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Abstract: The application of the high gain boost DC-DC converter is gaining more attention due to an
increasingly wide range of applications for sustainable green energy solutions, as well as other high
voltage applications. In this study, a modified high gain quadratic boost converter is proposed using
a single switch. The proposed topology is a member of the family of the non-isolated category with a
common ground feature and can operate in a wide range of duty ratios, and is able to provide the
required voltage gain. In this proposed circuit configuration, a dual voltage boost cell was formed by
incorporating two capacitors in series with two inductors of a conventional quadratic boost converter.
Additionally, a capacitor was integrated with a second voltage boost cell. This special configuration
increases the voltage gain as well as reduces the voltage stress across the switch. To show its feasibility,
a 200-W prototype setup with 48 V input and 400 V output was designed, and the required PWM
signal was fed from the microcontroller unit. A detailed analysis of the design parameters and losses
are formulated and are shown in this paper. The simulation was performed in SIMPLIS software,
and the experimental results agreed with the obtained output voltage gain. The proposed topology
showed a peak efficiency of 94.5% at 150-W output power after considering the power losses in all
the components of the PCB.

Keywords: DC-DC converter; quadratic boost converter; high voltage gain; non-isolated topology;
ultra-fast recovery diode

1. Introduction

The global warming problem is becoming more severe nowadays, due to which, re-
search across all disciplines to reduce greenhouse gases is ongoing. Generally, the burning
of fossil fuels is the largest source of greenhouse gas production [1]. To make our environ-
ment cleaner, renewable energy is the most effective solution currently available. Although
nuclear energy has the potential to provide sustainable green energy, its post-process (i.e.,
containing the nuclear waste) is very dangerous to our environment, and its harmful effect
will continue for many years because of the exponential decay process [2]. Renewable
energy, mainly solar power-based energy, is the only viable source for enormous amounts
of energy, which very soon could fully substitute fossil fuel-based energy systems [3]. How-
ever, due to certain limitations, each solar photovoltaic cell generates a very low output
voltage in terms of DC bias, whereas many appliances which utilize electricity have until
now required a much higher voltage level, both in terms of AC and DC. In order to boost
the output voltage and power level, a series and parallel connection of solar cells were
performed, but that is still not sufficient enough [4]. On the other hand, the output voltage
of the solar module can provide a maximum of 48 V, so to provide the required voltage level
for the electronics, a converter is required that offers the necessary solution by working in
the form of energy conversion, i.e., a boost converter. Additionally, appliances that require
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a voltage level in the range of the available bias that a solar module can provide are still
in need of a buck-boost converter [5-7] to maintain the voltage regulation. Moreover, as
transportation systems are shifting from fossil fuel-based power to electric vehicles [8], in
order to drive the vehicles the power converter needs to be capable enough to provide
a sufficient voltage level for the inverter to drive the main drive system, i.e., high rated
induction motor including the other application parts of the electric vehicle [9]. In addi-
tion, the application of high voltage gain DC-DC converters for industrial application has
been seen for a long time [10], and in the future, they need to become more compact and
sophisticated to maintain the sustainability for an application in industry 4.0 [11-14]. As
a result, the research on boost DC-DC converters is drawing more and more attention as
their potential application is increasing substantially. In Figure 1 the general application of
DC-DC converter is presented.

Battery

Other
Resource

znmumuvl High Voltage DC BUS 1

1 i 4
Distributed
AC Resources

Figure 1. Application of integrated DC-DC converter for the next-generation energy system.

In general, theoretically, the well-known traditional simple boost converter can achieve
a high gain (i.e., 10 times) at a duty ratio near 90-95%, but practically, it is impossible to
achieve due to the presence of parasitic resistance in passive components, as it limits the
charging current in the inductor loop [15]. Additionally, operating at a very high duty
cycle may create a reverse recovery problem for the power diode, so it reduces the system
performance by increasing the conduction loss of the converter, which further limits the
system efficiency [10]. To overcome all these challenges, the operation of the boost converter
is preferable at a lower duty ratio [16]. The reported quadratic boost topology has the
potential to boost the voltage level by following the quadratic equation, which, interestingly,
can provide much higher voltage gain at a lower duty ratio [17]. In addition, several other
techniques have been extensively employed to boost the voltage gain, and the Voltage
Multiplier Cell (VMC)-based configuration is one of them [18]. A switched capacitor-based
DC-DC converter has already been reported by various research groups [19,20]. Though
it has a very simple structure and is an effective technique that provides a high voltage
gain by reserving a very low space for the converter, a high inrush current is one of the
major problems for this switched capacitor VMC-based boost converter. To overcome this
issue, numerous different topologies have also been reported so far [21-27]. Additionally,
the high gain boost converter can also be classified as isolated and non-isolated types.
Normally, the isolated topology uses magnetic coupling (i.e., coupled inductor) between
the source and load to provide the isolation [21-25]. Moreover, coupled inductor-based
proposed converters are quietly very popular due to their capability for providing very high
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voltage gain by changing the turn ratio, but an extra clamp circuit is needed to improve
the system efficiency [28,29]. Moreover, though it increases the voltage gain a more precise
magnetic design is also needed. In addition, in most of the reported coupled inductor-
based boost converters, the authors have designed the magnetics by a 1:1 or sometimes
1:2 turn ratio [28]. Owing to having complexity, the overall cost is always increased for a
coupled inductor-based configuration. Moreover, for high power applications, the resonant
converter, mostly the LLC topology, has been showing its potential over recent decades.
However, from the cost and control point of view, it is much more complex, and the
complexity level increases when more switches are used for the possible application [26,27].
Another major drawback of the conventional boost and conventional quadratic boost
converter is the voltage stress across the switching device, which is very high as the value
of the stress voltage is exactly equal to the output voltage [29-31]. Many research groups
have already proposed new techniques that can reduce the voltage stress up to a certain
limit [32,33]. Although some reported results have reduced the voltage stress across the
switch but in order to do that, in most cases, the converter lost its simple common ground
feature [34,35]. So, the integration of more passive components with series and parallel
inductors of quadratic boost topology is one of the potential solutions for non-isolated based
QBC, which not only helps to increase the voltage gain with lower duty but also fulfills the
general requirement by reducing the voltage stress across the switch including the easy
control technique. Additionally, inductors dominated by VMC utilize more inductors (i.e.,
more than two inductors) which further increases the converter size [36].

In this study, a new, modified high gain quadratic boost converter is presented, which
was constructed with consecutive mixed voltage boost cells. The proposed converter could
be used in various applications where a non-isolated high gain DC-DC converter could be
considered. It has various advantages over recently reported non-high gain DC-DC boost
converters, which are listed as follows.

1. Using only a single switch, the high voltage gain is achieved, which is the first
potential advantage over other reported studies where more switches have been used
to boost the voltage level.

2. Another advantage is the control strategy which is generally very easy for a single
switch-based topology.

3. The voltage stress across the power MOSFET switch of the proposed study is very
low, which is half of the output voltage.

The detailed circuit description of the proposed topology with the proper evolution
process is discussed in the following section, and then the ideal and non-ideal voltage gain
is calculated. After that, the design of the passive components and the efficiency calculation
was conducted. In the later section, the comparison study was conducted, followed by the
simulation and experiment results analysis. In the later section, the gain and phase plots
are shown for stability analysis.

2. Evolution of the Proposed Modified Quadratic Boost Converter
2.1. Conventional Quadratic Boost Converter

The conventional quadratic boost converter is comprised of two inductors, L1 and Ly,
three diodes, D1, Dy, and D3, a single switch, and two capacitors, C; and Cy. The circuit
diagram of the CQBC is shown in Figure 2.

In a conventional quadratic boost converter, during the first mode of operation, when
the switch is on, the inductor L, is charged by the source voltage, whereas the inductor
L, is charged by the capacitor C;. At this instance, the diode D3 will be on reverse bias,
and the output capacitor, Cy, will transfer the energy to the load. During the second mode,
the diode, Dj, will be on reverse bias, and both of the inductors transfer the energy to the
load through diodes D, and D3 with a boosted voltage, following the voltage gain formula

(1—151) where the two capacitors store the energy.
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Figure 2. Circuit configuration of Conventional QBC.

2.2. Quadratic Boost Converter with Single Voltage Lift Cell

In this modified QBC shown in Figure 3, the additional capacitor C; is connected in
series with inductor Ly, which plays a significant role in boosting the output voltage as well
as reducing the voltage stress across the switch. In this topology, when the switch is on, the
capacitor Cq, which transfers the energy to the inductor L, also charges the capacitor Cp
through the diode D, at the same time the inductor L; is energized by the input voltage.
During the second mode of operation, both the inductor L;, Ly, and capacitor C;, are
involved in boosting the output voltage. The output voltage of this modified topology
is higher than the conventional quadratic boost converter, followed by the voltage gain

((12::))2. The voltage stress of this proposed topology is reduced significantly to a

certain limit which is another advantage over the CQBC.

formula

D,
Pt D,

L, L . |
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v

Figure 3. Circuit configuration of modified QBC with voltage lift capacitor integrated with series
with Inductor L,.

2.3. Quadratic Boost Converter with Dual Voltage Lift Cell

Further, the output voltage can be boosted by implementing the same technique with
the first inductor, L;. The proposed circuit topology by Shahrukh khan et al. [37] is shown
in Figure 4 where two capacitors, C; and Cy, are connected in series with the inductors L,
and L, respectively.

During the first mode of operation, the first voltage lift cell (i.e., L; and C;) is charged
by the source voltage through diode D,. In this mode, the necessary charging current for the
capacitors C; and C; is provided by the source through the diode D; and Dj3, respectively.
Whereas, the second voltage lift cell (i.e., L, and C;) is charged by the capacitor C;. During
mode 2, the four passive components (i.e., L1, Ly, Cq, Cy) transfer the energy to the load
2-d)*
=

with a voltage gain following In [37], the characteristics of the converter were

proposed and studied.
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Figure 4. Circuit configuration of dual voltage lift proposed at [37].

2.4. Proposed Modified Quadratic Boost Converter with Integrated Dual Voltage Lift Cell

The generalized circuit diagram of the proposed converter is depicted in Figure 5. The
studied high gain boost converter consists of two inductors, L; and L, five capacitors Cy,
Cy, C3, Cy4, Cp, and six diodes Dy, Dy, D3, Dy, D5, Dg, and most importantly, a single power
MOSFET switch S;. The first voltage boost cell consists of four components, i.e., L1, Cy,
Dy, Dy, whereas the second integrated voltage boost cell consists of five components, i.e.,
Ly, Cy, C4, D3, and Dy. Both the configuration during two-mode of operation is discussed
in a later section. In order to calculate the ideal voltage gain of the proposed converter, it
was assumed that all the passive components were lossless and ideal. Additionally, the
diode forward voltage drops and the parasitic resistance were ignored for calculating the
ideal voltage gain, whereas, in the later section, the non-ideal voltage gain was calculated
considering the diode forward voltage drop. Details of the characteristics of the two-mode
operation are discussed as follows.

At + G==R :
Ve - (‘.\::_ S‘ll._ _‘.

==

Figure 5. Circuit diagram of the Proposed converter.

2.4.1. Operation Principle and Ideal Voltage Gain Calculation, Continuous Current
Mode (CCM)

Mode 1 [0, DT]: Switch ON, Dy, D,, D3 ON

When the switch was turned on by the PWM signal, the drain terminal was connected
to the ground internally; as a result, the energy transfer process occurred from the source to
the passive component and from the passive component to other passive components (i.e.,
capacitor to inductor). The corresponding circuit configuration is shown in Figure 6.

During this mode of operation, the diodes Dy, D;, and D3 will be forward biased and
will carry the necessary current to transfer the energy. The diodes Dy, D5, and Dg will
be reverse biased during the first mode of operation. The inductor L; and capacitor C;
are charged by the source voltage (i.e., V) through diode D;, where the charging current
of the capacitor C; is supplied by the diode D;. In the second integrated voltage lift cell,
the capacitor Cj transfers the energy directly into the inductor L, and the capacitor C; is
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charged by the summation of the voltage source supplied by the capacitors Cz and C4. On
the other hand, the output capacitor C transfer the necessary load current to the load.

=

Co S

=y | g
—_— e —
MWV
|<+

l<

GND L
Figure 6. Circuit configuration during the first mode of operation.

The characteristics equations during the first mode of operation are as follows.

Vin=Vip = Ll% @
Ver = Vin )

Vip = Vez = Lz% 3)
Vea = Vs + Vey 4)
Veo = —Wo ®)

Mode 2 [DT, T]: Switch OFF, Dy, D5, Dg ON

During this interval period, the switch was turned off, ideally with the withdrawal
of the PWM signal. The corresponding circuit configuration during mode 2 is shown in
Figure 7. In this mode of operation, the energy is directly transferred from the source to
the load through the passive component, and it transfers the energy to the other passive
component (i.e., C3, C4). The diodes Dy, Dy, and D3 will be in reverse bias; on the other
hand, the D5 and Dg will carry the necessary current for the load. The charging current for
capacitor Cy is provided by the inductor L, through diode Dy.

. S
' A
L, .Cl+ Ds v L, | IC2+ Ds
— _"rl—_"“‘_, iy _'*_.I |
|+ :_ 1%,
Vo T _ o CO:-R§ R0

GND L
Figure 7. Circuit configurations for the second mode of operation.

The characteristics equation during this mode is derived in the following section.

Vi1 = Vin+ Vo1 — Vs (6)
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Vi1 =2V — Vs (7)
Vea = —Vio (8)
Vi =V + Voo —Wo )

Putting the Equation from (8) and (9) into the Equation (4)

Voo = Vez + (=Viez — Ve + W) (10)
2Ver =V (11)

Vi
Ve == (12)

To obtain the voltage gain, the volt-second method is applied on both Inductor L; and
Ly. The equations are as follows.

/O V() dt =0 (13)
Vip X dT + (2Viy — Vez) x (1 —d)T =0 (14)
_(2-4)
T
/0 Via(#)-dt = 0 (16)
Vs x dT + (Vc3 + Vep — Vo) X (1 - d)T =0 (17)

Putting the value of V¢, from Equations (12)-(17) the below equation is obtained.

ch xdT + (Vc3— ZO) X (1—d)T:0 (18)
Vo= -2 _xv, (19)

Putting the value of V-3 from Equations (15)—(20) the ideal voltage gain of the proposed
converter is calculated as follows.

2(2—4d)
Vo=22"Y v v, 20
0 (]_—d)Z X ( )
Voltae gain (M) = % = ?1(2_111;2 (21)

2.4.2. Non-Ideal Voltage Gain Calculation Considering the Diode Voltage Drop

The diode’s voltage drop is one of the main factors for concern for the deviation of the
output voltage from the actual voltage gain. For the non-isolated-based high gain quadratic
boost converters, mainly in voltage boost cells-based QBC, there are more diodes to store
the energy in the passive components (i.e., the extra passive components for boosting the
voltage). The voltage reduction at each step is added together and reflected in the output
voltage gain. The equivalent series resistance (ESR) value of each passive component was
considered negligible. In the below section, the voltage gain is formulated considering the
diode’s forward voltage drop (i.e., Vp) following the same previous method as discussed
in the earlier section.
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Mode 1 [0, DTT:

Referring to Figure 6, during mode 1 the characteristics equations are as follows

Viin=Viu—Vp (22)
Ver = Vi —2Vp (23)
Vio = Vg3 (24)

Voo = Vez +Vea — Vp (25)

Mode 2 [DT, T]:

Referring to Figure 7, during mode 2 the corresponding equations are as follows

Vi1 =Vin+Ve1 —Vez = Vp (26)
Vi1 =2Vyy — Vs = Vp (27)
Ves=-Vio+Vp (28)
Vio=Ve3+ Voo —Vo—Vp (29)

Now applying the volt-sec balance method to the inductor L; the corresponding
voltage gain was calculated and is shown below.
(2—4d)
(1—d)

(3—2d)
(1—d)

Ves = Vin — Vb (30)
Applying the volt-sec method on Inductor L, and the derived non-ideal voltage gain
is shown as follows )
2(2—d 7—6d+d
Vo = ( 2> Vin — ( 2 )
(1-d) (1-d)

The related waveform of the ripple current of the inductor, ripple voltage of the
capacitor, and the current waveform of the diode and switch are depicted in Figure 8.

Vb (31)

400
120 | —m— -1
N ==L | ssof ~ =
100 |- 300}~ pDeM T\ CCM
DCM \ CcCM
80 250
g =]
2ol o
£ 60 z
.-13 = 150
40
100}
20 S0f=
[ N R N — 0 PR N N S T T T S e

00 01 02 03 04 05 06 07 08 09 10

Duty cycle(d)

(a)

00 01 02 03 04
Duty cycle(d)

(b)

05 06 07 08 09 10

Figure 8. Minimum inductors value requirement for the operation of CCM and DCM and Boundary
condition mode (a) value of inductor L; vs. duty cycle, (b) value of inductor L, value vs. duty cycle
for 150 W load, V;;, 48 V, V,,,+ 400 V.

3. Design Considerations
3.1. Design of the Inductor

The inductors for this proposed topology were designed based on the current ripple
and the applied voltage across it. The differential equation for each of the inductor during
the first mode of operation is stated as follows. The minimum requirement value of the
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inductors was also calculated, which sets the boundary of the CCM and DCM mode of the
converter characteristics.

di
Vi = Ll% = Vin (32)
_ ViudT
Ly = Aips (33)
di
Vip = Lzﬁ =Ve3 (34)
_ VesdT _ (2—d)V;ydT
b2 = Aipy — (1-d)Aip (39)
Aipy = VindT (36)
Ly
. VesdT (2 —d)V;,dT
S P (T 7
The average current through L and L; are as follows
21y 2V
T T a—arR %)
(1-d) (1-4d)
2 2%
l=a"5~a-ar 39)
2V Vi, dT
I = — 40
( Ll)mm (1 _d)zR 2L, ( )
d(1—d)*R
L1 > —F— 41
1 82— d)fe b
2y d@2—d)V;,T
(Ii2)min = (1—d)R  2(1—d)L, 42)
d(1—d)*R
Ly> ———— 43
22 —gp (43)

In Figure 8 the value of the minimum inductor vs. duty cycle was plotted from
Equations (41) and (43) for the condition of the CCM, DCM, and Boundary condition mode
operating mode.

3.2. Selection of the Capacitor

The capacitor was designed based on the ripple voltage AV, the charging current
following through it, the duty cycle, and the switching frequency fs,, respectively. The
corresponding differential equation of each capacitor was formulated and is given below.

Cp= A9 _ AlgdT _ _ (2-d)v
AVCl AVCI (17d)2AVC1fSwR
C, — Dy _ Moyl _ vy
2= AV AVe, (1-d)AVea fawR
AQy  AlesdT v
Cr— D8Qs _ AlggdT 0
3T AV T AV T (1—dPAVefwR (44)
C, — AQs _ AleydT _ vy
4 AVC4 AVC4 (1_d)AVC4f5wR
Cp = AQ1 _ IcgdT _ dvy
0= AVer — AV — RAVgofew
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3.3. Voltage Stress across Switching Device and Power Diode

The ideal voltage stress across power switch and power diodes are formulated and

are shown as follows. In Figure 9 the steady state voltage and current waveform of each
components is shown.

ILl

\%
Vsw = 70
V.

Vp1 = (1_md)
V;

Vpy = (1:;)2

v
Vpg = Vpy = 3

Vps = Vez = Vip = 7(1%”)

_ W
Vpe = 3
DT 1-D)T DT 4T __
: : v.4 ! :
Vin P Vi —Veg gs| : i
H FIRS VN SR PSRRI SRR SR
: >t
>t

/

»

Figure 9. The corresponding steady-state waveform of CCM mode.

(45)
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4. Formulation of Power Loss of the Proposed Studied Topology

To calculate the efficiency, the loss model was developed by considering the loss due
to the parasitic resistance in each component of the system. In Figure 10, the corresponding
circuit configuration is depicted.

=l
- Pt
ﬁl:(-‘ LYY §
- . o= =V
3 v "
043 oy
™ D, 1
' <}
it L
"Df
mo L fa C, ros Ds w L . Tos Dy
AMN—TT _|| J—a -t
—W—TTY + r =1 -
-l . Vos C, ra Vps
Vou o Dy
K c i
- ol sw | 3

GND -L-

Figure 10. Equivalent circuit diagram of the studied converter with parasitic elements in each component.

4.1. Power Losses Calculation in Power Switch

The RMS current-carrying by the switch is denoted as isw,,,, and Psw and Pon+off are
the conduction loss and switching loss of the switch. The corresponding formulated loss is
calculated and is shown below.

(3+2d—d?) <ip>

e = @
2\2 . 2 N2 _. 2
. o (B+2d—d?)"<ip> _ (B+2d—d?) <ig>? ygy
PswCon - lSWrms rsw = W”SW - WTPO (46)

Pow = 2 (< is > V) (ton + togy)

4.2. Power Losses Calculation in Power Diodes

The RMS current following through the diode is represented as ipy,,.. The power loss
due to ESR of the diodes is denoted as P,p, and another loss due to the forward voltage
drop is denoted as Prypy. So, the power loss in each diode is represented as

PDX = VFZUD1< iDX > + lirmszer (47)
. _ 2<ig>
i _ _2<ip>
Plms = (1-a),/(d) )
Ppy = VFtzif%f) + dztfiodjz D2
. _ 2(14d)<ip>
i _ 2(1+4d)<io>
D2 = (e @ »
2(1+d)<i 4(14d)2<ip>
Ppy = Vrupa & (j;_)djép + (dtl),;)ip
1D3,s = <i((’d>)
. <ip>2 (50)
Pp3 = Vrwp3<io >+ g~ D3
. _ <ip>
lD?’rms - (1—d)
(51)

2
. <ip>
Ppy = Vrypa<io >+ (11_70,1) D4
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ms T (1-d)/(1-d)
2<ip> | A<ig>2 (52)
Pps = Vrwps =gy + . ;)3 D5
. . <1p>
1D6rms - (17d)
ig> 2 (53)

Ppe = Vrwpe<ip >+ (<1_7°d) D6
The total loss by the diode can be added together and represented as

6
Ppiotal = Z Pp;
i=1
4.3. Power Losses in the Inductor Due to ESRs

The Root mean square current through the inductor is notified as irx,,,.. The ESRs and
the associated power loss are denoted as rpx and P; x.

. _ 2<ip>
lLlrms - (17{1)2
2

_ 2 _ 4<ip> 4<ip>?
Pry =ir1,,,, 111 = (1_°d)4 =g Od) 5K Py
. 2<ip> (54)
ZLzrms - (] d)

4<ip> 4<10> Y1
r Ll
(1-d) L1 — (1- d)2 R 10

. 2 2
Pry =iy, T2 =

The total loss because of the ESRs of the Inductor can be obtained as
2
Priotar = Zizl Py

4.4. Power Losses in the Capacitor

The power loss in a capacitor due to the parasitic resistance present in a capacitor is
calculated by considering the RMS current flowing through each capacitor and is denoted
as Pcy. The equivalent series resistance (i.e., ESR) of each capacitor is represented by rcy.

i — 2<10>
Cloms = (1= d) A)1-d) 5)
_ 2 _ 44 >2 _ 4« >2
Pc1 = ic1,,Tc1 = i Od)3 re =g Od)a = Po
. o <ip>
Z —_—
C2rms i(1-d) 56
P — 2, <i0>2,, _ <ip>? e p (56)
C2 = C2ys TC2 — d(1—d) c2 — d(i—d) R 0
. _ (14+d)<ip>
Z =
Crms = (1-d)\/d)1-d)
Pon — _ (1+d)? <10> _ (+dP<ig>?rgy (57)
C3 C3,m5 rcs = d(1— d) C3 d(l—d)3 R 10
. . <ip>
1 L | L
Chrms i(1-d) 58
P o 2 _ <i0>2 _ <i0>2 Tc4P ( )
C4 = IC4ms 7C4 = G1-a)"C4 = ga—a) R 10
. o \/3<l'0>
1C0ps = (1 d) (59)

o 2 d< d<ig>?r
Pco = ico,,,“Tco = (1 d) Sreo = - & ho
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Considering all working capacitors, the total accumulated loss can be calculated as
5
Petotal = Z Pei
i=1
The total efficiency of the proposed converter was calculated by the below equation

_ Py
Po + Priotar + Pctotal + PDiotal +Psyy

U (60)

5. Comparison Analysis

A summary of recently proposed high gain, mostly quadratic boost-based topology, is
discussed in this section. Table 1 represents the summary of the recently reported high gain
boost topology, tabulating from where it specifies a few important characteristic parts of
each proposed topology (i.e., components count normalized switch’s voltage stress, etc.).
From the specification table, it can be observed that the performance of the high gain boost
converter depends on so many factors of the converter specification. It can also be noted
that though the desirable performance of the high gain boost is suitable based on low
voltage stress and a high voltage gain capability, sometimes it may require many passive
components. So, a trade-off must be given in order to select for perfect application.

Table 1. Comparison with a similar non-Isolated boost converter.

Ideal Voltage Voltage Common

Topology Switches  Diode Inductor Capacitor Gain Stress (V./V;,) Ground Ref
CQBC 1 3 2 2 (1_1d>2 (1_1,1)2 Yes [29]
Topology 1 1 5 2 4 % Ufid) No [38]
Topology 2 1 5 2 4 q _2d>2 (1jd)2 No [39]
Topology 3 1 3 3 3 T jd>2 : fd)z Yes [40]
Topology 4 1 3 2 2 b(i f_-ﬂl';’g (1jd)2 Yes [41]
Topology 5 1 5 3 3 T fd)z (1jd)2 Yes [42]
Topology 6 2 3 2 2 ﬁ (11 ) Yes [30]
Topology 7 1 4 2 3 T (1jd)2 No [35]
Topology 8 1 5 3 3 q fd>2 q fd)z Yes [43]
Topology 9 1 5 2 4 g:g;z ((12:;))2 Yes [37]
Proposed 1 6 2 5 ?iz_;’;lz) ((12__0’;))2 Yes

In the comparison table, topology 9 proposed by Shahrukh khan et al. [37] has been
reported recently, and the voltage gain of the proposed topology is denoted in Table 1.
In this article, our proposed topology has already overcome the voltage gain, and the
normalized voltage stress was reduced compared to their study. Figure 11 presents the
ideal voltage gain vs. duty ratio of the reported literature survey from Table 1. The figure
justifies the voltage gain profile of the studied circuit configuration. In the later section, the
voltage gain is verified by the simulated results as well as by the experimental results.
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Figure 11. The voltage gain comparison plot of the recently reported proposed study:.

6. Results and Discussion

This section describes the qualitative performance of the proposed high gain quadratic
boost converter. The complete specification of the proposed converter is specified in
the following section. A comprehensive list of the parameter’s specifications is given in
Table 2. The inductor of the proposed converter was designed in our laboratory following
Equations (33) and (35). For the design of the inductor, an ‘E’ type ferrite core was used, and
the turn ratios were calculated theoretically. The required air gap was added by electrical
tape, and the inductance was measured at the same time. All other components, capacitor,
power MOSFET, Driver IC, and STM32-MCU unit were purchased. The corresponding duty
ratio for 400 V output voltage was calculated from the non-ideal voltage gain Equation (31).

Table 2. Component specifications of the proposed converter.

Component Specification
Input Voltage 24~48V
Output Voltage (400~408) V
Duty ratio 0.2~0.6
fsw 50 kHz
Capacitors r0 v Cl_: 22_0 uF/100V/010,Cy = 1_00 uE/
/0.1 Q), C3 =C4 =100 uF/250 V/0.1 ©, CO = 100 uF /450 V/0.1 Q
Inductor L1 =300 uH, Ly, =600 uH, ESR = 0.2 Q)
Power MOSFET SPW52N50C3, 560 V, 52 A 0.07 O
Diodes CMPECDS6, (600 V, Vg-1.5V, Ip-8 A)
RF150TF3S(SIMPLIS) (600 V, VE-1.5V, Ig-8 A)
Microcontroller STM32, Nucleo H743Z12
Gate Driver IC TLP250H
Fuse 63A
Power supply Chroma programmable DC power supply, 62100H-600S
Input Power 158.6 W
Output Power 150 W

Load Resistance

Chroma programmable electronic load simulator model 63. 1075 (),
1,-0.374 A
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6.1. Simulation Results and Potential Verification

To validate the performance of the converter, the proposed circuit was stimulated in
SIMPLIS software. The circuit parameter value was selected exactly as described in Table 2.
The only difference in the simulation configuration is the power diode. A different diode
model (RF1501TE3S) has been chosen due to not having the same diode model number of
the diode in SIMPLIS simulation software, which has the same specification as compared
to the used diode model (i.e., CMPFC86) for experimental verification, The simulation
was carried out with an input voltage of 48 V at a switching frequency of 50 kHz. All
of the components were selected as ideal components. The load resistance was selected
according to the 150-W output power. Figure 12 shows the circuit configuration from
SIMPLIS software.

03
N

4]
D4 LRF1501TF3S
RF1501TF3S

C4
D2 100U -

A

RF1501TF3S

300u 20u D5 6600 06
M\

Y 11 H N
- 11} - 4]
8] c1 RF1501TF3S L2 2 RF1501TF3S
D1
IN|
4]

-—C3
RF1501TF3S - 150u

—-_—
€

O 5

SPW52N50C3_LO
= cs5.L | R1
100U [ J 1k

Figure 12. Pictorial representation of proposed circuit simulated in SIMPLIS software.

Simulation Results of the Proposed Boost Converter at Duty d = 0.4, Output Power 150-W

Though the actual duty cycle was considered 0.4, in the experimental section, the
MOSEFET was not turned off at exactly at the duty cycle of 0.4; instead, it was turned off at
duty 0.402 due to the Miller effect. So, the simulation was carried out by selecting the duty
cycle of 0.402 and the corresponding theoretical output voltage, referring to Equation (22)
was calculated as 428 V. However, due to the presence of a diode forward voltage drop the
actual voltage deviates, and as a result the real voltage gain is always lower than the ideal
gain. From the datasheet of the diode’s model, the forward voltage drops (i.e., 1.5 V) of
the diode were taken into consideration, and referring to Equation (31), the actual output
voltage was calculated (i.e., 408 V). However, due to the presence of parasitic resistance
in the passive component, the actual voltage is further reduced, which is reflected in the
experimental results in the later section.

In Figure 13, the simulated waveform of the (a) input voltage (V;,), (b) duty cycle
(Vgs), (c) switch voltage stress of the switch (Vpg), and (d) output voltage (V) are shown,
respectively. The results show that the output voltage obtained by the simulation was
about 408 V which is matching, according to the previously discussed value. The voltage
stress of the diodes is shown in Figures 14 and 15. The voltage across each of the working
capacitors is shown in Figure 16, whereas the plot of the inductor currents is shown in
Figure 17, respectively.
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Figure 13. Simulated waveform of (a) input voltage (V,), (b) duty cycle (V) at duty d = 0.402,
(c) switch’s voltage stress (Vpg), and (d) output Voltage (V).
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Figure 14. Simulated waveform of (a) duty cycle (Vys) at duty d = 0.402, (b) Voltage stress of diode
D (Vp1), (c) Voltage stress of diode D; (Vpp), and (d) Voltage stress of diode D3 (Vp3).
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Figure 15. Simulated waveform of (a) duty cycle (Vys) at duty d = 0.402, (b) Voltage stress of diode
D4 (Vpa), (c) Voltage stress of diode D5 (Vps), and (d) Voltage stress of diode Dg (V).
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Figure 16. Simulated waveform of (a) duty cycle (Vgs) at duty d = 0.402, (b) Capacitor (C3) voltage

(Vc3), (c) Capacitor (C;) voltage (V»), and (d) Capacitor (Cq) voltage (V1).
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Figure 17. Simulated waveform of (a) duty cycle (V;) at duty d = 0.402, (b) Inductor (L) Current
(IL1), (¢) Inductor (L) Current (I ), and (d) Capacitor (C4) voltage (Vcy).

6.2. Experimental Results and Discussion

In this section, the experimental results are discussed. To validate the potential
performance of the proposed converter, a prototype capable of providing 200 W output
power was developed in our lab and was tested in the laboratory environment. The
Hardware prototype is shown in Figure 18. The Experimental results for the 150 W output
power were measured and they are thoroughly discussed in this section. The experimental
waveform was obtained from the digital oscilloscope and is presented in the later section
step by step.

Figure 18. Hardware prototype developed in our lab.

The hardware parameters starting from passive components to the power MOSFET
switch and power diodes have the same specification as in the simulation parameters and
are shown in Table 2. This proposed study was tested by feeding 48 V DC input voltage
and extracting 400 V DC of output voltage (i.e., range 395405 V). The corresponding
duty cycle’s value was measured and then selected to obtain the desired output from the
non-ideal gain voltage formula (i.e., Equation (31)). Referring to the non-ideal voltage gain
Equation (31), the calculated duty cycle was 0.4 or 40%, which refers to the exact desired
output voltage. The PWM signal generated from the STMicroelectronics microcontroller
unit was directly fed to the MOSFET driver circuit using the driver IC (i.e., TLP 250H)
mentioned in Table 3. The electronic DC load was used for taking all the measurements.
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Table 3. Comparison table of voltage stress of simulated results and experimental results.

Components Simulated Results Experimental Results

Output voltage (Vo) 408 V 402V

The voltage across the switch (Vpg) 206V 201V
Voltage stress across diode Dy 76~76.5V 75V
Voltage stress across diode D, 126 V 123V
Voltage stress across diode D3 2035V 202V
Voltage stress across diode Dy 2035V 201V
Voltage stress across diode D5 76.3V 75V
Voltage stress across diode Dg 203V 202V

In Figure 19, the gate pulse, input voltage, switch’s voltage stress, and output voltage
are shown. A 402 V output voltage is measured at the load side experimentally and is
shown in Figure 19. At duty 0.4, the actual output voltage gain is about 426 V, and, in this
case, a reduction of 26 V can be seen in the experimental results, which is due to the diode’s
forward voltage (i.e., due to non-ideal voltage gain, Equation (31)) as well as including
some small drops associated with passive components.

TelStop I

200V/div

Ve 200V/div ; ; | 202V

VB\J s

2 2 L
L B i B LI

vigl | o] |

& oov By 10.0ps 100MS./'s & 6 Dec 2021
200 ¥ 200 ¥ 10k points 2.00 Y 09:18:43

Figure 19. Experimental waveform of input voltage (V;,), (1) Duty cycle (Vgs) at d = 0.4, (2) Input
Voltage (Vj,), (3) Drain to Source voltage and (4) output voltage (V).

Figure 20 represents the voltage stress of diodes D, D,, and D3. For the above-
mentioned rated power rating, the corresponding voltage stress of the diodes are 75 V,
123V, and 202 V, respectively. In Figure 21, the voltage stress across diodes Dy, D5, and D¢
are plotted. The measured values are Vpg =201 V, Vps =75V, and Vpg = 202 V, respectively.
The voltage across capacitors Cy, Cy, and Cj are plotted in Figure 22. The corresponding
measured voltages are V1 =47V, Ve =200V, and Vs =125 V.



Appl. Sci. 2022,12, 4914 20 of 25

TeliPreVu L ] | l 202 VW
Voo L fevay [ LT LT
i i _ ——123V

VL el |

Vel v/ L L (v [

& 00v & 10.0ps 100MS /s 7 6 Dec 2021
100 200 % 10k points 3.00 ¥ 09:49:49

Figure 20. The experimental waveform of (1) Duty cycle (Vs) at d = 0.4, (2) Diode (Dy) voltage (Vp1),
(3) Diode (D,) voltage (Vpy), and (4) Diode (D3) Voltage (Vpg3).
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Figure 21. The experimental waveform of (1) Duty cycle (Vgs) at d = 0.4, (2) Diode (Dy) voltage (Vpy),
(3) Diode (Ds) voltage (Vps), and (4) Diode (Dg) Voltage (Vpg).
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Figure 22. The experimental waveform of (1) Duty cycle (Vys) at d = 0.4, (2) Capacitor (C;) voltage
(Vc1), (3) Capacitor (Cy) Voltage (V2), and (4) Capacitor (Cs3) Voltage (V3).
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The currents through both inductor L; and inductor L, are shown in Figure 23. The
first inductor carries an average current of about 2.15 A, and the second inductor carries
an average current of about 1.3 A for 150 W out power, which is in good agreement with
the characteristics equation as described in Section 2. The average output current (i.e.,
0.378 A) and the input current (i.e., 3.2 A) is experimentally measured and are shown in
Figure 24, respectively.
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Figure 23. The experimental waveform of (1) Duty cycle (Vys) at d = 0.4, (2) Inductor (L) Current
(IL1), (3) Inductor (Ly) Current (I ), and (4) Capacitor (C4) voltage (V).
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Figure 24. The experimental waveform of (1) Duty cycle (Vgs) at d = 0.4, (2) Input Current (I;,), (3)
Output Current (Ip).

In Table 3 the comparison of the voltage stress across the power MOSFET switch
and the power diodes from the simulated results and the experimental results are shown.
Both the simulated and experimental results are verified by the characteristics formula for
each component.

The efficiency of this proposed converter was measured experimentally by considering
various loads, as is shown in Figure 25. All of the data points corresponding to each load
were measured, and the duty was varied for the low input voltage to obtain the fixed
output voltage (i.e., 400 V). The proposed topology was designed for 48 V input voltage
and 400 V output voltage; as a result, the efficiency was reduced for lower input voltage for
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the same load. Peak efficiency of about 94.5% was obtained at 150-W output power for this
proposed high gain quadratic-based boost DC-DC topology.

9
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—— 40V
94 e 35V
S 92k
oy
= -
£
-
£ 9}
=
88}
sl o 1 4 1 4 1 4 1 . |

80 100 120 140 160 180 200
Output Power (W)

Figure 25. Experimentally measured efficiency plot with the variation of output load power with
fixed 400 V output Voltage.

6.3. Stability Analysis

For stability analysis, the PSIM software is used to achieve the open-loop gain, and

the phase plot of the system and is shown below. Figure 26 was generated using the PSIM
simulation software.

e
o

RLY L 1 RG1 DS RL2

—/rn =" £ W —
03 00003 gooozz. 04 [ 03 0.0006

4
T - Re3 04
win f T ey o1 s

o
c3 T 000015 J EEX

I

WGS
WDC

+
e
. . ac
woe 04 vewess 50000 Sweep

Figure 26. Circuit configuration simulated in PSIM for small signal analysis.

The circuit configuration is exactly constructed in PSIM considering the equivalent
series resistance (ESR) of each component. The gain and phase plot of the system is obtained

by applying small-signal perturbation with the gate signal. In Figure 27 the corresponding
bode plot is shown.
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Figure 27. Open-loop Gain plot (in dB) and Phase plot (in Hz) vs. frequency.

Figure 27 demonstrates that the system had a positive gain margin and positive phase
margin (i.e., GM 10 dB, PM 25 degree). So, the close loop control can be designed easily for
this proposed circuit configuration.

7. Conclusions

In this study, a modified non-isolated high gain quadratic boost topology is proposed
and studied, which can achieve high voltage gain with a lower duty ratio that enables its
potential application in the renewable energy sector as well as other different applications.
The obtainable voltage gain for this topology is verified by both the theoretical and ex-
perimental results (i.e., in this study Vin 48 V is stepped up to 400 V output voltage). A
base 94.5% efficiency is achieved for 150-W output power from the prototype circuit. The
performance of the proposed high gain quadratic boost converter is validated by the exper-
imental prototype, which is also verified by the SIMPLIS software simulation results. The
gain and phase plot of the system obtained from PSIM justify that the control can be easily
implemented. Further, the efficiency can be improved by reducing the switching loss (i.e.,
using more efficient power MOSFET) and the loss due to the ESR of the passive component.
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