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Abstract—In this paper, a new transformerless buck-
boost converter based on ZETA converter is introduced.
The proposed converter has the ZETA converter
advantages such as, buck-boost capability, input to output
DC insulation and continuous output current. The
suggested converter voltage gain is higher than the
classic ZETA converter. In the presented converter, only
one main switch is utilized. The proposed converter offers
low voltage stress of the switch; therefore, the low on-
state resistance of the main switch can be selected to
decrease losses of the switch. The presented converter
topology is simple; hence, the control of the converter is
simple. The converter has the continuous output current.
The mathematical analyses of the presented converter are
given. The experimental results confirm the correctness of
the analysis.

Index Terms— Transformerless buck-boost converter,
voltage gain, main switch, voltage stress.

|I. INTRODUCTION

UEL cell and photovoltaic cell are the two most vital

energies. However, the voltage levels of these sources are
too low and unpredictable unstable, varying with climate
conditions such as solar irradiance and temperature. Therefore,
high voltage gain converters are required for photovoltaic cell
and fuel cell systems [1-2]. In theory, the classic boost
converter can be used for high voltage applications. However,
the efficiency and the voltage gain of the classic boost
converter are limited with large duty cycle and the losses of
the diode and switch, and the equivalent series resistance of
inductors and capacitors. The classic boost converter has high
stress on the main switch. This high stress of the main switch
makes high conduction losses [3]. Dc-dc converters are
utilized for transferring power in many applications. It is
necessary to obtain a regulated output voltage. In addition, the
high voltage conversion can be significant [4-5]. Aiming to
provide higher voltage conversion ratios, many modifications
for the DC-DC converters are presented. In switched-capacitor
converters, the input voltage is used to provide energy and the
switched-capacitors are linked in series and supply energy to
the load. Thus, the source voltage can be multiplied [6]. Using
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switched-capacitors converters is the one method for voltage
gain improvement. However, many switched-capacitor cells
are needed to achieve high voltage, which makes the circuit
complex. The major problem of the switched-capacitor cells is
voltage stress of the switches. Also high voltage rated devices
make high conduction losses. Converters with couple inductor
can provide high step-up voltage gain with low duty cycle and
with a simple topology. However, the main problem of these
converters is the high voltage stress of the switch due to
leakage inductance [7-11]. In [12] a transformerless buck-
boost converter with high voltage gain is proposed. The stress
of the switch and diode in the converter is high. Hence, the
losses of the converter will be high. In [13] high step-up
transformerless converters are proposed. In these converters,
one main switch is used. In these converters, the switched-
capacitor technique is used. In [14] a multi phase
transformerless dc-dc converter with high voltage gain is
proposed. The voltage stress of the converter is low. Hence,
the losses can be reduced. In [15] a transformerless converter
based on diode-capacitor cell is proposed. The converter has
some advantages such as high voltage gain, low diodes and
switches stresses, low ripple and high efficiency. In [16] the
interleaved converters with transformer are presented. In these
converters, active and passive clamps are used to reduce the
switch voltage stress. In [17] a zero voltage switching (ZVS)
ZETA dc-dc converter with active clamp is presented. In the
presented converter, the ZETA and flyback converters utilize
the same active switches to reduce the switch. In [18] a
transformerless buck-boost converter is proposed. The voltage
gain of the converter is triple as large as the classic buck-boost
converter. In [19] a transformerless KY buck-boost converter
is proposed. In [20] two ZETA dc-dc converters are used for
reducing the output voltage ripple. In [21] a high step-up
converter with the coupled inductor is proposed. This
converter has one main switch and the stress across the main
switch is reduced. However, the voltage stresses of the three
diodes of the converter are high. In this converter, the leakage
inductance energy can be recycled. In [22] a high step-up
interleaved converter is presented. In this converter, the
interleaved boost converter and the voltage-double module are
used and the converter has two main switches and the stresses
of the diodes of the converter are high. In [23] a high step-up
DC-DC converter is proposed. This converter employs two
main switches and the diodes and switches stresses are high.
In [24] a transformerless buck-boost converter is proposed.
This converter has three main switches. In this converter, the
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voltage stress of the switch is equal to the output voltage. The [Il. STEADY STATE ANALYSIS OF THE PROPOSED
converter conduction and switching losses are high. In [25-27] CONVERTER

high step-up transformerless dc-dc converters are proposed. In - 4 v/oltage gain

this paper, a novel transformerless buck boost converter based
on ZETA converter is proposed. The converter voltage gain is .
higher than the classic buck-boost converter, ZETA, CUK and ~ USing (1), (2), (4) and (5), we have:

SEPIC converters. The proposed converter topology is very oT, T,

simple; hence, the converter control is simple. This converter i[ jvidt + J Ve, —VCl)dtJ: 0 )
has one main switch. The main switch and diodes stresses are ~ Ts  © DT

By applying volt-sec balance principle on L, and L, and

less than the output voltage, hence the switch loss will be low o, T,
and the converter efficiency can be improved. The buck-boost 1 J' V, Ve, Ve, Vo)t + J' (V,)dt |=0 (8)
converters are used in some applications like LED drivers, T¢| o DT,
fuel-cell, car electronic devices. The modes analysis is By using (5), (7) and (8), the voltage of the capacitors C,,

explained and to confirm the operation of the converter,

experimental results are given. C,and C, (V¢;, V¢, andV,) can be achieved as follows:

2DV,
Ve, =—o 9)
Il. OPERATING PRINCIPLE OF THE PROPOSED CONVERTER 1-D
Fig. 1. shows the circuit topology of the presented , _,, _ DV, (10)
converter. The converter consists one main switch S , two €2 7% 1D

diodes D, and D,, three inductors L,, L, and L,, four By applying a volt-sec balance L, and using (9) and (10),

capacitors C,, C,, C, and C, and load R . the voltage transfer gain (M gy ) can be found as follows:
To simplify the analysis of the new buck-boost converter, 1 (o T,
the following conditions were considered: = [ VetV Vot + [ Wy -V, )dt =0 (11)
1) All capacitors are large enough hence; the voltages of the T o ot
capacitors can be seen as constant. v 2D
2) Semiconductor elements such as diodes and switch are Moy =—>=—-— (12)
ideal. Vi 1-b _
The proposed converter can be used in the continuous According to (12), it is apparent that the voltage gain of the

conduction mode (CCM) and the discontinuous conduction ~ Pproposed converter is twice as large as the ZETA converter.
mode (DCM). The continuous conduction mode has two  Therefore, the voltage gain of the converter is higher than that
operating modes. The analysis of the converter at (CCM) is  of ZETA converter. Fig. 3. shows some key waveforms of the
presented in detail as follows: proposed converter in (CCM).

1) State 1 [t,,t,]: During this time interval, the switch S is The voltage gain curves for the proposed converter, ZETA

. and classic buck boost converter are shown in Fig. 4. It is seen
turned ON and the diodes D, and D, are turned OFF. The that the voltage transfer gain of the converter is higher than
current-flow path is shown in Fig. 2(a). The inductors L,, L, that of the other converters.

and L, are magnetized. The capacitor C, is discharged and

[ +L; -
the capacitors C, and C, are charged. Thus, the - f; 7 ? - = P
corresponding equations can be achieved as follows: n Dk ’ TC +
V=V, 1) v =L 3 L ["'Tl—;m%[i— CoxV,iZ R
- + cz L2 -
VLZ =Vi +Vcl —ch _VCB (2) ‘( Crx D,
V., =V, 4V, -V, 3) fol

2) State 2 [t,,t,]: The current-flow path is shown in Fig.
2(b). During this time interval, switch S is turned OFF.
Diodes D, and D, are turned ON. The L,, L, and L, are

demagnetized. The capacitor C, is charged by the inductor
L, . The capacitors C, and C, are discharged. The voltages
of inductors are obtained as follows:

Vii=Ve, Ve ()
Vie="Ve, =Ve¢s ©)
Vis=Ves -V, (6)

0278-0046 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2902785, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

+L; -
R === == D~~~ =%
. I +
S| %oy de
* WL, |- | L
v §L1 tiaeasy GV R
- +1 i -
.
‘v_______-.\____,ll.______\"
(b)

Fig. 2. Operation modes of the proposed converter (a)
First mode, (b) Second mode.

B. Calculation of the currents
The average current of the inductor L, (1_,) and the

inductor L, (1_,) and the capacitors C, and C, (Icz,on
and IC3,0n) during state 1 can be obtained as follows:
_V.(@D)

= 13
RGBS (13)
Ic1on :_(ILZ_'_w] (14)

' R@-D)

Icz,on = I<:3,on = IL2 (15)

The average current of the capacitor C, during state 2
(1cyr ) can be earned as follows:
—15) (16)
are the average current of the

|
Where, 1., and Iq,

Cloff — (I L2 = IC2,0ff - IC3,off
capacitors C, and C, during state 2.

By applying amper-second balance principle on the
capacitors C,, C, and C, to yield:

1 (°% T
T_[ I le12a0ndt + J. lc1230f dt} =0 (17)
0 DT,

S

‘;I =
Fig. 3. Some waveforms of the proposed converter
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T
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Fig. 4. Curves of voltage gain comparison of proposed
converter and other converters at CCM operation

By substituting (13)-(16) into (17), the average current of the
inductor L, (1 ,) and the capacitors C, and C, (ICZ,On

and Icm) can be obtained as follows:
_Vi(2D)
c3o0n — R(l—D)
According to above equations, the average currents of
capacitor C, (1¢,,, ) can be calculated as follows:
_Vi(-4D)
Clon — R(l—D)
According to Fig. 2(b) and (19), the average current of
inductor L, (1,) can be earned as follows:
V, (4D?)
Ty = lepor “RA-D) (20)
According to Figs. 2(a) and 2(b), the currents stresses of the
switch § (I) and the diodes D, and D, (I,, and I,,)

can be obtained as follows:

lo=lcom = (18)

(19)

s =l —lcien = Vi(4D) (21)
' R(l—D)2
lor =1 leou = Vi(ZD) (22)
' Rﬂ—Df
oo =1 —lesur = Vi(ZD) (23)
' R(l—D)2

The switch current stress curves for the proposed converter
and converter in [18] are shown in Fig. 5. It is seen that the
current stress of the converter is lower than converter in [18]
and the conduction loss of the presented converter will be low.
20,

—
<L

—Proposed converter
—Converter in [18]

H
‘-T’

on the switch(Is/lo)

g

The normalised current stress

OCJ

0.2 0.8 1

0'4Duty cycIeO'6
Fig. 5. Switch current stress of the converters versus
duty cycle

C. Discontinuous conduction mode

There are three modes in Discontinuous conduction mode
(DCM). The state 1 in (DCM) is the same as the state 1 in
(CCM). In the state 2, the currents of the diodes will decrease.
In the state 3, the current of the diodes decreases to zero. In
this state, the diodes are turned off. The equivalent circuit is
shown in Fig. 6. In this state, the inductors L,, L, and L,
voltage will be zero.

According to Fig 2(b), the sum of the average currents of
the diodes D, and D, can be earned as follows:

i+, =1+l +1 (24)

The average of diodes D, and D, currents (IDl,av and

I can be achieved as follows:

D2,av )
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— | _VO

Diav — 'D2av _E (25)

According to Fig. 7, the sum of the average of the diodes
D, and D, over one switching period can be earned as
follows:

(26)
Where, D, is duty cycle in state 2 under DCM and 1,_, is
sum of the inductors L, L, and L, peak currents.

lora + oo :EXsz x1p ey

VDT,
o e =l Hliow Hliaw = L (27
Where,
1, 1.1 (28)
L L L L

By using volt-sec balance on inductors L,, L, and L,

duty cycle in state 2 under DCM (D,,,) can be obtained as
follows:

_ 2DV,
m2 — VO
According to (24)-(29), the voltage gain of the converter in
discontinuous conduction mode (M, ) can be achieved as

follows:

D

(29)

D
Jo
Where, the normalized inductor time constant 7, is obtained
as follows:
.~

S

M DCM (30)

31)

+
=V,2 R

N
Dy 8
A
+
1 9
o

Fig. 6. Equivalent circuits of the presented converter in
third mode at DCM operation

Jpitdpz
________ I N VDT,
! =

D. Boundary condition mode

When the proposed converter is operated in boundary
conduction mode (BCM) operation, the voltage gain in CCM
is equal to DCM. Combing (12) and (30), the boundary

normalized inductor time constant (z, ) is:
(@-D)’
=— 32
2 (32)
Fig 8. shows the boundary normalized inductor time
constant curve (z,). When r_ is larger than 7, , the
presented buck-boost converter operates in CCM.

The boundary normalized inductor time constant curves for
the proposed and the ZETA converter are shown in Fig. 9.
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Fig. 8. Boundary normalized inductor time constant

versus duty cycle
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Fig. 9. Curves of boundary inductor time constant

comparison of proposed converter and other converters

E. Efficiency analysis

For efficiency analysis of the presented buck-boost
converter, parasitic resistances are defined as follows: switch

on-state resistances is r,g , forward resistances of the diodes
D, and D, are R., and R, respectively, V., and V., are
the threshold voltages of the diodes D, and D, respectively,
inductors L,, L, and L, equivalent series resistances (ESR)
are R,, R, and R, respectively, the capacitors C,, C,,
C,and C, ESRare r.,, I.,, I, and r, respectively and

the voltage ripple of the capacitors and the inductors is
ignored.

The condition loss of the switch S (P, ) can be obtained
as follows:
4D
=lys ——— 1,7
DS (1_D)2 [¢]
The proposed converter switching loss (P, ) can be

P = r‘DS IS,rms2 (33)

DS

Fig. 7. Some illustrated waveforms of the proposed converter schieved as follows:
at DCM operation
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V 2
P, =f.CV.2=fC,| ——
Sw s7S" S s7S (l—D)
The total losses of the switch S (P, ) can be achieved

as follows:

(34)

P
PSwitch = PrDS + SZW (35)

The losses of the diodes D, and D, (P,,,) can be

obtained as follows:
1
R _D I02+VF112I0

F12
1—

P

D12

(36)
The losses of capacitors C,, C,, C, and C, (P, ,5,) can
be derived as:
ADP, DP

[} 0

Pe1230 = Te1 (1-D)R RLPE (1-D)R
(1-D)RP,
oo —ar2c 2
48L7F,
The losses of inductors L,, L, and L, (P.,,;) can be

@37)

achieved as follows:

2D Y P, P,
Pl_1,2,3 = RLl (E] - (38)

E+ L23’p
The total loss of the proposed converter (P ) can be
expressed as follows:

2 2
IDLos,s = PSwitch + Z (PRF )Du + Z (PVF )Du +
, u=1 u=1l (39)
2 PRCu + PRCo + I:)rLl + I:>rL2 + I:)rL3
u=l

The efficiency of the proposed converter (77) can be
achieved as follows:
Py 1

- PO + PLoss - 1+ PLUSS

(40)

n

o
According to above equations, the proposed converter
efficiency can be obtained as follows:

1
T A (-DYR  fCV? 4
M @Dy ™ 4817 " 20-DYRI’
S 0
Where,
A, =4Dr, +(1-D)(R,, +R )+(1’D)Zo/ Vo) +
1 DS F1 F2 | F1 F2 (42)

0

4D(L-D)r,, +D(L-D)(r,, +1.5)+4D°R , +(1-D)* (R, +R.,)

F. Voltage stress

The voltage stress of the converter is an important
parameter in the circuits. The voltage stress of the diodes and
switch can be achieved as follows:

V.

V., =—1i
> 1-D

(43)

Vi
Vo1 =Vp, =——

D) (44)

From (43) and (44), the voltage stresses of the diodes and
switch are smaller than the output voltage. The comparison of
the normalized voltage stress of the switch for the proposed
converter and ZETA converter is shown in Fig. 10. The
normalized voltage stress of the ZETA converter is higher
than the presented converter therefore; the switch with low
conduction loss can be selected.

Table | shows the comparison among the voltage stress,
voltage gain and the number of elements of the converters.
According to Table I, the voltage gain of the proposed
converter is higher than other converters comparing to the
number of elements. The normalized voltage stress of the
proposed converter is lesser than other converters and the
structure of the converter is simple. The switch number of the
proposed converter is lesser than that in the other converters.

o 15 : .
B ZETA converter
82 —— Proposed converter
£ 210
s
55
25 5;-’//
< @
EE
g5
2 q : : . . .
= 3 4 5 6 7 8 9
Voltage gain
Fig. 10. Normalized switch voltage stress of the
proposed converter versus voltage gain
TABLE |
COMPARISON BETWEEN PROPOSED CONVERTER AND OTHER STRUCTURES
. KY
Proposed Converter in ZETA .
converter [24] converter con\ﬁ;t]er in
Quan_tltles of 1 3 1 5
switches
Quantities of
diodes 2 3 1 1
Quantlt_les of 4 1 2 5
capacitors
anntltles of 3 9 9 )
inductors
Total device 10 10 6 .
count
Voltage stress of |V, +2/, 1 V, |V, V, 4V, v,
the switch N, \ ' V, Vi,
Voltage gain 2D 2D b 2D
1-D 1-D 1-D
1 1 1
VDiode(Max)/ Vo E 1 B E

G. Calculation of the voltage ripple of the capacitors
According to Fig. 11, the capacitor C, voltage ripple called
AV.,, AV, is created from the voltage ripple composed
from the current of the equivalent series resistance of the
capacitor C, and the voltage ripple created from the charging
and discharging of the capacitor C, is denoted by AV, . .
Fig. 12. shows the voltage and current of the capacitors C ,
and C,. Therefore, the voltage ripple of the capacitor C, can

be obtained as follows:

AV, =AVi gr +AV (45)

Clcap
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AV, ez Can be achieved as follows

ESR., (4D,
AVCLESR = ESRClAICl = ESRc1(|c1,on - ICl,off ) = G?W (46)
Where,
tan o

ESR;, =——=* 47

6= ot (47)
Where, tandy, is the dissipation factor of capacitor C, .

AV, can be obtained as follows:
lcin DT, 2DTV

AV _ Clon S _ s" 0 (48)

crew cC, RC,
Similarly, the voltage ripple of the capacitors C, and C,
(AV(,) can be expressed as follows:

_ESR.,,(2D), DTy,

Ach,s = Avcz,s,ESR +AVCZ‘3‘cap = RC (49)
23

(1-D)?R
o (D]

Fig. 11. The current and voltage of the capacitor C,

' wl &2

>
Voa A,Vr_ LKI;-J

C ea

{1‘7 AV(‘ JESR
_AVC.EYR

>t
Fig. 12. The current and voltage of the capacitors C,
and C3

H. Capacitors and inductors design
The theoretical value of the inductors L,, L, and L, to
work in CCM can be derived as follows:

V, (1-D)? 80x (1-0.53)°
L > .(1=D)" _ al ) = 41uH (50)
8DI,f,  8x0.53x2.5x40x10
V_ (1-D —0.
> .(-D) _ 80x(1-053) o, (51)
T a1 f,  4x2.5x40000

The theoretical value of the capacitors C,, C,, C, and C,
can be achieved as follows:
2DTYV, 2DV,
C,2 = =
RAV., Rx0.01xV  xf,
2x0.53x80 _
32x0.01x80x 40000

(52)

82uF
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, DTV, _ DV,
**7TRAVi,, Rx0.01xV xf, (53)
_ 0.53x80 _aLF
32x0.01x80x 40000
. V,(-D) 100x (1-053) _18F (54)

" T16L,f,’AV,,  16x.001x(40x10°) x1

IV. EXPERIMENTAL RESULTS

In order to verify the performance of the presented
converter, experimental results are provided. The presented
buck-boost converter is operated in the step-up and step-down
modes.

The proposed converter utilized components are as follows:

1) input voltage : 36 V

2) switching frequency: 40 kHz

3) switch: IRFP460A

4) diodes D, and D, : MUR860

5) inductor L, : 900 uH

6) inductors L, and L;:1mH

7) capacitors C,, C, and C,: 100 puF

8) capacitor C : 100 uF

The presented converter is tested under CCM. In the step-up
mode, the output voltage is shown in Fig. 13(a). The output
voltage is 80 V and the output power is 200 W. Figs. 13(b),
13(c) and 13(d) show the waveform of the inductors currents
of L,, L, and L, respectively. According to (13), (18) and
(20), the average of inductors currents of L,, L, and L, are
5.6, 25 and 2.5 A respectively. The diode D, voltage
waveform is similar to diode D, voltage waveform. The
voltage on the diodes D, and D, is given in Fig. 13(e).
According to (44), the voltage across the diodes D, and D,
is equal to 75 V. The voltage on the switch S is shown in Fig.
13(f). According to (43), the switch S voltage is 75 V. The
voltage of inductors L,, L, and L, is shown in Fig. 13(g).
The voltage of inductors L,, L, and L, during state 1 is 36

V and during state 2 is equal to -40 V. In the step-down mode,
the output voltage is shown in Fig. 14(a). The output voltage is
18 V. Figs. 14(b), 14(c) and 14(d) shows the waveform of the
inductors currents of L,, L, and L, respectively. According

to (13), (18) and (20), the average of inductors currents of L, ,
L, and L, are 0.3, 0.6 and 0.6 A respectively. The voltage on
diodes D, and D, is shown in Fig. 14(e). According to (44),
the voltage on D, and D, isequal to 45 V.

Fig. 15 shows the efficiency curves of converters with
different output power. It is seen that the efficiency of
proposed converter is higher than that of ZETA converter and
converter in [18] and the theoretical efficiency of the proposed
converter is higher than the experimental efficiency. Fig. 16
shows the curve of efficiency of the proposed converter versus
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load current in step-up mode. It is seen that the theoretical e % T eeee
efficiency of the presented converter is higher than the
experimental efficiency.

LE-PEEEE | z W ieerEesE
Vo
] — 1eersa- s |
|L3
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Fig. 14. Experimental results in step-down mode and

under CCM operation
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