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ABSTRACT

This paper presents a new non-isolated high-gain Buck-Boost Converter (BBC) that uses a switched-
inductor (SL) voltage multiplier. This type of DC-DC converter can be very useful in renewable energy
applications, especially PV, where the output DC voltage is stepped up to a higher voltage. The output
voltage of the proposed switched-inductor BBC (SLBBC) is around 15 times the input voltage with positive
polarity when a 0.75 duty cycle of the power switches is used. This is achieved without the use of a
transformer or common-core coupled inductors, so the topology is simple to construct. This high output
voltage is achieved by using the SL voltage multiplier, which consists of three diodes and two inductors.
There are two power switches that operate synchronously, which is an advantage of the design. However, it
is discovered that the voltage gain in the step-down mode of the proposed converter is less than that of the
other converters. The proposed converter is analyzed in the Continuous Conduction Mode (CCM). The
operating principles and steady-state analysis are presented in detail. MATLAB/Simulink was used to
prove the effectiveness of the proposed SLBBC.

Keywords-buck-boost converter; Continuous Conduction Mode (CCM); DC-DC converter; photovoltaic;

switched-inductor (SL)

I.  INTRODUCTION

Photovoltaic (PV) panels are unsuitable for AC grid
integration due to their low output voltage. Therefore, a series
connection of PV arrays is required to achieve a large DC
voltage. However, this is challenging due to the shadow effect
in PV panels [1]. Non-isolated DC-DC converters with a high
voltage gain in the step-up or step-down mode that can change
the input voltage to a higher or lower value are required in a
variety of applications, such as PV applications, fuel cell
systems, storage batteries, car electronic devices, and many
others [2]. Although buck and boost converters have simple
structure and high efficiency, they are not suitable for low or
high output voltage due to the limitation on the voltage gain
[3]. It is common knowledge that the topology of a switching
mode power supply is the most important factor in determining
how effectively the system will function and how components
should be selected [4]. As a result, this topic has received much
attention in research, and over the past few decades, various
buck-boost topologies have been suggested. The simplest

topology of BBC is the conventional BBC (see Figure 1),
which is a DC-DC converter that has an output voltage
magnitude that is larger or smaller than the input voltage with
polarity inverted, as can be obviously seen from its voltage
conversion ratio (see (1)). The value of the duty cycle (D)
determines if the BBC is in the step-up mode or step-down
mode. If D is less than 0.5, the BBC will function as a buck
converter and as a boost converter when D is greater than 0.5.
In step-up mode, the BBC has limited voltage gain and
therefore cannot maintain a high output voltage. Although high
voltage gain can be achieved at extreme duty cycles (lower
than 0.1 in step-down or more than 0.9 in step-up), it is difficult
due to the practical constraints of power semiconductor
devices. Although the BBC has other forms, such as the Cuk
converter, Zeta converter, and Single-Ended Primary Inductor
Converter (SEPIC), they all have the same limited voltage gain
[5]. However, the Cuk converter has many advantages. It has
continuous input and output current and negative output
voltage, which can be suitable for applications such as audio
amplifiers and signal generators [6].
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Fig. 1. Conventional buck-boost converter.

Various wide voltage gain converters with winding-cross-
coupled inductors are represented in [7]. However, the switches
suffer from high voltage spikes, and the system has low
efficiency due to the expected leakage in the winding-cross-
coupled inductors. This is why the coupled inductor technique
is not used in the proposed topology. A novel single-switch
cascaded BBC is represented in [8]. However, the output
voltage is floating. A modified topology of the conventional
BBC is presented in [9], but the output is inverted. A new
buck-boost topology is presented in [10], with a low voltage
stress. However, the proposed converter has high ripples, and
the voltage gain is limited. Quadratic converters, which are
represented in [11, 12], can accomplish high voltage gain, but
their efficiency is low. A semi-quadratic BBC is presented in
[13]. However, the input current is discontinuous, and there is
no common ground. The Luo converter using the voltage lift
technique is presented in [14, 15]. Although a high voltage gain
can be achieved, this kind of topology is complex, expensive,
and inefficient. Another topology is the interleaved converter,
which is presented in [16-18]. Although this converter can
obtain high voltage gain with low voltage stress across
switches, this topology faces complexity in its operating mode,
converter structure, and control strategy. Other techniques of
designing high gain converters are presented in [19-21].

A non-isolated high-gain DC-DC switched-inductor buck-
boost converter (SLBBC) with a simple structure is presented
in this paper. This type of DC-DC converter can be very useful
in renewable energy applications, especially PVs. The output
voltage of the proposed SLBBC is 15 times the input voltage
with positive polarity when a 0.75 duty cycle of the power
switches is used. The SL technique is used in a modified BBC,
where three inductors are magnetized when switches are turned
on, and three inductors are demagnetized when switches are
turned off.

II.  PROPOSED TOPOLOGY STRUCTURE,
OPERATING PRINCIPLE, AND ANALYSIS

A. Power Circuit

The configuration of the proposed SLBBC is shown in
Figure 2. Its main power stage involves two power switches
(Q; and Q,), five diodes (D;, D,, D;, D4, and Ds), three
inductors (L;, L,, and L;3), two capacitors (C; and C,), and one
resistive load (R;). The two power switches (Q; and Q,) are the
only two parts to be controlled, and they work instantaneously.
In the proposed converter, the currents passing through L;, L,,
L3, C], Cg, Qla Qz, Dl, Dz, D3, D4, and D5 are defined as iu, iLg,

iL3, iC], iCZa io], iog, iD], iDg, iDj, iD4, and iD5, respectively. The
respective voltages are vy, Viz, Vi3, Vei, Ve2, Vois Vo2, Vbis VD2,
Vp3, Vp4, and vps. The output is connected to a resistive load R;
whose current and voltage is denoted as i,,, and v,,,.. Note that
Ver = Vo The input current and voltage are i, and v;, where i;,
= ip;. The duty cycle (D) is applied to the switches Q; and Q,.
L., Vi, L., and 'V, are assumed to be the DC values in steady
state of i;,, Vin, iou» and v,,,. T is the switching period which is
equal to 1/f;, where fg is the switching frequency. Figure 3
shows the time domain waveform of the proposed SLBBC
operating in CCM.
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Fig. 2. The proposed SLBBC.
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Fig. 3. Main steady-state waveforms of the proposed SLBBC.
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B. Modes of Operation

Mode 1: In this time interval, as shown in Figure 4,
switches Q; and Q, are turned on, power diodes D; and D; are
forward biased, and power diodes D,, D,, and D5 are reversed
biased. The voltage source V;, magnetizes inductors L;, L,, and
L; and charges C; through switches Q; and Q.

Mode 2: In this time interval, as shown in Figure 5,
switches Q; and Q, are turned off, power diodes D,, D4, and D5
are forward biased, and power diodes D; and D; are reversed
biased. It is obviously seen from Figure 5 that the energy stored
in L; and L, is demagnetized to charge capacitor C; via D, and
D,. At the same time, the energy stored in inductor L; is
demagnetized to charge capacitors C; and C, and the resistive
load R; via the diodes D4 and Ds.

C. Circuit Analysis

Steady-state analysis is performed based on the following
assumptions to analyze the proposed SLBBC:

e All the components used including power switches, diodes,
inductors, capacitors, and resistors are ideal.

e The two capacitors C; and C, are sufficiently large enough
so that the voltages across them are considered as constant.
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Fig. 4.

The proposed SLBBC in the ON mode.
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Fig. 5. Proposed SLBBC in the OFF mode.
e The natural time constant of the converter is much higher
than the switching period 7.

e Only the CCM of the proposed BBC is investigated, which
is the status when the current passing through the inductors
flows continuously. On the other hand, the interval when
the inductor current remains zero is the Discontinuous
Conduction Mode (DCM). Increased stresses on
semiconductor switches, increased rating of passive
components, noise, and electromagnetic interference (EMI)
are all disadvantages of using DCM [25].

When the two MOSFETS are turned on, the voltages across
the inductors L;, L,, and L; are expressed as:

VL1 = VL2 =Vin 2
VL3 = ]/I:Tl + V61 (3)

When the two MOSFETS are turned off, the voltages across
the inductors are expressed as:

\4
V, =V, = —% “4)
Vi, ==V, +Ve,) (5)

By applying the volt second method to the inductors, the
following expressions can be obtained:

VisD = “(1-D) =0 (6)
(Vin +Ve,)D = (V, + Voue)(1 =D) = 0 (7
From (6), the expression of the voltage across the capacitor
C; can be obtained as in (8):
2D

Ve, == 1-D

V; ®)

By substituting (8) into (7), the ideal voltage gain of the
proposed converter can be obtained:

_ Vour _ D3D-1)
M= Vin  (1-D)?

)
D. Voltage Stress

The amount of voltage stress across C; is calculated by:

V. = 2D _ 2(1-D)
¢, — 1-D in — 3p—1 out

(10)

Also, the voltage stress across the two power switches and
the five diodes can be derived by:

1+D _ 1+D?

Vo, = 155 Vin = papop Vour (11)

Vo, = (11—4-1;))2 Vin = D(;;l;) Vour (12)

Vo, = Vp, = ﬁVi = %Vaut (13)

Vb, = Vin = %Vout (14)

Vo, = 15 Vin = gy Vous (15)
D(1+D) 14D

= Vin = |4 (16)

VD5 T a-p)z 'in T 3p_q Yout

E. Current Stress
Assuming the circuit is ideal, (17) and (18) are obtained:
Pin = Poyt a7
Vinlin = Voutloue (18)

The relationship between the DC input current and the
output current is obtained in (19) according to the voltage gain
obtained in (9).
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lour _ (1-D)?
Iin ~ D(3D-1) (19)

The Ohm's law for the resistive load R; is shown in (20):
Vour = Rilous (20)

From the Volt second method, /;, and /,,, can be obtained as
functions of IL]? ILZ! and IL3 Note that IL] = ILZ = ILin'

I =D(I, + 1, + 1,,) = D(2I,, +1,,) (21)
Ioe = (1= D)1L3 (22)

From (9) and (18)-(22), the currents I;;, I;,, and I;; can be
obtained:

_ D(2D-1)(3D-1)

L, =I,=1,= D)'R. in (23)
_ D(3D-1) :
Ls = Gpying Vin (24)

The currents of the two power switches and the five diodes
can be derived from the voltage stress:

D?(9p?-6D+1
( )y

Io, =D(I,, +1,,+1,,) = orr Vin (25)
lo, = DIy, = 020, (26)
I, = Ip, = DI, = ZC2 0Dy, @7
Ip, = (1= DIy, = 225322, (28)
o, = (A=), +1,) = L2V (29)
Ip, = (1= D)y, = 2252 Vi (30)

Table I summarizes the voltage stresses and current stresses
for all the parameters of the proposed SLBBC.

TABLE L. VOLTAGE AND CURRENT STRESSES OF THE
PROPOSED SLBBC
Parameter Voltage Stress Current Stress
D(2D-1)(3D—-1)
L, L, - 7 _ap . Vin
(1 —D)*R,
D(3D-1)
Ls - s Vin
(1-D)’Ry
2D
¢ “iopn :
D(3D-1)
C —V -
2 (1 — D)Z in
1+D D%(9D? — 6D + 1)
Q Vin — s Vi
1-D (1—=D)*R,
Q 1+D D?(3D—1)
: oy a-DyRr,
D D*(2D-1)(3D -1
Dy.Ds b, br@pb-1Bb-1),
1-D (1 —=D)*R,
D(2D-1)(3D—-1)
D, Vin e Vin
(1-D)R,
1+D D*(3D -1
Dy — Vi ¥ in
1-D (1-D)3R,
D D(1+ D) D(3D-1)
’ a-py ™" (1-D)R, "

F. Current Ripples of Inductors

The ripples of the inductors' currents i;;, i;,, and i;; can be
obtained by:

. _ Vi _ D -

8iy, =BTy = 2, 31
. Vi, _ D .

Biy, =22 DT = 2V, (32)
. v, D(1+D

Biy, = 22 DTy = ;;S) v, (33)

By knowing the inductors' current ripples, the input voltage
Vi, the duty cycle D, and the switching frequency fs, the
appropriate values of inductors L;, L, and L; can be calculated
using (31), (32), and (33).

G. Voltage Ripples of Capacitors

The ripples of the capacitors' voltages v¢; and ve, across
capacitors C; and C, are obtained by:

_AQ_  (3D-1)

Ave, = o, = aammcrs out (34)
_4e__D

AUCZ - C, - R1Cafs Vout (35)

By knowing the capacitors' voltage ripples, the output
voltage V,,, the duty cycle D, and the switching frequency fs,
the appropriate values of capacitors C; and C, can be calculated
by (34) and (35).

III. COMPARISON ANALYSIS

The main reason for designing the proposed SLBBC is its
ability to achieve a high voltage gain in step-up mode
compared with other BBCs, as shown in Figure 6. The high
voltage gain is obtained without a transformer or coupling
inductors, which would increase the converter's size, losses,
and overall cost. Figure 7 shows a comparison between the
single switch buck-boost, hybrid buck-boost, KY buck-boost,
and proposed SLBBC in terms of number of switches, diodes,
inductors, and capacitors used in each converter.

60

|—+— Proposed SLBEC
—%— Single Switch Buck-Boost [22] and Hybrid Buck-Boost Converter [23]
| —%— KY Buck-Boost (24]

50 |

rs
o

Voltage Gain (M, }
g
T

20

0.5 055 0.6 065 0.7 0.75 0.8 0.85
D

Fig. 6. Voltage gain comparison.
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Comparison of the number of switches, diodes, inductors, and

IV. RESULTS AND DISCUSSION

The proposed SLBBC was designed in the
MATLAB/Simulink for 12 V input voltage, 200 W rated
power, 50 kHz switching frequency, and 0.65 duty cycle as
shown in Figure 8. The duty cycle is greater than 0.5, therefore,
the proposed converter operates in step-up mode. The proposed
converter's specifications are shown in Table II. The switches

Q; and Q, will operate simultaneously, and their gate pulses are
shown in Figures 9 and 10. The waveforms of the currents
passing through the three inductors are shown in Figure 9. The
three inductors will be magnetized when the two switches are
turned on, and they will be demagnetized when the two
switches are turned off. By using the current stress equations
(23) and (24) passing through L;, L,, and L;, the theoretical
values of currents are around 9 A and 11 A. Figure 10 depicts
the voltage waveform across C;. The capacitor C; will charge
when the two switches are turned on, and it will discharge
when they are turned off. By using the voltage stress equation
(10) on C,, the theoretical value of the voltage is -44 V. Figure
10 shows the voltage across the charge pump capacitor C,. As
shown in Figures 4 and 5, C, discharges when the two switches
are turned on, and charges when they are turned off. By using
the voltage gain formula (9), the theoretical output voltage on
the load R; and the charge pump capacitor C, is around 60 V.
Figure 11 shows the input voltage V;,, which is 12 V, the output
voltage V,,;, which is around 60 V, and the output power P,,,,
which is 200 W. The efficiency curve as a function of P, is
shown in Figure 12. A peak efficiency of 93.14% is achieved
when the output power is 340 W. From the above comparisons
between the theoretical and the simulation results, one can see
that they are in accordance, proving the correctness of the
theoretical analysis.

af [=3F | -
- . as cr L N
< IRE N >

s . .

" ‘ e r ‘
065 |50 4
¥ ¢ @ RC

. .

Fig. 8. Simulink model of the SLBBC.
Gate Pulse

TABLE II. COMPONENTS SPECIFICATIONS 20 ‘ I 7 ‘ 7 7 ‘ :
15 - .|
Parameter Value Unit 10 1
Input voltage (Vi) 12 \" Z I 7
OUIput VOltage ( Vﬂul) 57 V 0.40112 0.40‘1 14 D.4!]l| 16 0,40‘1 18 0.4‘012 0.40‘1 22 0,4(;1 24 0.4(;1 26 0.4(;1 28 O.A‘mﬁ

Rated power (P, 200 w L1 and L2 Current ()
Switching frequency (fs) 50 kHz °
Duty cycle (D) 0.65 - L e e e e e N S
Inductors (L;, L,, and L3) 3 mH o6

Capacitor (C)) 20 uF | I | | | | | | |

B 040112 040114 040116 040118 0.4012 040122 040124 040126 040128 0.4013
Capacitor (C3) 100 uF 13 Current ()
Load (R)) 15 0 Wl T : \ . . :
10 ———T T T T T T T T T
ol |
& 0.40112 0.40‘1 14 0.4[;1 16 0,40‘1 18 0.4‘012 0.40‘1 22 0,4(;1 24 0.4(;1 26 0.4(;1 28 0.401 37
Time
Fig. 9. Current waveforms of L;, L,, and L;.
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Fig. 10.  Voltage waveforms of C; and C>.
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Fig. 12.  Efficiency curve as function of P,,.

V. CONCLUSION

In this paper, a new SLBBC is proposed to make up for the
fact that the traditional buck-boost converter has a low voltage
gain. The proposed converter can achieve high step-up voltage
gain by using the SL technique, which is useful in PV and
industrial applications requiring high step-up or step-down
voltage gain. The SL voltage multiplier, which consists of two
inductors and three diodes, is placed in the buck-boost

converter instead of a single inductor. The two inductors will
charge during the ON mode, and they will discharge during the
OFF mode. The advantages of the proposed converter are its
ability to maintain high step-up voltage gain, its simple
construction, and a positive output voltage. Details such as the
operating principles, steady-state analysis, and a comparison to
other buck-boost converters are provided. The results of the
theoretical analysis and the MATLAB/Simulink simulation
were matched, which showed that the output could have a high
voltage gain.
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