,ESR = ESRC 1ΔIC 1 � ESRC 1(IC 1,on − IC 1,off )

=
ESRC 1Io

(1 − D)
(49)

where

ESRC 1 =
tan δC 1

2πfs
(50)

where, tan δC 1 is the dissipation factor of capacitor C1 .
ΔVC 1,cap can be achieved as follows:

ΔVC 1,cap =
IC 1,onDTs

C1
=

DTsVo

RC1
. (51)

Hence, ΔVC 1 can be achieved as follows:

ΔVC 1 = ΔVC 1,ESR + ΔVC 1,cap =
ESRC 1Io

1 − D
+

DTsVo

RC1
.

(52)
Similarly, the voltage ripple of the capacitors C2 , C3 , C4 and

Co (ΔVC 2,3,4,o) can be achieved as follows:

ΔVC 2,3,4,o = ΔVC 2,3,4,o,ESR + ΔVC 2,3,4,o,cap

=
ESRC 2,3,4,oIo

1 − D
+

DTsVo

RC2,3,4,o
. (53)

The current and voltage of the capacitors C2 , C3 , C4 , and Co

are shown in Figs. 10––13.
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Fig. 15. Experimental results, (a) output voltage, (b) inductor L1 cur-
rent, (c) inductor L2 current, (d) inductor L3 current, (e) diode D1 voltage,
(f) switch S voltage, (g) output voltage, (h) inductor L1 current, (i) induc-
tor L2 current, (j) inductor L3 current, (k) diode D1 voltage, (l) switch S
voltage.

Fig. 16. Output voltage changing with ramping out.

Fig. 17. Measured efficiency of the proposed converter versus output
power.

Fig. 18. Measured efficiency of the proposed converter versus load
current.

IV. EXPERIMENTAL RESULTS

A prototype of the proposed buck–boost converter is built as
shown in Fig. 14. To demonstrate the performance of the pre-
sented converter, experimental results are provided. The pro-
posed converter components specifications are as follows:

1) input voltage: 11 V;
2) switching frequency (buck): 37 kHz;
3) switching frequency (boost): 33 kHz;
4) switch: IRFP460A;
5) diodes D1 , D2 , and D3 : MUR860;
6) inductor L1 (buck): 1 mH;
7) inductors L2 and L3 (buck): 580 μH;
8) inductor L1 (boost): 100 μH;
9) inductors L2 and L3 (boost): 260 μH;

10) capacitors C1 ,C2 , C3 and C4 : 100 μF;
11) capacitor Co : 470 μF.

The proposed converter is tested in the buck and boost
states operation. The proposed converter is operated in CCM
operation mode. In the buck state operation, the output voltage
waveform is shown in Fig.15(a). The output voltage is equal
to 10 V. The inductors L1 , L2 , and L3 currents waveforms are
shown in Fig.15(b), (c), and (d), respectively. According to (19)
and (20), the average values of inductors L1 , L2 , and L3 currents
are equal to 0.45, 0.24, and 0.24 A, respectively, which closely
agree with the experimental results. The voltages of diodes D2
and D3 waveforms are not shown since the diodes waveforms
are similar to diode D1 voltage waveform. The voltage of diode
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D1 waveform is shown in Fig.15(e). The voltage of the switch
S is shown in Fig.15(f). In the boost state operation, the output
voltage is shown in Fig.15(g). The output voltage is equal to 42
V and the output power is equal to 135 W. The inductors L1 ,
L2 , and L3 currents waveforms are shown in Fig.15(h), (i), and
(j), respectively. According to (19) and (20), the average values
of inductors L1 , L2 , and L3 currents are equal to 15.4, 3.2, and
3.2 A, respectively, which closely agree with the experimental
results. The voltage of the diode D1 is shown in Fig.15(k). The
voltage across switch S is shown in Fig.15(l). Fig.16 shows
the output voltage changing with ramping up. Fig.17 shows the
curve of presented buck–boost converter efficiency versus out-
put power. The maximum efficiency is appropriately 97.3%. The
full-load efficiency is around 95.2%. Fig.18 shows the curves
of efficiency of the proposed converter versus load current.

V. CONCLUSION

In this paper, a novel transformer less buck–boost dc–dc
converter was presented. The structure of the presented buck–
boost converter is simple. In the proposed converter, only one
main switch is utilized, which decreases the conduction loss
of power switch and improves efficiency. The voltage stress
across the power switch is low and switch with low on-state
resistance can be selected. The step-up voltage gain of the pro-
posed buck–boost converter is higher than that of the classic
boost, buck–boost, CUK, SEPIC, and ZETA converters. The
proposed converter has simple structure; therefore, the control
of the presented converter will be easy. The buck–boost con-
verters is utilized in many applications like gadgets such, as
mobile phones and notebooks, fuel-cell systems, car electronic
devices, and LED drivers. Finally, the experimental results were
provided to verify the feasibility of the proposed converter.

REFERENCES

[1] K. Jin, X. Ruan, M. Yang, and M. Xu, “A hybrid fuel cell power system,”
IEEE Trans. Ind. Electron., vol. 56, no. 4, pp. 1212–1222, Apr. 2009.

[2] W. S. Liu, J. F. Chen, T. J. Liang, R. L. Lin, and C. H. Liu, “Analysis,
design, and control of bidirectional cascoded configuration for a fuel
cell hybrid power system,” IEEE Trans. Power Electron., vol. 25, no. 6,
pp. 1565–1575, Jun. 2010.

[3] S.-K. Changchien, T.-J. Liang, J.-F. Chen, and L.-S. Yang, “Novel high
step-up DC-DC converter for fuel cell energy conversion system,” IEEE
Trans. Ind. Electron., vol. 57, no. 6, pp. 2007–2017, Jun. 2010.

[4] W. Jiang and B. Fahimi, “Active current sharing and source management
in fuel cell-battery hybrid power system”, IEEE Trans. Ind. Electron.,
vol. 57 , no. 2 , pp. 752–761, Feb. 2010.

[5] A. A. Ahmad and A. Abrishamifar, “A simple current mode controller
for two switches buck-boost converter for fuel cells, in Proc. IEEE Elect.
Power Conf., 2007, pp. 363–366.

[6] R. J. Wai, C. Y. Lin, R. Y. Duan, and Y. R. Chang, “High-efficiency DC–
DC converter with high voltage gain and reduced switch stress,” IEEE
Trans. Ind. Electron., vol. 54, no. 1, pp. 354–364, Feb. 2007.

[7] T. J. Liang, J. H. Lee, S. M. Chen, J. F. Chen, and L. S. Yang, “Novel
isolated high-step-up dc–dc converter with voltage lift,” IEEE Trans. Ind.
Electron., vol. 60, no. 4, pp. 1483–1491, Apr. 2013.

[8] G. Spiazzi, P. Mattavelli, and A. Costabeber, “Effect of parasitic compo-
nents in the integrated boost-flyback high step-up converter,” in Proc. 35th
Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2009, pp. 420–425.

[9] H. C. Shu, “Design and analysis of a switched-capacitor-based step-up
dc/dc converter with continuous input current,” IEEE Trans. Circuits
Syst. I, Fundam. Theory Appl., vol. 46, no. 6, pp. 722–730, Jun. 1999.

[10] Y. P. Hsieh, J. F. Chen, T. J. Liang, and L. S. Yang, “Novel high
step-up DC–DC converter with coupled-inductor and switched-capacitor
techniques,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 998–1007,
Feb. 2012.

[11] O. Abutbul, A. Gherlitz, Y. Berkovich, and A. Ioinovici, “Step-up
switching-mode converter with high voltage gain using a switched-
capacitor circuit.” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl.,
vol. 50, no. 8, pp. 1098–1102, Aug. 2003.

[12] K. I. Hwu and W.Z. Jiang, “Isolated step-up converter based on fly-
back converter and charge pumps,” IET Power Electron., vol. 7, no. 9,
pp. 2250–2257, Sep. 2014.

[13] S. M. Chen, T. J. Liang, L. S. Yang, and J. F. Chen, “A boost converter
with multiplier and coupled inductor for AC module applications,” IEEE
Trans. Ind. Electron., vol. 60, no. 4, pp. 1503–1511, Apr. 2013.

[14] S. C. Tan et al., “Switched-capacitor converter configuration with low
EMI emission obtained by interleaving and its large-signal modeling,” in
Proc. IEEE Int. Symp. Circuits Syst., May 2009, pp. 1081–1084.

[15] Y. P. Hsieh, J. F. Chen, L. S. Yang, C. Y. Wu, and W. S. Liu, “High-
conversion-ratio bidirectional dc–dc converter with coupled inductor,”
IEEE Trans. Ind. Electron., vol. 61, no. 1, pp. 210–222, Jan. 2014.

[16] T.-J. Liang and J.-H. Lee, “Novel-high-conversion-ratio high efficiency
isolated bidirectional DC-DC converter,” IEEE Trans. Ind. Electron.,
vol. 62 , no. 7 , pp. 4492–4503, Jul. 2015.

[17] C. T. Pan, C. F. Chuang, and C. C. Chu, “A novel transformerless in-
terleaved high step-down conversion ratio DC-DC converter with low
switch voltage stress,” IEEE Trans. Ind. Electron., vol. 61 , no. 10 , pp.
5290–5299, Oct. 2014.

[18] L. S. Yang, T. J. Liang, and J. F. Chen, “Transformer-less DC–DC con-
verter with high voltage gain,” IEEE Trans. Ind. Electron., vol. 56, no. 8,
pp. 3144–3152, Aug. 2009.

[19] M. R. Banaei, H. Ardi, and A. Farakhor, “Analysis and implementation of
a new single-switch buck–boost DC/DC converter,” IET Power Electron.,
vol. 7, no. 7, pp. 1906–1914, Jul. 2014.

[20] K. I. Hwu and T. J. Peng, “A novel buck boost converter combining
KY and buck converters,” IEEE Trans. Power Electron., vol. 27 , no. 5,
pp. 2236–2241, May 2012.

[21] A. Ajami, H. Ardi, and A. Farakhor, “Design, analysis and implementation
of a buck–boost DC/DC converter,” IET Power Electron., vol. 7, no. 12,
pp. 2902–2913, Dec. 2014.

[22] A. A. Boora, F. Zare, and A. Ghosh, “Multi-output buck-boost converter
with enhanced dynamic response to load and input voltage changes,” IET
Power Electron., vol. 4, no. 2 pp. 194–208, Feb. 2011.

[23] T.-J. Liang and J.-H. Lee, “Double-deck buck-boost converter with soft
switching operation,” IEEE Trans. Power. Electron., vol. 31 , no. 6 ,
pp. 4324–4330, Jun. 2016.

[24] M. He, F. Zhang, J. Xu, P. Yang, and T. Yan, “High-efficiency two-switch
tri-state buck-boost power factor correction converter with fast dynamic
response and low-inductor current ripple,” IET Power Electron.., vol. 6,
no. 8, pp. 1544–1554, Sep. 2013.

Mohamad Reza Banaei was born in Tabriz,
Iran. He received the M.Sc. degree in control
engineering from the Polytechnic University of
Tehran, Iran, in 1999, and the Ph.D. degree
in power engineering from the Electrical Engi-
neering Faculty, Tabriz University, Tabriz, Iran,
in 2005.

He is a Professor in the Electrical Engineering
Department, Azarbaijan Shahid Madani Univer-
sity, Tabriz, Iran, which he joined in 2005. His
main research interests include the design and

control of power electronic converters, renewable energy systems, mod-
eling and control of FACTS, and custom power devices and power system
dynamics.

Hossein Ajdar Faeghi Bonab was born in
Bonab, Iran, in 1991. He received the B.S. de-
gree in power engineering from Tabriz Univer-
sity, Tabriz, Iran, and the M.S. degree in power
engineering from Azarbaijan Shahid Madani
University, Tabriz, Iran, in 2012 and 2015,
respectively.

His research interests are power electron-
ics converters, dc–dc converters, and renewable
energy.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


