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ABSTRACT This paper introduces an improved quadratic DC-DC boost converter to provide an ultra-high
level voltage gain with the switched-capacitor cell based structure. The proposed converter has the ability to
excel the output voltage gain to the ultra-high level without any voltage doubler circuit. Hence, the total
number of components is less compared to the conventional topologies. The proposed converter offers
reduced voltage stress on the capacitors, diodes, and semiconductor switches while generating a high voltage
gain effect with a low duty cycle. In addition, the continuous source current (CSC) and input-to-output
side ground-sharing features are also available for renewable energy applications. The steady-state and
comparative performance analysis with similar topologies and power loss calculations are presented in this
paper. Furthermore, the simulation results extracted from the Matlab/Simulink are compared and analyzed
with the conventional topology. Finally, the experiments are carried out by designing a 150 W laboratory
prototype where the peak efficiency is found 90% while delivering 80 W power to the load side.

INDEX TERMS DC-DC converter, high voltage gain, non-isolated, voltage stress, quadratic boost converter.

I. INTRODUCTION

Recently, the power harnessing process from several green
energy sources has become very attractive due to the issues,
such as climate change and the continuous depletion of
conventional fuels. As a result, an energy transition has
become very important to achieve the global strategic sus-
tainable goals [1]. The advancement of power electronic
converter technology has established a promising solution in
this regard. Employing the power electronic system interface
depicted in Figure 1, the power generated from renewable
energy sources can be transferred to the power grid ranging
from small to large scale [2], [3]. It is very well known that the
voltage received from the photo-voltaic source is intermittent

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuh-Shyan Hwang

11350 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

type, hence a power electronic boost converter plays a crucial
role in the intermediate system to uplift the input voltage [4].
The most fundamental topology of the boost and buck-boost
converters can enhance the low input voltage of the converter
to a required level by utilizing the pulse width modulation
(PWM) control. Unfortunately, these conventional converters
cannot meet the voltage boosting requirement of the real-
time application [5], [6], [7]. To uplift the voltage gain, the
converters need to be operated at a high duty cycle, which
creates the diode’s reverse recovery issue [8]. In addition to
that, the electric stress on the semiconductor switch and diode
become large while operating at a large duty cycle. By consid-
ering the isolation factor, the classification of DC-DC boost
converter can be seen from two different aspects, namely
the transformer-based and transformer-less structure. In the
transformer-based configuration, the output voltage is lifted
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FIGURE 1. Typical application of DC-DC converter.

with a correct turn ratio [9], [10], [11] but the problem of
the bulky transformer makes the converter design costly.
Similarly, the converter containing the coupled-inductor on
the design, arises the concern of switching transients due to
leakage inductance of the coupled-inductor [12], [13], [14].
With a strong aim to improve the voltage gain of the converter,
the topology introduced in [15], [16], [17], and [18] provides
the cascaded structure where two similar boost converters are
connected back to back to enhance the overall output voltage.
However, the large number of components accommodated
in this model increases the converter’s size and cost. On
the other hand, the interleaved boost converters proposed
in [19], [20], and [21], have two or more converter stages in a
parallel fashion to uplift the overall voltage and output power
along with the improved profile of the input side current
ripple. However, the hard PWM switching strategy in such
converters ultimately shrinks the final efficiency. In order to
mitigate the switching loss of the semiconductor devices, soft
switching interleaved high voltage gain boost converters are
proposed in [22], [23], and [24]. These soft switching con-
verters have enabled the operation of the power conversion
with reduced voltage and current stress on semiconductor
devices at the higher PWM switching frequency. Further-
more, the voltage multiplier cell (VMC) based technique
reported in [35], [36], and [37] provides an alternate solution
to the gain enhancement where they contain one or more
switched inductor/capacitor cells. The switched capacitor or
charged pump techniques have been utilized in [25], [26],
and [27], where the output voltage is increased by the energy
transferring process between the capacitor-diode cells. Also,
the switched inductor based topologies presented in [28],
[29], [30], [31], and [32] utilize the parallel-series mag-
netizing and demagnetizing function to charge the specific
capacitor for higher output voltage. Similarly, the quadratic
converters developed in [29], [38], [39], [40], [41], [42], [43],
[44], and [45], provide time-befitting solutions against the
current issues. The topologies presented in [29], [41], and
[42], convey favorable solutions to continuous source current
(CSC) along with shared ground (SG) facility. However,
to attain a voltage gain of around 10, the converter proposed
in [40] and [41], need to run at a very high duty cycle, which
introduces large voltage and current stress on the devices
and ultimately shrinks the converter efficiency. In contrast,
the topology reported in [29] and [42] generate a moderate
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output voltage gain of around 6 at 50% duty cycle along
with the CSC feature. It can be seen that the topologies
studied in [37] and [41], do not inherit the SG facility in
the stricture. Additionally, a voltage doubler circuit (VDC)
based quadratic boost converter has been presented in [44],
where the output voltage of the quadratic structure is further
made double with the help of VDC arrangement. This topol-
ogy takes the voltage gain of the quadratic converter to an
ultra-high level and that becomes 12 at 50% duty cycle having
a total number of 14 components. Nonetheless, the increased
number of components and the absence of an SG facility
became major drawbacks of this converter. Recently, in [45],
a customized voltage doubler structure-based quadratic boost
converter shown in Figure 2(a), solves the high voltage gain
issue with a concept of merging the conventional boost, Luo,
and modified voltage doubler circuit. The topology has also
the capability to uplift the voltage gain to an ultra-high level
of around 10 at the same duty cycle having both the CSC
and SG features. However, due to the presence of a bulky
voltage doubler structure with 1 inductor, 3 capacitors, and
2 diodes, the overall component count becomes 16. Such a
high component number is the highest so far according to
the literature. On the other hand, another recently proposed
quadratic converter according to [42], depicted in Figure 2(b),
utilizes a capacitor-diode cell in the conventional cascaded
boost converter structure and provides a moderate voltage
gain of 6 with the same duty cycle used in [44] and [45].
The topology provides a fair voltage stress outcome on the
passive and semiconductor devices at a lower duty cycle.
Unfortunately, while attaining an ultra voltage gain like [44]
and [45], the converter needs to be operated at a duty ratio
of 54% which largely increases the overall electric stress on
several components. According to the literature, the main
research concern has become the attainment of the simul-
taneous outcome of high voltage gain with low voltage
stress on the devices. Hence, a good trade-off is important
to balance between the converter’s voltage gain and device
voltage stress by maintaining other features such as CSC
and SG while modeling the converter. An optimized con-
verter model having high voltage gain capability with a low
duty cycle can ensure superior converter performance in
renewable energy applications. In order to provide the most
viable solution to the aforesaid limitations, this paper presents
an improved ultra-high gain quadratic boost converter with
lower component counts and reduced voltage stress on the
device. The main features of the proposed topology are as
follows:
o Ultra high voltage gain with low voltage stress on
devices.
« Continuous source current and shared ground facility
between the input and load side.
« Utilization of same PWM pulse for both switches and
hence converter control is simple.
o The total component number is less compared to the
conventional ultra-high gain topologies reported in [44]
and [45].
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FIGURE 3. Proposed converter.

This paper is outlined as follows: The recent literature
review of the relevant converter topologies is equipped in
Section I. The operating principle of the proposed topology
is explained in Section II followed by the power loss analysis
in Section III. Section IV covered the performance analysis
of the proposed converter with various similar topologies and
the result section is organized in section V with the simula-
tion and experimental outcomes of the proposed converter.
Finally, the paper ended up with the conclusion in section VI.

Il. PROPOSED CONVERTER

A. CONFIGURATION OF PROPOSED CONVERTER

The proposed circuit configuration shown in Figure 3, is a
VDC less ultra high gain quadratic boost converter which has
been modeled with a total of 12 components, including an
additional capacitor C3 and a diode D3 compared to the con-
ventional model [42], shown in Figure 2(b) that utilized a total
of 10 components. Besides, the converter structure shown
in Figure 2(a) provides a VDC-based quadratic topology
in [45], having a large number of components, i.e., 16 com-
ponents in the converter design. Such a bulky VDC struc-
ture (L3-D4-Ds-C3-C4-Cs) shown in Figure 2(a), doubles the
voltage gain of its quadratic network. On the other hand,
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the conventional converter according to Figure 2(b), utilized
a switched-capacitor network (Cz-D») with the secondary
boost converter stage. Although this network improved the
traditional quadratic voltage gain of 1/(1 — D)? to (1 +
D)/(1 — D)?, it cannot attain the ultra-high voltage gain
as proposed in [45]. The proposed circuit has introduced
a switched-capacitor-based charge pump network (C3-D3)
along with the secondary boost converter part. Hence, the
proposed converter adds up the gain of 2/(1 — D) times
more with (1 + D)/(1 — D)?. As a result, the overall con-
verter gain has successfully reached an ultra-high level, i.e.,
(3 — D)/(1 — D)?. While achieving the ultra-high level gain,
i.e., 10 at a duty ratio of 0.5, the switch and diode voltage
stress of the proposed converter for S> and Dy is significantly
reduced than the conventional model [42], which can be
observed in Figure 5. The stress on the diode D1, D>, and
Dy and capacitor C; and C; are equal as [42] with no change
in the configuration. However, due to the voltage lifting
effect, the diode D3 and capacitor C3 experience moderate
voltage stress in the proposed topology. It is notable from
the configuration of the proposed converter that the voltage
stress on the switch S> and diode Dy are fairly distributed by
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FIGURE 6. Switching waveform of proposed converter.

the newly introduced switched capacitor network (C3-D3).
Hence, the proposed converter configuration offers a low
voltage-rated component selection for designing an ultra-high
gain quadratic converter. In addition, due to the same position
of inductor L and input to output ground terminal connection
as [42], the CSC and SG facilities are still available. Hence,
the performance of the proposed converter has been ulti-
mately elevated compared to its counterparts. The switching
characteristics and waves of the proposed converter can be
found in Figure 6, where it is depicted that the proposed
converter utilized the same PWM pulse for switching both
the semiconductor switches S| and S>. Hence, the control
algorithm is simple for the proposed quadratic converter. The
operation of the proposed converter can be divided into two
states, namely mode-I (ON) and mode-II (OFF) which is
explained in the next subsections.

B. MODE-I (ON) OPERATION

The mode-I state of operation can be realized with the help
of Figure 4(a), where both the switches S; and S; are turned
ON by the positive gate pulse V. During this time interval,
the energy storing operation on both the inductors L; and
L, takes place and the inductor currents ramp up by the energy
of capacitors C; and C;. The diodes Dy, D, and Dy get
reverse biased and D3 becomes forward biased. As the diode
Dy is OFF, hence the energy is supplied to the load by the
output capacitor Cy during this moment. The Kirchhoff’s
Voltage Law (KVL) equations for mode-I are derived from
Figure 4(a) and can be written as follows:

dlry
Vi = L17 =V
(D
dli»
Vo =L—— =V¢3
dt

The operation mode for (1 — D) interval, i.e., mode-II is
discussed in the following subsection.
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C. MODE-II (OFF) OPERATION

The mode-II operation of the proposed converter is analyzed
by following the equivalent circuit shown in Figure 4(b).
At this time, both the switches are OFF and diode D;, D, and
Do become activated due to forward biased condition. The
stored energy in the inductors is now transferred to the load
by the capacitors C; and C,. During this time, the diode
Dy becomes forward-biased and capacitor C3 delivers energy
to the output loop. The mathematical expressions for the
mode-II of operation can be derived from Figure 4(b), which
are as follows:

dir
Vii=Li— =V, = V¢
dt
)
dli»
Vi = Lz_dt =Vc1+Ves —Veo

The following subsection deals with the mathematical expres-
sion of the voltage gain of the proposed converter.

D. VOLTAGE GAIN EQUATION

To achieve the steady-state condition, the average voltage
across the inductor should be zero over one complete switch-
ing period. Applying the volt-sec balance principle on induc-
tor Ly and L, with the help of the mathematical equations
obtained from (1) and (2), the following expressions are
found.

DVi+ (1 —=D)(Vi=Vc1) =0 3)
DVes + (1 —=D)(Ver + Ves — Vo) =0 “

By using (1), (2), (3), and (4), the following expressions are
derived for the voltage equations of capacitors C; C; and Cs.

1
(1-D)

Ver =Ver = Vi (5)

(6)

Ves = Vi

C3 (1-D) i
Finally, the mathematical expression of the voltage gain for
the proposed converter comes out with the help of equations
(3), (4), (5), and (6), which can be expressed as follows:

MZEZEZ—O—D) (7
V; Vi (1 —D)?
where, Vi, Vco, Vo, M, and D refer to the input voltage,
output voltage, voltage gain, and duty ratio of the proposed
converter. Hence, the final output voltage of the proposed
converter can be determined by the following expression.

_G6-D

0= EI‘:?}S;E [ (8)

Furthermore, the voltage stress calculation, component selec-
tion, and boundary condition of the inductors are demon-
strated in the subsequent sections.
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E. VOLTAGE STRESS CALCULATION

During the OFF time condition, the semiconductor switches
S1 and S» and diodes D1, Dy, D3, and Dy experience different
values of voltage stress according to the design of the con-
verter. The switch and diode voltage stress of the proposed
converter can be found by the following mathematical expres-
sions.

[ 1
V —
S1 (1 —D) i
_e-D,
1
Vb1 D2 a _ZD) f
Vps = Vpg = —=V;

For the lossless condition, the power should be equal for both
the input to the load side, and hence, it can be expressed as
follows:

[P, =Py
i Vo . (3-D)
Ih Vi = (-Dy

3-D 10
IiZIleﬁIO ()
L= 87D,
| (1—D)y?

where, P;, Py, I;, and I are presented as the input power,
output power, input current, and inductor L; current. More-
over, the current expression for the inductor Ly can be written
as below:
1

(1-D)
The mathematical expressions of the converter components
are presented in the next subsection.

I1h = Iy an

F. DESIGN OF THE COMPONENTS

The value for the inductor and capacitor can be determined
with the help of the parameters, D, fs, V;, Vo, and R and their
mathematical expressions can be written as follows:

V.D
1 =
Alpafs
2Ve1D
2 pr—
Alpofs
12
Iei(1— D) 12)
Cl=C =" "=
AVcifs
Ic3(1 —D
s = c3( )
AVcsafs

The determination of the boundary condition for the proposed
converter has been explained in the next subsection.

G. BOUNDARY CONDITION

In order to determine the desired continuous conduction
mode (CCM) operation, the converter should maintain the
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following conditions. The relevant boundary relations of the
proposed converter are provided in the subsequent mathemat-
ical equations in (14)-(15).

T > 18 : CCMmode
T < 13 : DCMmode (13)
T = 15 : Boundary mode
(3 — D)l
~ (1-Dy
Al = .

I
1

Lifs
Us I (14)

ILioniny = It —
D(1 — D)*R
12
2(3 — D)fs
CapDy,
AL, = 2V

LZfS N (15)

I

I26miny = T2 —
D(1 — D)*R
(3 —D)fs

The normalized inductor time constant for inductors L; and
L, can be written as follows:

2 =

2L fs
T = R
16
Lofs (16)
) = ——
R

The boundary normalized inductor time constant (tp;) and
(tp2) can be finally written as follows:

. D(1 — D)*
Bl = ————

DDy (17)
B2="3 "Dy

From Figure 7, the boundary condition for the proposed
converter can be determined for the CCM mode of operation.

H. DISCONTINUOUS CONDUCTION MODE OF PROPOSED
CONVERTER

The discontinuous conduction mode (DCM) of operation
takes place when the inductor’s current becomes zero.
According to Figure 8, the proposed converter has three states
in DCM operation. In mode-I (0 < ¢t < DTys), when the two
semiconductor switches (S; and S») are ON, the CCM and
DCM are the same. The inductor current ramps up according
to the CCM mode-I as depicted in Figure 4(a). The peak
inductor current values can be written as follows:

Vi
IL1(peak)y = L_lDT (18)
I —Ves=2Wei= 2 pr (19)
Loeak) = V3 =2Ve1 = 1-DL
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In mode-II (DTs < t < D,Ts), both the switches are
turned OFF and inductors are demagnetized. Consequently,
the inductor current reaches zero similar to the mode-II oper-
ation of CCM as shown in Figure 4(b). The peak inductor
current can be written in terms of D, as follows:

3Vi— Vo(1 — D)

I1o(peaky = WDaT (20)

In mode-IIT (D,Ts < t < Ts), both the switches remain
in the OFF state and there will be no current flow through
the inductors. During this period, the load current will be
fed by the output capacitor as seen from Figure 9. By using
equations (18), (19), and (20), the (D,) can be expressed as
follows:
2ViD

T 3Vi— V(1 = D)

Again, the output capacitor current can be written by the
following expression:

2D

a

1
Ico = EDaILZ(peak) -1 (22)

By substituting (20) and (21) in (22), the output capacitor
current can be rewritten as follows:

_ 2Vi2D?Ty

~ [3Vi— Vo(1 = D)1 = D)La
Further simplifying the equation of (23), the voltage gain for
the proposed converter in DCM mode can be expressed as

follows:
1 /917, +4D?

Mpcu = >1-D) 3+ _ 1 (24

Ico Iy (23)

where the inductor (L;) time constant (t77) is %.

I. NON-IDEAL VOLTAGE GAIN OF PROPOSED CONVERTER
The non-ideal behavior of the proposed converter shows a
practical voltage gain scenario and range that can be utilized
during the converter’s operation. The nature of the non-ideal
gain of the proposed converter is to provide a peak value of
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gain at a certain duty cycle. The non-ideal nature of the con-
verter is caused by the inductor’s equivalent series resistance
(ESR), drain-to-source resistance of MOSFET, and forward
voltage drop of diodes. The ESR of the inductors has more
impact on the gain of the proposed converter which can be
found in Figure 10. As from Figure 10, it can be seen that
the gain of the proposed converter remains the same until
the duty cycle 0.5 and the non-ideal gain starts to appear
after 0.5 and onward. The difference between the ideal and
non-ideal gain of the proposed converter increases with the
increase of the duty cycle. The proposed converter reached
its maximum gain at a duty cycle of nearly 0.72. However,
keeping the output voltage constant, when the output power
is increased, the non-ideal effects get increased on the gain
of the proposed converter. As a result, the non-ideal gain of
the proposed converter is different at different output power
after the duty cycle of 0.5. Furthermore, by keeping the ESR
value of the inductor lower, the gain profile of the proposed
converter can be increased further.

Ill. POWER LOSS CALCULATION

The power loss computation of the proposed converter has
been carried out by considering the equivalent circuit of the
proposed converter, depicted in Figure 11. From the circuit,
the non-ideal behavior of the proposed converter can be
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analyzed by considering the relevant factors such as the ESR
of the inductor and capacitor, the conduction and switching
loss of the semiconductor switch, and the forward voltage
drop of the diodes. When both the switches S; and S, are
ON, switching and conduction loss take place and that can be
expressed by the following equations:

PS(CO”d) = [ISZl(rms) + I.S%Z(rms)] TS

Ps1Ton+orr)fs | PsaTonN+oFR)fs 25)
2 2

Pstotal) = Ps(cond) + Ps(sw)

PS(SW) =

where (rs) is the ON time resistance of the switch. The
power loss of the diodes are calculated by considering the
diode’s ON time resistance (rp) and forward voltage drop
(VF). The diode power loss can be expressed by the following
mathematical expressions.

172 2 2 2
PD(’D) - [IDl(rms) + ID2(rms) + ID3(rms) + IDO(rms)] D
Ppgy = [Upi(avg) + ID1(avg) + ID1(avg) + ID1(avg)] VF
Ppotaty = Pp(rp) + Pp(vir)
(26)
Similarly, the ESR (1) and (r¢) of inductors and capacitors

are responsible for the power loss of these passive compo-
nents and can be expressed as follows:

PL(total) = [Il%l(rms) + II%Z(rms)] L (27)
2 2 2 2
Pcqotay = Ue1(ms) T 1¢26ms) T 1¢3¢ms) T 1coems)] T
(28)

At this point forward, the total power loss contributed
by all the components can be calculated from the
equations (25)-(28), which is written as below:

P(Tatal—Loss) = PS(lotal) + PD(totul) + PL(tuml) + PC(total)
(29)

Finally, the efficiency of the proposed converter can be eval-
uated from the following expression.
Py

n=——x100% (30)
Py + P(Total—Loss)
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The next section provides the comparative performance
analysis of the proposed converter along with the similar
conventional converters.

IV. COMPARISON WITH CONVENTIONAL HIGH GAIN
TOPOLOGIES

The notable features of the proposed converter have been
summarized in Table 1 along with other recently proposed
similar high voltage gain quadratic and cascaded convert-
ers presented in [29], [37], [40], [41], [42], [44], and [45].
Additionally, the relevant performance analysis of the pro-
posed converter is compared, considering the voltage gain,
semiconductor switch, diode, and capacitor voltage stress.
From Figure 12(a), the input-to-output voltage conversion,
i.e., voltage gain (M) of the converter is analyzed with respect
to the duty cycle (D). It can be seen that the converters
proposed in [7], [29], [33], [34], [37], [40], and [41] have
the lowest voltage gain profile compared to others in the out-
come. On the other hand, the gain range has been improved
in [7], [34], and [42], where the initial gain was high in [42]
unto a duty ratio of 0.5 but [7] showed a decent rise after
0.5 compared to [42]. Furthermore, the voltage gain has been
much improved in [45] and the proposed converter, compared
to all the previous topologies. It can be noted that the pro-
posed topology can attain a voltage gain of around 10 which is
the same as [45] and 1.67 times more than [42]. For achieving
such an ultra-high level voltage gain, the proposed converter
only utilizes 2 more components (1 capacitor and 1 diode) on
its structure as compared to [42] but reduced 4 components
compared to [45]. In contrast, the topology in [44] shows the
highest voltage gain profile among all topologies. However,
it can be seen that the total number of components utilized,
is more in [44] than the proposed topology. In terms of the
electric voltage stress on the semiconductor switches S; and
S», the proposed converter shows superior performance than
others, which can be observed from Figure 12(b) and (c).
Although the conventional converter suggested in [42] pro-
vides a good voltage stress profile for switch Sy, it generates
the highest stress profile for the other switch S». Furthermore,
in most of the conventional topologies, the voltage stress
on the capacitors C; and C, are the same and hence, the
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TABLE 1. Comparison with different topologies.

Topology | Ref- [40] | Ref- [33] | Ref- [7] | Ref- [34] | Ref- [44] | Ref- [45] | Ref- [42] | Proposed
Switch 2 2 2 2 1 1 2 2
Diode 3 2 3 3 6 6 3 4
Inductor 2 2 4 3 2 3 2 2
Capacitor | 3 3 5 4 5 6 3 4
Total 10 10 14 12 14 16 10 12
v /V' 1_D+D? D? 2D(2—D) D(1+D) 2(2—D) 3—D 1+D 3—D
o/ Vi (IID)Q (1—1D)2 (1TD)2 (1—113)2 (1—D)? (1-D)? (1—113)2 (1—113)2
V31/V2: (D) (1-D) (1-D) = 1 D__ (%Ig) 1-D)
Vs2/ Vi (1-D)? (I-D)? (I-D)? (i-D)? . = (-D)? (-D)?
. 1 1 _ T 1 1 1 1 1
Vo1 /Vi a-D) [=5)] 1-D i-D) (i-D)? (1-D) a-o) (1-D)
Voo /Vi 1-2D - 2-D D 1 1 1 1
D2/ v (1-D) (1-D)? (1-D)? (1—1D) (171D)2 (1-D) (15D)
Vps/V'i X - X —— 1-D) (1—D)2 x (1-D)%
VDO/Vi 2D—1 D . (2—D) D 2—D 1 2 2
(1-D)? (i-D) -py | (0-D) (-D) (1-D) (1-D)* 1-D)
. —1 I I L 1 1 1 1
Ver/Vi §=5) (17313) LS%EDB (151:)) a-n) (1-D) (1-D) (1—-D)
Vi /V’L L — D)2 —D) — 2 —1 L L
c2/ Ve I-D) a DQ) ((12—%))2 Dl(lf)D) (1-D) (1-D) (1-D) (1—2D)
VC3/V7/ — (1-D)? (1-D)? (1-D)2 X (I—D)? X a-D)
CsSC v v v v v v v v
SG v v v v X v v v
Gain (M) Switch (S1) Switch (S2)
/
20 [41] [46] — 20 [41] [46] — 20 [41] [35]
s o —ton / g i / s 2 7
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; ! ~ 5 (g ; J g 10
0 0 0
0 02 04 06 08 0 02 04 06 038 0 02 04 06 08
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FIGURE 12. Comparative performance curves: (a) D vs Vy/V;, (b) D vs Vs /V;, (c) D vs Vs /V;, (d) D vs Vcq 2/V;, (€) D vs
Vcs/Vi, (f) D vs Vpy /Vi, (8) D vs Vi3 /Vj, (h) D vs Vp3/V;, and (i) D vs Vpo/V;.

outcome can be visualized from Figure 12(d), where it is
seen that almost all the topologies have the same voltage
stress on capacitors C; and C except [33]. On the other
hand, the same analysis has been carried out for the capacitor
C3 utilized in [7], [33], [34], and [45] and proposed converter,
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which is depicted in Figure 12(e). From Figure 12(e), it can
be observed that initially, the proposed converter exhibits a
tendency to generate more capacitor voltage stress compared
to all, but eventually, the outcome gets settled below the
range of [45]. In Figure 12(f) and (g), the voltage stress
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FIGURE 13. Simulation results: (a) Conventional topology: Vo, V1 2. Vs1 2. Vp1,2 and Vp, (b) Proposed topology: V;, Vy, I; and Iy,
(c) Proposed topology: V;, I;1. Vi, and Ij, (d) Proposed topology: Vp, ,, Vp3, and Vpy, (e) Proposed topology: Vs, Vs3, Vcy » and Vcs.

on diode Dy and D, are compared and from the outcomes,
it can be found that the proposed converter has very low
stress profile compared to [7], [33], [34], [44], and [45] for
the diodes D; and D respectively. In contrast, the voltage
stresses on the diode D3 and Dy of the proposed converter
along with the converter [42] for diode Dy, are higher than
other conventional converters which can be found in Fig-
ure 12(h) and (i). From the overall comparison, it can be
summarized that the proposed converter shows comparatively
superior advantages compared to the two switched-based
cascaded boost converters [7], [34], where the total number
of the components are the same as the proposed in [34]
and more in [7]. Furthermore, other ultra-high gain con-
verter topologies suggested in [44] and [45], utilized far more
components compared to the proposed converter, hence the
effective index, which indicates the ratio of the voltage gain
to the total component number of the converter, is reduced.
Although the proposed converter used two more components
than [42], the overall performance in terms of voltage stress
on the components Si, S2, D1, D2, C1, and C, are signifi-
cantly improved while attaining high output voltage gain
with a lower value of duty cycle. The next section provides
the detailed results and analysis, obtained from the simu-
lation and experimental studies along with the efficiency
outcome.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. SIMULATION RESULTS

The simulation study has been performed using the Mat-
lab/Simulink software. To evaluate the performance of the
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proposed converter, the input voltage (V;) was taken as 12 V
along with the duty ratio (D) of 0.4. The proposed con-
verter can attain a voltage gain, M = 7 at 40% duty cycle.
According to the mathematical equation (7), the gain can be
counted as nearly 7.22. In order to compare the performance
during the ultra-high voltage gain operation, the simulation
results of the conventional converter [42] are presented in
Figure 13(a). From Figure 13(a), it is evident that the con-
ventional converter is required to operate at a duty cycle
of 54% to generate the same voltage gain as the proposed
converter. Notably, the conventional converter had to utilize
14% more ON time to generate that targeted ultra-high level
voltage gain. During this time, the output voltage became
Vo = 85 V with a capacitor voltage of around V¢ 2 =26V,
which can be observed from Figure 13(a). Furthermore, the
switch voltage stress is found as Vg1 =26 V and Vs, =85 V.
In addition, the voltage across diodes Dj > and Dy are found
as 26 V and 113 V respectively. In contrast, the simulation
results of the proposed converter have been presented in
Figure 13(b)-(e), where from Figure 13(b), it can be found
that the proposed converter is capable of generating an output
voltage of around Vjy = 85 V with the same input voltage and
a duty ratio of 0.4. Moreover, the input and output current
(I;) and (Ip) were found as 6.5 A and 0.88 A respectively.
From Figure 13(c), the inductor L; voltage during the ON and
OFF time was found as Vy1ony =12 Vand Vp1orF) = =8 V
whereas, the voltage across inductor L, was Vion) =40V
and VyooFFy = —26 V according to (1) and (2). The inductor
currents (I11) and (/1) during this operation were found as
6.5 A and 1.5 A respectively. Due to the utilization of a
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TABLE 2. Specification of components.

Components Specifications
Inductor (L1, L2) 1 mH, 490 H
Capacitor (C1, Cs, C5, Cy) 100 uF

Switching Frequency (fs) 10 KHz

Load Resistance (R) 100 Q2
Semiconductor Switch (S, .52) | HGTG20N60A4D
Diode (Dl, DQ, D3, Do) MURS840

Gate Driver IC TLP250

Digital Signal Processor TMS-320F28027F

lower duty cycle, the voltage stress became less on diodes,
semiconductor switches, and capacitors, compared to the
conventional converter. From Figure 13(d), it can be found
that the diode D > and Dy voltages became 20 V and 66 V
respectively. In addition, the switch S1 and S voltages were
found as Vg1 =47 V and Vg, = 20 V from the Figure 13(e)
whereas, the capacitor voltage for C; 2 and C3 were V12 =
20 V and V3 = 40 V respectively. From the overall simu-
lation results and analysis, it can be noted that the voltage
stress on Dy and S» of the proposed converter are reduced by
41.6% and 44.7% respectively to the conventional one. Apart
from that the capacitors C; 2 and diodes D » were found to
experience less voltage stress compared to the conventional
topology during a high voltage gain operation.

B. EXPERIMENTAL RESULTS

A 150 W laboratory prototype has been developed to validate
the performance of the proposed converter that is shown
in Figure 14(a) along with the overall experimental setup
given in Figure 14(b). The specification of the components
is provided in Table 2. During the experiment, the PWM
signal with a 40% duty cycle was applied to generate the same
voltage gain achieved from the simulation results according
to the theoretical equation (7). From Figure 15(a), the output
voltage (Vp) and current (Ip) can be found around 80 V
and 0.85 A respectively, which generates the voltage gain
of around 6.67 from an input DC voltage of 12 V. From
Figure 15(a), it is found that the output voltage was slightly
less than expected, i.e, 6.6 V due to voltage drops across other
components. However, the experimental outcome closely
matches the theoretical and simulated outcomes.

The inductor L; voltage during the ON and OFF period
was Vriony = 12 V and Viorr) = —8 V with a contin-
uous current of 6.3 A, which can be found in Figure 15(b).
On the other hand, the voltage and current values for inductor
L, can be found in Figure 15(c), where Vizon) = 36 V,
Viaorr)y = —25 V and I = 1.46 A respectively. During
the high voltage gain operation, the voltage generated across
the terminals of capacitor C; and C, are the same and can
be found in Figure 16(a), where Vci2 = 19 V and also the
switch S voltage became Vg; = 18 V. Furthermore, from
Figure 16(b) and (c), the capacitor C3 voltage and switch
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FIGURE 14. (a) Prototype of proposed converter, and (b) Experimental
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S> voltage (Vs2) can be found as 36 V and 46 V voltage
respectively. There was a slight voltage drop of around 4 V
and 7.3 V across the C3 and Sy according to the theoretical
equation (9). In contrast, the diode voltage across D and
D» are the same and that can be observed from Figure 17(a)
where, the voltage across both the diodes was found as 19 V.
On the other hand, the voltage experienced by diode D3 was
Vp3 = 62 V according to Figure 17(b). Although the volt-
age stress on diode D3 is high compared to D; and D>,
the value is less for the output diode Dg, which is around
Vpo = 63 V. It should be noted that Dy experienced less
voltage compared to the conventional converter while gen-
erating the same high voltage boost. As a result, the diode
voltage stress Vpo/V; became 5.55 according to equation (9)
and which is 5.25 as per the experimental outcome shown
in Figure 17(c). This phenomenon is the same for S, also,
as the voltage stress for switch S follows the voltage gain
formula in the conventional converter. In that case, the pro-
posed converter reduced the switch voltage stress Vg2 /V; to
4.44 according to equation (9) and Figure 16(c). Although
it can be found that all the experimental outcomes shown in
Figure 15-17 nearly align well with the theoretical framework
and the simulation results demonstrated in Figure 13(a)-(e),
still there exist some discrepancies between them due to the
non-ideal behavior of the components. There is a percentage
deviation of around 5.88% between the simulation and exper-
imental values of the output voltage. This difference is mainly
due to the forward voltage drop of diodes, MOSFETsS, and
the voltage drop across inductors and capacitors. The equiv-
alent series resistance of the capacitors and inductors caused
around 10% and 3.85% of the voltage drop which ultimately
affects the output voltage. Furthermore, the drain to source

11359



IEEE Access

N. Subhani et al.: Improved Non-Isolated Quadratic DC-DC Boost Converter With Ultra High Gain Ability

Auto M Pos: 0.00 s =, CH2

Vo [20 V/ div]

To [0.5 A/ div] Time [50 S/ div]

Chi 200V 50.0mV M B0 s
(@
Trig'd M Pos: 000 s 2 CH1

Vi [10 V/ div] VLI(ONg= 12V

IL1(Ave) =6.3A

O A

VLI(OFF) = -8V

L1 [2 A/ div]

Time [50 pS/ div]

0.0V che 200mv M 500 s
(b)
Trig'd M Pos:-10.000 us = CHe
+
Vi2 [20 V/div] :
Ve2(0N)=36V

__l__ VL2(OFF) :§-2SV
L2 [2 A/ div] Time [50 uS/ div]
o fo0y R 200mv MEDO s
(c)

FIGURE 15. Experimental results: (a) Output voltage (V) and current (/y),
(b) Inductor, L, voltage (V;;) and current (/;;), and (c) Inductor, L, voltage
(V) and current (/;,).

resistance (Rds) of the MOSFETSs caused around 10% and
2.12% deviation on the experimental results. It is noteworthy
that toroidal inductors, switching diodes, and semiconductor
devices play important roles in getting promising experimen-
tal outcomes. Hence, the performance of the converter can be
further improved by ensuring high-quality inductors having
lower internal resistance, fast recovery diodes with lower
forward voltage drop, and MOSFET with lower Rds value.
The efficiency outcome of the conventional converter [42]
and the proposed converter were carried out with a fair con-
dition in the simulation platform and the outcome has been
shown in Figure 18. From Figure 18, it can be found that
the proposed converter possesses higher efficiency outcome
unto a duty cycle of 0.4 whereas the conventional converter’s
highest efficiency peaked at around 93.4% by a duty cycle of
0.5. After the value of 0.5 and onward, the efficiency of both
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FIGURE 16. Experimental results: (a) Capacitor, C; voltage (V) and
switch, S, voltage (Vs,). (b) Capacitor, C5 voltage (V¢3), and (c) Switch,
S, voltage (Vs,).

converters starts to decrease for the high load current. The
experimental efficiency outcome from Figure 19 shows that
the proposed converter reaches the highest efficiency of 90%
while delivering power of 80W from the source. Furthermore,
the efficiency of the proposed converter under different duty
cycles has been extracted and shown in Figure 20, where
the efficiency of the proposed converter shows the same
characteristics as the simulated outcome shown in Figure 18.
However, due to the practical losses associated with the
converter’s components, the proposed converter reached a
maximum efficiency of 90% at 0.4 duty cycle. It should be
noted that the efficiency of the proposed converter can be
further improved by using high-quality circuit elements. The

VOLUME 11, 2023



N. Subhani et al.: Improved Non-Isolated Quadratic DC-DC Boost Converter With Ultra High Gain Ability

IEEE Access

Trig’d M Pos: 000 gs < CH2
Diode voltage, (VDI1)

19V -

Vpi [10 V/div]
@8 00V

Time [50 puS/ div]

M BOO s

Ch1  Off

(a)

Trig'd M Pos: 000 ¢#s e CHe
¥

Diode voltage, (VD3)

Vb3 [20 V/ div]
ol Off &8 o0V

Time [50 S/ div]

MBOQ s

Trig'd M Pos: 000 is L3 CH2

Diode:voltage, (VDo)

Vo [20 V/ div]
o Off &8 200V

Time [50 pS/ div]

MBQO s

(c)

FIGURE 17. Experimental results: (a) Diode, D, voltage (Vp;), (b) Diode,
D5 voltage (Vp3), and (c) Diode, D, voltage (Vp,)-
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FIGURE 18. Efficiency comparison.

power loss distribution shown in Figure 21, illustrates that
the diodes contributed 4% of the power loss whereas, the
semiconductor switches accounted an amount of 2% to the
overall loss. On the other hand, the inductors and capacitors
curtailed 3% and 1% to the overall loss respectively. Accord-
ing to the findings and analysis, the proposed converter shows
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FIGURE 21. Power loss distribution.

a competitive efficiency outcome besides high voltage gain
and reduced device voltage stress performance.

VI. CONCLUSION

In this article, an improved non-inverting quadratic boost
converter has been proposed. The proposed converter attained
an ultra-high level of voltage gain with a low-duty cycle and
hence, the generated voltage stresses on the devices were low.
The proposed converter established a good trade-off between
the voltage gain and the overall size of the design, due to the
low device voltage stress and less component utilization com-
pared to the conventional topologies. In addition, the CSC
facility ensured the prolonged life of the source as well as
omitted the need for the input filter in renewable energy appli-
cations. Although the voltage stress of capacitor C3 and diode
Dj are relatively higher, i.e., 2 and 3.3 times respectively
than C; and Dj, the stress value became significantly
lower for Do and switch S, i.e., 41.6% and 44.7% compared
to the conventional topologies. The proposed converter has
demonstrated very superior outcomes in terms of most of
the factors accounted for during the comparative performance
analysis with relevant conventional topologies. However, the
proposed converter requires two separate control power sup-
plies due to the utilization of two semiconductor switches
without common ground. Hence, the overall system cost gets
hampered for the lower budget converter applications. As the
same issue exists in both the conventional [42] and proposed
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structure, so future work will deal with the solution to ensure
the common ground between the switches, which ensures
the reduced system cost of the converter setup. Based on
the power loss analysis, the efficiency outcome of the pro-
posed converter was found 90% while delivering the power of
around 80 W with a 150W prototype. The results from both
simulation and experiment well aligned with the theoretical
studies and proved the credibility of the proposed converter
as a suitable high voltage gain power electronic converter for
the photovoltaic applications.
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