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1 | INTRODUCTION

Mahsa Ahmadi' |

Ali Seifi®> | Seyed Hossein Hosseini**

Abstract

This paper proposes a new transformerless buck-boost converter with an extended volt-
age conversion ratio. This converter has semi-quadratic voltage gain, which provides more
gain with lower duty cycles. This converter has a simple structure and easy implementa-
tion, which reduces the cost and increases efficiency. The proposed converter operates in
continuous conduction mode and provides two operation modes by turning on and off
the switches. The suggested converter has continuous input current and low input current
ripple, which is important when utilizing renewable energy sources. The calculation of the
proposed converter includes ideal and practical voltage gain, current calculations, voltage
stresses of the switches and diodes, current stress of the switches, parameter design, effi-
ciency, and a brief analysis of discontinuous conduction mode and boundaty conditions.
The proposed converter provides efficiency of about 93.1% in boost mode and 92.14% in
buck mode at 50 W output power. The suggested converter varies the input voltage from
20 to 48 V in boost mode and changes the input voltage from 20 to 10.4 V in buck mode.
Finally, a laboratory prototype has been built to prove and evaluate the simulation results
and theoretical analysis of the proposed converter.

input voltage to the desited value. So, the buck-boost con-

In recent years, one of the most important and considerable
problems has been global warming and its effects on the envi-
ronment. The pollution produced by fossil fuels such as gas and
oil is the most significant reason for these problems. As a result,
most countries are interested in renewable energy resources
such as solar, fuel cell, and wind power. These renewable energy
sources have increased widely due to environmental concerns
and technological advancements [1-5].

The output voltage produced by fuel cells or photovoltaic
arrays has a low value, which causes their requirements to power
electronic devices. The DC-DC converters ate important in
renewable energy resources to get the demanded value [6-8].
The output voltage value of renewable resources, maybe less,
more, or variable, needs to be stabilized. So, the DC-DC con-
verters such as boost, buck, and buck-boost are suitable for
solving the variable output voltage issue [9-11].

The boost converter just can increase the input voltage,
while the buck converter can only decrease the output volt-
age. The buck-boost converter can decrease or increase the

verter can be more operative than the other two DC-DC
converters. This converter, because of its special property, is
useful in various applications like LED drivers, battery chargers,
portable devices, wind power generation, telecommunications,
etc. [12—14]. These investigated three types of DC-DC convert-
ers are in the category of non-isolated converters. Except for
non-isolated converters, other DC-DC converters are available,
which are named isolated converters. The isolated converters
have a transformer which provides isolation between the source
and the load. Therefore, not only the cost and size of the
converter increase, but also transformer leakage inductances
produce voltage spikes [15, 16]. The non-isolated converters
are used more than isolated converters because of their high
efficiency, small size, low cost, and low input current ripple.
The non-isolated converters are generally used in low-power
applications due to their simple topology, greater efficiency, and
economical implementation [17, 18].

Several topologies of buck-boost converters with special
characteristics have been studied and introduced, such as con-
ventional buck-boost converter, SEPIC, ZETA, CUK, etc. The

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2024 The Authors. /2T Power Electronics published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

534 wileyonlinelibrary.com/iet-pel

IET Power Electron. 2024;17:534-550.


https://orcid.org/0000-0001-5074-4604
https://orcid.org/0000-0002-3716-0126
mailto:Hoseinpour.majid@uma.ac.ir
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-pel
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fpel2.12671&domain=pdf&date_stamp=2024-02-17

HOSSEINPOUR ET AL. 535
limitations of these simple structures cause some new topolo- S 5
gies to appear to overcome those limitations, including a low o Uy
. . s =
voltage conversion ratio, high voltage stress across the elements, s g PA
S . 52§
and a high ripple of the input current and output voltage [19, L gi i L3l ot
- ci
20]. 4=
In [21], a topology of the buck-boost converter has been C, & C i B o
investigated with low voltage stress, but it lacks continuous V,C—) Sl JP} g, i 1D, 2 e C 4 Fhicy Vo Rt

input current. In [22], a quadratic buck-boost converter has
been introduced with continuous input current and low volt-
age gain capability. In [23], a single switch buck-boost converter
has been presented with low voltage gain and a lot of pas-
sive elements. In addition, it does not have a continuous input
current. In [24], a new transformerless quadratic buck-boost
converter with continuous input current and negative polarity
has been studied. In [25], an improved buck-boost converter is
reported in order to enhance the step-up voltage gain as well
as to increase the converter efficiency. It is worth mentioning
that this converter does not have a continuous input current. In
[26], a group of buck-boost converters is presented and anal-
ysed. Among these introduced converters, the IHSU converter
is a fourth-order converter with a lower step-up gain and a neg-
ative output terminal with continuous input current. In [27], a
negative output buck-boost converter is proposed with a wide
conversion ratio. Although this topology has high gain, its effi-
ciency is lower than 90% in both step-up and step-down modes
in low powers. Obviously, efficiency is further reduced in higher
output powers. In [28], a novel buck-boost converter based on
traditional buck-boost converter and Cuk converter has been
presented. The suggested converter provides a semi-quadratic
voltage ratio that is able to vary the output voltage intensively
with utilizing small duty cycle. Suffice it to utter that the con-
verter has four capacitors, three inductors, three diodes and
two power switches. In [29] a new transformerless quadratic
boost converter with high voltage gain is investigated. The pro-
posed DC-DC boost converter is suitable for low and medium
power applications. It is worth mentioning that the converter
provides lower voltage gain according to its number of ele-
ments. In addition, the efficiency of the converter is not high.
In [30] quadratic-extended-duty-ratio boost converter is pre-
sented. Allegedly, the suggested converter is proper for high
gain applications. The topology of the converter is based on
interleaved structure and can be extended, which makes the
control and implementation of the structure far more demand-
ing. In [31] a quadratic boost converter based on integrating a
triple winding coupled inductor has been designed. Despite the
fact that it provides higher voltage gain coupled inductors, there
are disadvantages of the proposed converter. A negative output
buck-boost converter has been presented in [32]. The proposed
converter has two power switches which operate simultane-
ously. Furthermore, the suggested converter has continuous
input current. In [33] a novel quadratic buck-boost converter
has been investigated. The proposed converter has two power
switches in high and low sides. The converter does not provide
a high voltage conversion ratio in comparison with its elements.
The converter is a combination of ZETA and boost converters.
In [34], a buck-boost converter with quadratic voltage gain is
introduced. The voltage stress of the switch and diodes is higher

im‘ ==_C D;—!!W'm

FIGURE 1 structure of the proposed converter.

than the output voltage, which is an overwhelming drawback for
this converter. In [35], a new non-isolated quadratic buck-boost
converter is introduced. The converter has a negative output
voltage and consists of twelve conducting devices, for which the
paper aimed for reliability studies.

This paper proposes a novel transformetless buck-boost con-
verter with semi-quadratic voltage gain and continuous input
current. The converter has higher voltage gain in comparison
with classical buck-boost converters and several recently devel-
oped buck-boost converters. The undeniable advantages of the
suggested converter should not go unnoticed, which include: (1)
a wide conversion ratio; (2) low voltage stress on switches and
diodes; (3) simple structure and easy control system; (4) a low
ripple of input current, which is useful for maintaining renew-
able energy sources; (5) the proposed converter has two power
switches with simultaneous gate signals, therefore it is not com-
plicated; (6) continuous input current, which is a determinant
factor in maintaining renewable energy sources and (7) the pro-
posed converter has proper efficiency and is suitable for low
power applications.

The rest of the paper is organized as follows: The operating
principle and analysis of the proposed converter are presented
in Section 2. The steady-state analysis is investigated in Sec-
tion 3. Sections 4 and 5 include simulation and experimental
results, respectively. Finally, the paper is concluded in Section 6.

2 | PROPOSED CONVERTER AND
OPERATING PRINCIPLES

In this section, the operating principles and steady-state analysis
of the proposed converter, shown in Figure 1, are described. For
this aim, the elements are assumed to be ideal and the capacitor
values are considered large enough to ignore the voltage ripple.
The proposed converter involves two MOSFET power switches
51, 55, three inductors Ly, L,, L3, four capacitors C, Cp, Cs, Cj,
and three diodes Dy, D,, Djs. The power switches are operated
synchronously. Consequently, the complexity of the converter
will be reduced, and the control system will be simple. The pro-
posed converter provides two operation modes in continuous
conduction mode (CCM) by turning on and off the switches.
The analysis of the proposed converter will be accomplished in
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FIGURE 2 Two operation modes of the proposed converter (a) first
mode (b) second mode.

CCM mode. Two operation modes of the proposed converter
are depicted in Figure 2. The first mode is when the switches
are turned on, while the second mode is when the switches
are turned off. The specification of the converter is continu-
ous input current. The input current in both operation modes
is equal to the inductor current. When the switches are turned
on, the input current is tantamount to the sum of inductors cur-
rents /.y and L. In the other operation mode, when the diodes
of the suggested converter are in forward bias, the input cur-
rent coordinates with the inductor current /.; This topology
provides a high and wide conversion ratio, which is needed in
renewable energy resoutrces and some industrial applications.
Figure 3. shows the key waveforms of the proposed converter
in one switching period. The operation modes are discussed in
detail as follows.

Mode 1 [#—4]:

In this time interval, the switches | and S, ate turned on
simultaneously, and the diodes ate reverse biased. The input
voltage 1/, transfers the energy to the inductor Z;. The induc-
tor 1, receives energy from capacitor C} and input voltage
. The inductor L3, as well as the capacitors C; and Cj are
charged by the capacitor Cj. The capacitor Cj is discharged in
the output load. According to mentioned statements, the induc-
tors are charged by the input soutrce or capacitors in mode 1,
and the inductor currents are increased linearly with a posi-
tive slope. Derived equations in the time interval of mode 1 are

FIGURE 3  The key waveforms of the proposed buck-boost converter at
continuous conduction mode.

as (1) and (2).

=1,
Vi =V, + Ty M

ic1 = —ip— i3
icr =iy =113 @
icy ,

Mode 2 [t —1):

In this operation mode, the switches ) and 5, are turned
off simultaneously. Consequently, the diodes Dy, D,, and D;
are forward biased. In this time interval, inductor 7., transfers
energy to capacitor C}. The inductor 7, as well as the capacitors
C; and Cj deliver their stored energy to the output load and the
output capacitor Cy. The inductor 75 is discharging and trans-
ferring its energy to the capacitors C, and Cj. The inductors
are discharged in this time interval, and their current slope is
negative. Derived equations of this mode are as follows.

Vin=Vy—TVer+ Vs
Vio=Ve =1, 3
Vis==Ves=-Te
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ic1 =g 20 ‘ T
- proposed converter H I
ico tics = —ipy it ) ~ = = - converter in [22] 1 ',' !
lcg =175 — 1, = 15 | =====- converter in [23] " | III .
\g converter in[ 24],[26] ’II
‘© * converter in [27]
3 | STEADY-STATE ANALYSIS % 10 1
g
In this section, the ideal and practical voltage gains, analysis of E
discontinuous conduction mode (DCM) mode, current calcula- 5 i
tions, parameter design, efficiency, voltage stress of the diodes
and switches, and current stress of the switches of the suggested
converter in CCM mode are investigated in detail. 0=
0 0.2 0.4 0.6 0.8 1
Duty Cycle ,(D)
3.1 | Ideal VOltage gain FIGURE 4 The comparison of ideal voltage gain versus the duty cycle.
Using the volt-second balance principle on inductors in a _ ) )
switching period which should be zero, the voltages of capac- the voltage of capacitor Cj is obtained as (12).
itors, and as a result of using these values, the ideal voltage
gain of the proposed converter can be obtained. Applying the Vi = Vs = < D > 9 (12)
volt-second balance to inductor 7., the following equations are ' 1-D) "

resulted.

DT, T

1

VL1=7 / ndf+/( w—Ver+Ves)dt| =0 (5)
0 DT,

Vy=Q0-D)Vey =1 =D)ls ©)
Similarly, for inductor 1,, this balancing principle is valid and

useable. Applying the volt-second balance to inductor Z,, the
following equations are obtained.

DI;

Vo= /(V,ﬂ+V<1>dz‘+/<Vm Vyd[=0 @

D+ Vo) = A = D)1, = Ies) ®)

By applying the volt-sec balance principle across inductor 73,
the Equations (9)—(11) are achieved.

DI,
175 = /(Vc1 Voo — Ves)dr + /( Ves)de | =
DT,
)
DV =1+ D)l (10)
1+ D
Ve = <T> Vs 1

The equations related to the capacitors voltage are extracted
using the abovementioned equations. By substituting (11) in (6),

As itis clear, the voltage of capacitor Cj is equal to the voltage
of capacitor Cj. Similarly, by substituting (12) in (11), the voltage
of capacitor (] is realized as follows.

1+D
Ver= (m) Vi (13)

By substituting Equations (12) and (13) in (8), the ideal volt-
age gain of the proposed converter can be obtained as (14).

V, D@-D)
M=——t=—"2 14
Vie (=D 4

Semi-quadratic converters can be a proper choice to achieve
a wide step-up conversion ratio and more step-up or step-down
voltage. According to Equation (14), the suggested converter
petforms in step-up state when 2 > 0.22, while the step-down
state is realized for D < 0.22. The phrase (3D) at the nomi-
nator of relation (14) indicates a high step-up capability of the
proposed converter for medium values of duty cycle.

Figure 4 shows the ideal voltage gain of the proposed con-
verter versus other compared converters. It is noteworthy to
mention that the proposed converter has high gain in compar-
ison with other converters in step-up mode, and its step-down
mode is proper and close to others.

3.2 | Practical voltage gain

The parasitic resistances of the elements are not considered
in the ideal voltage gain analysis. As it is clear, the parasitic
parameters have a significant and influential role in the voltage
gain and efficiency of the converter. The parasitic parameters,
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= ideal[27]
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Duty Cycle ,D

FIGURE 5 The comparison of practical voltage gain versus the duty
cycle.

including the resistances of inductors (r7), capacitors (1),
diodes (rp), power switches (7,), and the forward voltage drop
across the diodes (1), are considered in actual practical
voltage gain calculation. Similar to ideal voltage gain calcula-
tions, the volt-second balance principle is applied to inductors
considering parasitic parameters, and the practical voltage gain
is calculated according to (15).

e () () () - ()
_ T/; B ideal v, D v, v
G‘Rm/ - 7 = N
’” <;)(a+/7+£+d)+l
4D D
a= 7751+ 5752
1-D) 1-D)
1 40> 1 1
}I= 47’[‘1 + 27']‘2+ 27"]‘3
(1=D) (1-D) (1—D)
4D D DA+ D
¢= s+ 57C2 ( 7,) c3
(1-Dy (1-D) (1-Dy
1+ D

(15)

The ideal and practical voltage gain comparison of the
proposed converter and similar comparative converters are dis-
played in Figure 5. This figure clearly shows the effect of
parasitic resistances on voltage gain in different duty cycles. Fur-
thermore, the practical voltage gain of the proposed converters,
similar to its ideal voltage gain, is prior to other compared con-
verters in various duty cycles. It is worth noting that, DC-DC
converters has not suitable efficiency in high duty cycles, and
their capabilities are decreased. The proposed converter is prior
in comparison with similar converters, according to Figure 5.

33 |
(DCM)

Discontinuous conduction mode

The proposed converter operates in DCM when the inductor
current attains zero. The DCM operation mode of the proposed

converter includes three states. In the first mode, the switches
are turned-on and the diodes are reverse biased. In this subin-
terval, the inductors’ current slope is positive, and they receive
energy. The second state occurs when the switches are turned-
off, and on the contrary, the diodes ate turned on. In this time
interval, the current of inductors has a negative slope, and the
inductors lose their energy. The third state happens when both
of the diodes and switches are turned off. In this time interval,
the inductor’s current will be zero. The first and second states
of the DCM operating condition are similar to the first and sec-
ond modes of the CCM operating condition. The third state of
the DCM operating mode is represented in Figure 6a. The key
waveforms of the proposed converter in DCM are presented in
Figure 0b. In this time interval, the current passing through the
inductors and diodes is equal to zero. Furthermore, the output
load is charged by the output capacitor.

In the second mode, the current of diode 1) can be obtained
as the sum of the capacitor Cj current and output current 7 as
follows:

L 16

Ipy = lcy + 1, =

In addition, in the second mode, it should be considered

that the current ripple of diode D) equals to current ripple

of the inductor 7, (Al;,). Therefore, assuming the current

tipple ratio of the diode D as ¥y, it can be derived as
follows:

Al, 2D -D)V;  (1-D)y

YOV o, T A2LA-D)fl, . tG-D)

17

where T = 2L For Y1 = 1, the suggested converter works in
a boundary condition mode (BCM). So, the BCM is achieved as
follows:

(1=Dy
=By (18)
Figure 7 shows the boundary condition for the proposed
buck-boost converter. For T > Tp, the proposed converter
operates at CCM mode. Otherwise, it operates at DCM
mode.

3.4 | Current calculations

When the proposed converter operates in the steady-state situ-
ation, the principle of ampere-second balance can be exerted
to capacitors to obtain the average current of the inductors.
According to Equations (2) and (4), the capacitor charge bal-
ance can be written for capacitor Cj, a sum of capacitors C)
and Cj current, as well as for capacitor Cj.

DI, T

) 1 . . )

it =7 /(—ZL2—1L3)41‘+/(2L1)4¢ =0 (19
0 DI,
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FIGURE 6 (a) Third state of discontinuous conduction mode (DCM) operation mode, (b) operation waveforms of DCM mode.
0.35 . T T ;
/,
03 | ho=ls=7"p (23)
0.25 7
3.5 | Parameter design
0.2 7
m .
= os | 3.5.1 | Inductor selection
0.1 _ During the on-state of switches §; and S,, the inductors cur-
rent slope is positive, and the inductors current ripple can
0.05 1 be achieved by using Equation (1) and capacitor voltages as
follow:
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1 A DV
Duty Cycle,(D) ETT
FIGURE 7 Boundary condition for the proposed converter. A, = ﬂ (24)
T L(A=D)f
N2 DV
3 =377
\ Ls fs

DI, 7
. . 1 . . ) .
icrtics == / (2dr3)dt + / (=ipg —igp+ip3)dt | =0
0 DT
(20

DI; 1

s =7 / (—iyds + / Ga—iydr|=0 @1
! 0 D7

Using the ampere-second balance relations of the capaci-
tors, the average values of the inductor currents are achieved
as follows.

== 22)

Hence, by assuming the minimum value for the inductors’
current ripple (Al 53 = 20%1); 5 3), the suitable performance
will be achieved, and the inductors relation can be derived as

follows.
( 2
;- a-D)
1T 046D - D)L [
), _1ovi-p) 25
B =D)L f;
L =y
ST 026 =D)L f
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3.5.2 | Capacltor selection PY;J/[/M _ PXIJ/}‘/[}/ + PXIJ/Z‘/[}/ + PSJw't[/} (29)
Loss  — * Conduction Switching Coss

The important factor in capacitor selection is their allowable
voltage ripple. By using (2) and the inductor average values, the
capacitor voltages ripple can be derived as follows.

-

AL = 2PV

“' 7 RG(1-D)
AL, D1V,

C2 = 551
) RC,(1 = D) 6)
AV = D1V,

7 RG(1-D)

D1V,

AV =T2e

The allowable voltage ripple of capacitors is considered
1% to achieve suitable performance and low power loss
(AV1234= 1%V 1234). Hence, the capacitors’ relation can
be derived as follows:

c oo 2T
"7 RAV(1-D)
o - DIV,
> 7 RAV,(1-D)
3 @7
o - D1V,
ST RAV (1 = D)
oo b
[T RATy

3.6 | Efficiency analysis

As mentioned before, parasitic resistances affect the perfor-
mance and efficiency of the converters. These resistances result
in power losses. Various power losses in a converter should
be considered and calculated. The power losses of a converter
include the switches losses containing inducting, switching and
Coss losses, the diode losses, the inductors conduction and
core losses, and the capacitor losses. The total power losses are
achieved by the summation of all described losses.

The switch losses are classified into three groups named con-
duction, switching and C,; losses, which are calculated as (29)
to (31), by using average and RMS values of switch currents
which are evaluated by using average current of inductors from
Equations (22) and (23) and using Figure 2a as (28).

2DI, 2\/D1,

L =
a-p " a-by

DI _ WDy,

0
[YZazg = (1 _ D) ’lYZM/; -

]j'l ag =
(28)

(1-D)

nSwitch _ . 2 . 2
]szdm/[oﬂ - (RD§1 (on) ]51 SIS > + <RD~52 (on) ]5‘2,7"77/.\’ )

Switch (1
Lsuihing = <g 81 ()15, (4, + fﬁ)ﬁ)
] (30)

1
+ (5 VD8, (0n) L5y ang (2, + ffz) ﬂ)

Switch __ 1 2
I}CgM - EcﬁamVDg‘fw

2 2
waild/ =R 2\/5[0 +R \/510
Conduction — DS (on) DS, (on) (1 _ D)
v, 201

(1-D)
Switch 1 0
< PSuI»itf/Jiﬂg - (E X 1—=D X (1 _ D)Z X (frl + fﬁ)fr)
DI,
X x(l_D)x(f,.2+zf/~2)]§

+< (1 — D)

Switch _ 1 2
R - ECJ.U I/D‘yfm/

Coss

Vi

N =

G

where I'pg and /g, are the standing voltage on the switch
and the average current flows through the switch, respectively.
The rise and fall times of the switch are introduced as (7, #).
The switching frequency is f;, Ry, is named switch ON resis-
tance, and finally, /g, stands for the effective current passing
through the switch. The output capacitance loss of MOSFET
(C,,) can be determined by calculating the stored energy of the
capacitor because the energy is charged in the output capaci-
tance when the MOSFET turns off, and is discharged when
the MOSFET turns on. Where C,, is the output capacitance
of the active power switch which is derived from the MOS-
FET datasheet. In addition, f, and 17 are the switching
frequency and the OFF-state voltage across the power switch,
respectively.

The power loss of the diodes can be calculated from the fol-
lowing equation. Where ) is the conducting resistance of the
diode, 7p,,, is the effective current passes through the diode,
Vp and Ip,, are forward voltage of the diode and the average
current passing through the diode. The average and RMS values
of diodes have been calculated by using Equation (22) and (23)
and Figure 2b.

/,

0

]Dlapg = ]m ]D1r;m = m

. (32)

\ (1-n)’

Diode __ 2 2
PLa.r: - (r[)l [Dl,r/m + VD1 ]lel:é’) + (rpzll)z,rm + VDZIDLMIA’)

]DZaLg = ]D3m{g = ’ ]DZI‘/ﬂ£ = IDSrmy =

(1-D)

+ <rDj]Zg)3,rrm + VD%[D}M”!) <33)
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2
Pt = (0.1 x (—(l’”_D)> +0.7x 10>

2
+loax| —==) +07x 2
: /(1_0)3 ’ (1=D) 34
Z 1,

2
+]01X| ——=— ) +0.7X
[a—Dy (1-D)

Similarly, power losses of the capacitors and the inductors can
be computed by (36) and (39), respectively.
The RMS values of inductors are equate with average current

of inductors which are equal to Equation (22) and (23).

Inductor __ 2 2 2
]J]()_r_r =7 []41,rm.r + r[Q]Lz,r/w + L, ]] SIS (35)
2 2 2
2D 1 7
P[)/d//ztor — 7 9 v
Loss r]‘l<(1—D)2 ,7> +71‘2<1_D> +r]‘3<1—D>

(36)
The RMS values of capacitors have been derived by using
capacitor currents in Figure 2a,b.

T = 41)1022 41)21023
: (1-D)* * (1-D)
Y le2ime=1C3ms= % + (1D_2 Z;Z)% @37
Icarms = | DI + fZﬂ;
P]if;fﬂﬂ'/or = (11621 s T 7(21622 s T 7(3](23 s T rQ 4518 (38)

2 2
Capacitor 4D1? 402 ]? DI? D>
])I_ar[: =g 2 + 3 + e, 2 + 3
A=DyY (A=D) A-DY?  (1-Dy

2 2
+ _DE_ + DM + DI? + D207
2 7 ;
“\Va-p?  a-py “ -0
39)

is the effec-
tive current passes through the inductor. 7¢ is the ESR of the

where 77 is the ESR of the inductor and 77 ,,,
capacitor, and /., is the effective current passes through the
capacitof.

Considering all above mentioned losses, the total power
losses and the efficiency of the converter are obtained as (33)
and (34), respectively.

The magnetic core losses of inductors are calculated as
follows:

B = kf2B) (40)

The core loss of inductor which is called (P.) is in unit
W /kg, Steinmetz parameters including @, 8, £ are given by man-

ufacturers for divergent core materials. The value of & can be
differ from 1 to 2 for ferrite materials (1 < a < 2) [306, 37]. In
accordance with Faraday’s Law, it can be written as:

0 e =0 @)
dr dt
Where A, is considered core area that has been presented by
manufactures for different magnetic cores. [V is representing
turns of inductor’s windings. Subsequently, the peak flux density
of AB for first and second and third inductors is obtained as:

AB _ VD
b NA[l S At
( in + I/E,W )DZ ZDT/;W
ABZ = n = 3
NA, (I =D)A, f.
)
(DT,.
1 Ver = Voo = Ves) DT,
AB; = M / Ver = Ve = Ves)dt = NAL
0
(D-D*) 1,
(=D Asf,
(42)

The core loss for each inductor is equal to P, = P,
where M is mass of core. Hence, considering B, = AB/2, the
core loss of inductors is calculated as:

P Y ﬁM y e ﬁ
core—total fY [1]2 1 ff (1 - D)A[Zﬁ

B
D — DT,
( ) m > ]‘4'5

wor (o ®

The total power loss can be calculated as:

PTbm/ _ PSIm‘[/J PDzoﬂ’e

nductor Capacitor Core
Loss Loss Loss P] + 7 + 7 (44)

Loss Loss Loss

Finally the efficiency of the converter is achieved as:

P
n=—"— x100% (45)

Total
P + PLo.r;

The efficiency of the converter for boost mode and output
power equal to 50 W] duty cycle equal to 0.4 is equal with:

P =0.5820 + 2.7106 + 0.2364 + 0.1769 + 3.2 X 107 = 3.7

50
Nioost = m X 100 = 93.1%
In a similar vein the efficiency of the converter for buck mode
and output power equal to 50 W, duty cycle equal to 0.2 is equal
with:

Pl =0.3384 + 3.6052 + 0.2152 + 0.1059 + 1.87 X 107 = 4.26

50
Nowcke = 50446 X 100 = 92.14%
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FIGURE 8 Comparison of the converters efficiency in terms of output power: (a) step-up state; (b) step-down state.
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FIGURE 9 The efficiency of the proposed converter in boost and buck
modes at higher powers.

The efficiency of the proposed converter consideting men-
tioned losses is calculated and displayed in various output
powers in Figure 8. The efficiency of the proposed converter
according to this figure has suitable performance, and it is
higher than the compared converters. Figure 9 represents the
efficiency of the proposed converter at higher output power up
to the 600 W. It is worth mentioning that DC-DC converters
that provides high gain capability has higher losses at high pow-
ers owing to the high input current. As it is seen in Figure 9
the efficiency of the suggested converter is reduced in higher
powers. What is more, the efficiency of the proposed converter
versus duty cycle has been provided for various duty cycles in
Figure 10.

3.7 | Voltage stress across the switches and
diodes

The voltage stress of the switches according to voltage gain
(M) for the proposed converter and similar converters are
presented in Figure 11. The voltage stress across the switch S,

100 ' ' ' ' - ' 7

80

(o2}
o
T

N
o
T

Efficeincy [%]

N
o
T

O 1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty Cycle (D)

FIGURE 10 The efficiency of the suggested converter for various duty
cycles.
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FIGURE 11 Voltage stress ratio across the switches according to voltage
gain.

of the proposed converter is lower than all of the compared
converters except for switch §; converter [28] that is equal
with it according to Figure 11. The switch S, of the suggested
converter has lower voltage stress ratio compared to the switch
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FIGURE 12  Voltage stress ratio across the diodes according to the
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cycle.

S, of the converters in [24, 26], while it is similar to the voltage
stress ratio of S, of the converter in [27]

Similarly, Figure 12 represents the voltage stress ratio across
the diodes regarding voltage gain (M) for the proposed and ref-
erence converters. The voltage stress ration across the diode D;
of the proposed converter has a lower value in comparison with
diode D, of the converters in [22, 24, 26], and it is similar to the
voltage stress ration of the diode D, of the converter in [27].
The voltage stress ratio across diodes D, and Dj of the pro-
posed converter has the same value and is smaller than other
compared converters. Furthermore, they are equal with diode
Dy of the converter in [28].

3.8 | Current stress of the switches

The current stress ratio of the switches versus duty cycle (D)
for the suggested and compared converters are depicted in
Figure 13. The current stress of the switch S, of the proposed

converter is smaller than all of the compared converters except
for switch 5, of the converters in [26, 27] which it is equal with
mentioned converters. The current stress across switch §; of
the suggested converter is smaller than switches §; and S, of
the converter in [25]. What is more, the current stress across
the switch S, of the proposed converter is equal with the cur-
rent stress of the converter in [28] and is more than the switch
current stress of some converters.

A comprehensive comparison of the proposed converter and
similar recently presented converters is represented in Table 1.
In this table, the number of elements in detail, the voltage stress
on the switches as well as the diodes, the current stress of the
switches, and the voltage gain of the similar recently presented
converters are represented.

4 | SIMULATION RESULTS

In order to verify the performance of the proposed converter,
simulations provided by PSIM software have been performed
with the parameters indicated in Table 2. The simulations atre
represented in both boost and buck modes in CCM mode. It
is worth mentioning that the results are carried out in actual
situations by taking into the parasitic parameters. The parasitic
elements including, the switches” on-state resistance 75¢ = 0.03
Q, the diodes’ on-state resistance r; = 0.1 Q, the diodes’ for-
ward voltage drop Izp = 0.7 V, and the equivalent resistance
of the capacitors and inductors = 20 m€Q, r;, = 30 m are
assumed [38].

4.1 | Step-up state

The simulation results of the boost mode are shown in
Figure 14. The duty cycle of the boost mode is assumed to
be D = 0.4, and the input voltage is considered 17, = 20 V.
Figure 14a demonstrates the output and input voltages. Consid-
ering the voltage gain of the suggested converter written in (14),
the duty cycle of 40%, and the input voltage of 20 V, the output
voltage obtains 57.7 V in ideal conditions, and by assuming the
parasitic elements, the actual voltage that shown in Figure 14a
is about 49 V, which is close to the theoretical calculations. It
should be noted that by using the elements with low parasitic
resistances, this difference will be reduced. Figure 14b,c repre-
sents the inductor currents of the proposed converter 1y, L,
and Z;. Considering Equations (22) and (23), the average value
of inductor currents is equal to 3.2 and 2.4, respectively. There-
fore, the theoretical calculations match the simulation results.
Figure 14d presents the voltage across capacitor C} and drain to
source voltage of switch §). The values are equal 42 and 33 V,
respectively. Considering Equation (13) for capacitor C and the
voltage stress relation in Table 1, the closeness of values with
theoretical calculations is evident. Figure 14e,f stand for volt-
age across capacitor C and diode D,, as well as voltage across
capacitor Cj and diode D;. Figure 14e¢,f are the same because
the voltages of capacitors C, and Cj are equal. On the other
hand, the voltages of diodes 1, and D5 have the same value.
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TABLE 1 Comparison of the suggested converter and similar ones.

Number of elements

Voltage stress on Voltage stress on Current stress
Converters L C D S T switches diodes on switches Voltage gain
Converter in [22] 3 3 2 2 10 5 L D L 5 L e
1-D 1-D (1-n) (1-D)
Vi Vin %
5 -D D (1-D)? 5 1-D
Converter in [23] 3 5 3 1 12 Lin D, Lo 3, 2L
1-D =D 1-D
) Lo
s =D :
Converter in [24] 3 3 2 2 10 S, Lo D Vi S - D
1-D 1-D (-0 (1=-D)
. Vin Vin . i
5 (1-D)? D (1-D)? 5 1-D
. y ) D
Converter in [25] 2 3 2 2 9 S T]/;,[I/ Dy Vr,),; S 1_1—20 s
C i 17 Zp
52 1—2p D 1-2D 5 1-2D ,
Converter in [20] 2 2 2 2 8 5 L D, L §i D D
1-D 1-D (1-n) (1-D)
Vin Vin Di,
5 (1-D)? D (1-D)? 5 1-D ;
Converter in [27] 2 2 2 2 8 S L D, L 5 s e
1-D 1-D (1-n) (1-D)
v v D
5 (1-D) 2 (1-D)? 5 1-D ;
Converter in [28] 3 4 3 2 2 L D, Lo $ o 0D
) 1-D (1-D) (A-D)
v v 2
5 (1-D)? 2 (1-D)> 5 - "
Vin
Ds Df
s ) 215, Vi : o 2D
Converter in [35] 3 3 4 2 12 S P Dy b S D 7, D7
D Yy
21 ’ T
~ in i 2y
5 (1-D)? Ds 1-D 52 1-D
D 217,
4 (1-D)? ;
! v, (1+D) (+D) . 3D-D
Proposed converter 3 4 3 2 12 5 - Dy iy Vi 51 mza D
a+D) Vi D-D? .
SZ (I—D)Z I/zf/ DZ —D ‘SZ (1_1))2 Zy
D s

The capacitors’ voltages are about 11 V, and the diodes are equal
to —30 V. Equation (12) and the equation indicated in Table 1
validate this accordance. Figure 14¢ depicts the voltage of diode
D; and drain to source voltage of switch 5, which values are
—068 and 69 V, respectively. These values are in agreement with
the equations listed in Table 1. Figure 14h shows the gate sig-
nals of switches 5 and 5, and the input current of the converter,
where its average value is about 3.99 A. Figure 14i presents the
output voltage and output current of the converter, which the
average value of the output current is about 1.45 A.

4.2 | Step-down state

Likewise, the simulation results for the buck mode of suggested
converter are shown in Figure 15 in actual conditions by assum-
ing the parasitic elements. The duty cycle of the buck mode is
assumed D = 0.2 and the input voltage is considered j, =20 V.
Figure 152 shows the input and output voltages. The output
voltage achieves 17.5 V in ideal conditions considering the volt-
age conversion ratio of the proposed converter in (14), the input

voltage of 20 V, and the duty cycle of 20%. The practical volt-
age shown in Figure 15a is about 10 V considering the parasitic
resistances, which verifies the accordance of the practical condi-
tion result to the theoretical calculations. Figures 15b and 16¢
indicate the inductor currents of the proposed converter L,
L,, and L. Considering Equations (22) and (23), the average
current of inductors is 1.6 for Ly and L, and 3.2 for L. There-
fore, the theoretical calculations match the simulation results.
Figure 15d demonstrates the voltage across capacitor € and
17, of switch §; equal to 26 and 25 V, respectively. Consider-
ing Equation (13) for capacitor C} and the relation of switch
voltage stress in Table 1, the simulation results are close to the
theoretical calculations.

Figure 15¢,f depict the voltage across capacitor C, and diode
D, as well as the voltage across capacitor C; and diode Ds5. Due
to similar relations for the voltages of capacitors C, and Cj,
Figure 15¢,f are the same. The capacitors voltages are about
28 V, and the reverse voltage across the diodes are —23 V.
Equation (12) and the equation written in Table 1 validate
this accordance. Figure 15¢ indicates the voltage of diode D
and 17 of switch §,, which agree with the equations listed
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FIGURE 14  The results of simulation for the suggested converter in step-up state. (a) Output and input voltages. (b,c) Inductors’ curtent. (d) Voltage of
capacitor C and 7, of switch ;. (e) Voltages of capacitor C; and diode D,. (f) Voltages of capacitor C3 and diode Dj. (g) Voltage of diode Dy and 17, of switch
5,. (h) Input current and gate signals of switches §; and S;. (i) Output current and voltage.

in Table 1, and their values are —30 and 32 V, respectively.
Figure 15h illustrates the gate signals of switches §; and S,
and the waveform of the input current. Figure 15i presents the
output voltage and output current which the output current is
about 2.58 A.

5 | EXPERIMENTAL RESULTS

Figure 16 shows a laboratory prototype built to validate the
specifications, theoretical calculations, and simulation results of
the suggested converter. The parameters of Tables 2 and 3
are utilized for the implementation setup including MOSFETSs
IRFP260N and diodes U1560. The details of experimental setup

is presented in Table 3. The results and waveforms of the pro-
posed converter in CCM mode at 50 kHz switching frequency
with D = 0.4 for step-up mode and D = 0.2 for step-down
mode are shown in Figures 16-19.

5.1 | Step-up mode

The results of the implementation prototype for the step-up
condition with a resistive load of 33.25 Q and a duty cycle of
40% are illustrated in Figures 17 and 18. Figure 17a represents
the input and output voltages of the converter. According to
this figure, the output voltage is 48 V, which is confirmed by the
simulated waveform shown in Figure 14a. Figure 17b—d shows
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FIGURE 15 The results of simulation for the suggested converter in step-down state. (a) Output and input voltages. (b,c) Inductors’ current. (d) Voltage of

capacitor C} and 17, of switch ;. () Voltages of capacitor C, and diode D, . (f) Voltages of capacitor Cj and diode Dj. (g) Voltage of diode D; and 17 of switch
Sp. (h) Input current and gate signals of switches §; and ;. (i) Output current and voltage.

TABLE 2  The parameters of the suggested converter. TABLE 3  Details of experimental prototype.
Parameters Step-up mode Step-down mode Power Switches IRFP260N (25°C) V:200 V/:/ =50 A
Input voltage 20V 20V Power diodes U1560/V:600 V
Output voltage (real) 48V 104V Magnetizing inductors EE75/EE75/EE375
Ly,Ly,L
Switching frequency 50 kHz 50 kHz R
Output voltage Boost mode 48V
Output load 33.25Q 4Q
Buck mode 104V
Duty cycle 0.4 0.2
Output power Boost mode 69.4 W
Inductor 7. 200 uH 200 uH
Buck mode 27.04 W
Inductor 7, 1 mH 1 mH
Inductor 75 300 uH 300 uH
Capacitor C} 220 uF 220 uF the currents of inductors Ly, L, and L3, which average values
Capacitor G 330 uF 330 uF are 3.2, 2.4, and 2.4 A, respectively. These figures are in accot-
Capacitor G 330 uF 330 uF dance with th§ simulated waveform presented in Figure 14b,c
) and the Equations (22) and (23).
Capacitor Cj 100 uF 100 pF

Figure 18a demonstrates the voltage across capacitor C; and
the voltage stress across the switch S;. This figure proves the
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FIGURE 16  Experimental prototype.

theoretical calculations according to Equation (13) and the rela-
tion in Table 1, as well as the simulation results in Figure 14d.
The voltages across capacitor C, and diode D, are indicated
in Figure 18b, and the voltages across capacitor Cj and diode
D; are shown in Figure 18c. It is seen that the values validate
the Equation (12) and relation written in Table 1, as well as
the simulated waveforms in Figures 18c and 13f. The voltages
across diode D) and voltage stress of switch 5, are shown in
Figure 18d, which accurately agree with the relations in Table 1,
as well as the result of Figure 18g. In Figure 18e the input cur-
rent of the proposed converter is presented. The average value
of input current is 3.99 A in the implemented circuit, which

v, [20V / div]

v,  [oV/div]

I 5 i 8 m'n'm.ma{ dj%:
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GUINSTEK 1o pts  Sawsanm [T ] Sep

i, [14/ div]

v, ' [5V / div]

ORI s
| | || . 1
437 . S5k |

(c)

FIGURE 17

agrees with the simulated waveforms presented in Figure 14h.
Figure 18f illustrates the output voltage and current of the sug-
gested converter, where the output current is 1.45 A and agrees
with simulated waveforms in Figure 14i.

52 | Step-down mode

Similarly, Figures 19 and 20 show the results and waveforms
the implemented circuit for the suggested converter in step-
down mode with a resistive load of 4 , and duty cycle of 20%.
In brief, the obtained waveforms of this condition also match
well with the simulated results introduced in Figure 15 and the
theoretical analysis.

6 | CONCLUSION

A novel transformerless buck-boost converter is suggested and
analysed in this paper. The suggested structure can increase
and decrease the output voltage. The proposed converter has
a simple structure and easy control system because of using
similar gate pulses for its two switches. The proposed converter
takes advantage of continuous input current and low stress on
some devices like power switches or diodes. The voltage gain of
this converter is in the semi-quadratic form that provides a wide
conversion capability with lower duty cycles. The configuration
of the suggested converter was investigated, and its operation
modes in CCM condition were carried out. Analysis of DCM
and BCM operation modes was briefly analysed. The ideal
and practical voltage gains were calculated and compared with
similar structures. The voltage stress of the switches and diodes,
as well as the current stress of the switches were investigated.
The efficiency of the converter under practical conditions
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(d

The results of the experimental prototype for the suggested converter in boost state. (a) Output and input voltages. (b—d) Inductors’ current.
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FIGURE 18  The results of experimental prototype for the suggested converter in boost state. (a) Voltage of C} and 17 of switch S;. (b) Voltages of C; and
D;. (c) Voltages of Cj and Dj5. (d) Voltage of Dy and 1 of switch . (¢) Input current and gate signals of switches §; and S;. (f) Output current and voltage.

GHI'EI‘EK _ 18 pts SHSacs I:::I . Step

o

v : [5V / div]

i : [10V / div]

w1

GEINSTEK o pta  swsaes [Tl T L. — .
v [5V / div]

i : [14/ div),

- I

(d)

FIGURE 19  The results of the experimental prototype for the suggested converter in buck state. (a) input and output voltages. (b—d) Current of inductors 7,

L,,and L.
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FIGURE 20

(M

The results of experimental prototype for the suggested converter in buck state. (a) Voltage of C} and 17 of switch S;. (b) Voltages of C; and

D;. (c) Voltages of Cj and Dj5. (d) Voltage of Dy and 1 of switch 5,. () Input current and gate signals of switches §; and S;. (f) Output current and voltage.

was calculated and compared. The comparisons show that the
suggested converter is prior in terms of the wide voltage con-
version ratio in both ideal and practical situations. Furthermore,
the suggested converter has acceptable performance in terms
of efficiency and stress comparisons. The simulation analysis
has been provided by PSIM software in order to validate
the mathematical calculations. The experimental results of a
prototype for the proposed converter prove the theoretical
analysis. Finally, small signal modelling can be calculated to
reach space state equation; what is more, closed loop con-
trol system can be designed for proposed converter on the
horizon.
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