International Journal of Science Engineering and Advance Technology (IJSEAT)

ISSN 2321-6905, Vol. 10, Issue 2, April -2022

Steady State Analysis of Quadratic Boost and Interleaved Boost
Converters for Renewable Energy Applications- A Comparative Study

C. Naga Kota Reddy', Ch. Sai Babu?
! Research Scholar, Department of EEE,

University College of Engineering Kakinada (A), JINTU Kakinada,
Kakinada, India
2 Professor, Department of EEE,
University College of Engineering Kakinada (A), INTU Kakinada,
Kakinada, India

Abstract— Recently, renewable energy sources have acquired
more attention as compared with conventional energy sources
due of their renewable and eco-friendly nature. DC-DC
converters are crucial in their applications. Two different
configurations based on the conventional boost converter are
compared for renewable energy source applications in this
paper. In one configuration, two boost converters are
connected in series with a single switch (Quadratic Boost
Converter), and in another, they are connected in parallel with
two switches (Interleaved Boost Converter). The first
configuration has a high voltage gain with a low duty cycle,
while the second has a low input current ripple. The two
configurations are compared in various aspects, like output
voltage, voltage gain, inductor current, inductor current ripple
and component counts. The configurations are designed in the
MATLAB simulation environment by using the PLECS block
set to validate the theoretical studies with ideal values. With a
duty cycle value of 0.6 and a 12 V input voltage, the output
voltage of the quadratic boost converter is 75 V and that of the
interleaved boost converter is 30 V.

Index Terms— Boost Converter, Quadratic Boost
Converter, Interleaved Boost Converter, Output voltage,
Voltage Gain, Inductor Current Ripples.

I. INTRODUCTION

As a result of the shortage of fossil fuels and the
production of greenhouse gases, sustainable energy
sources (i.e. solar, fuel cells and wind) have attained
more attention. In addition to the above, renewable
energy sources also help in the generation of electrical
power at demand sites, adaptability and credibility [1].
The sustainable energy sources produce a variable and
low output voltage, which demands a DC-DC boost
converter with high voltage gain [2-3]. In many of the
modern applications, a high voltage gain DC-DC
converters are more desirable. High voltage gain DC-DC
converters have a variety of uses, such as in automotive
HID light ballasts, DC microgrids, and computer server
power supplies for the telecommunications sector. One
of the applications of high voltage gain DC-DC converter
is depicted in Fig.1 [4]. To step up the low voltage of
sustainable energy sources typically DC-DC Boost
converters are used. These converters are frequently

classified into two categories: non-isolated and isolated.
There seems to be an electrical common link between the
outputs and inputs in non-isolated converters.

High Voltage Gain DC-
DC Boost Converter

Fig. 1. A High Voltage Gain DC-DC converter used in renewable
energy source applications.

These also are uncomplicated to put into practice in
practical systems and prototypes because they only use
basic components such as switches, diodes, inductors,
and capacitors. The name suggests the existence of no
shared link between the output and the input, which can
be accomplished using transformer in isolated
converters. Owing to the discontinuous input current,
such converters are not suitable for renewable energy
applications and, in addition, increase the price,
complexity and design are heavy [5-8]. As shown in Fig.
2, the standard Boost Converter (BC) is generally used to
increase the DC voltage when it is required.
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Fig. 2. Topology of boost converter

In BC, a huge value of duty cycle is preferred to
achieve a large voltage gain. But increases in losses have
reduced efficiency [9]. Without the use of a large value
duty cycle, series connection of two BCs provides
enhanced voltage gain [10] and is shown in Fig.3. As
illustrated in Fig. 4, the structure of a QBC is developed
from a two-stage cascading boost converter with only a
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single active switch [11-12]. The QBC consists of two
inductors (L1 and L2), two capacitors (C1 and C2), three
diodes (D1, D2 and D3), a switch (S), a load (R), and an
input DC voltage source (Vin). The QBC's voltage gain
has been enhanced, as has the converter's switch voltage

stress [13].

BC, a
d

g,
e
Voltage

Fig. 3. Series Connection of BCs

The parallel connection of two BC’s is depicted in
Fig.5 it provides reduced ripple in the input current.
Many benefits over the BC may be found in the
Interleaved Boost Converter (IBC), such as minimal
switching loss, improved efficiency, and so on [14-15].
The topology of IBC is depicted in Fig. 6. The IBC
consists of two inductors (L1 and L2), a capacitor (C),
two diodes (D1 and D2), two switches (S1 and S2), a
load (R), and an input DC voltage source (Vin).The
coupled inductors are used in applications requiring high
power and performance [16-17]. The voltage gain of IBC
can be extended using voltage multipliers [18]. All the
components used in the circuits have their standard
meaning.

Fig.4 Topology of Quadratic Boost Converter

The goal of this study is to provide a comparative
perspective on the steady state analysis of two
converters. Section 2 examines the operation and steady-
state analysis of QBC including the requisite equations,
output voltage and voltage gain. Analyse the operation of
IBC in steady state in section 3. Section 4 describes the
simulation results and their discussions, and also
provides a comparison between QBC and IBC for the
same specifications. Section 5 gives the conclusion. The
analysis is carried out on the assumption that all of the
components are ideal and also that the capacitors are
sufficiently stiff throughout operation [19].
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Fig.6. Topology of Interleaved Boost Converter

II. OPERATION AND STEADY STATE ANALYSIS OF QBC

Switching pulse for QBC is indicated in Fig. 7. Over
the switching period (75), the switch (S) is on during 675
and off during (1-9)7s. where ¢ gives the duty cycle.
During 0Ts, the switch is on, when the switch is on, L;
and L, are charged by Viy and V¢ (voltage across Cy),
respectively. C; and C; discharge their energy to L; and
the load, respectively. The current of L; (IL1), Current of
Ly (Ir2) and output current (Iow) are indicated depicted
circuit of QBC in Fig. 8(a). When the switch is off
during (1-0)Ts, L, discharges to C; and L, discharges to
C, and load. Fig. 8(b) indicates the circuit of QBC when
the switch is off during (1-9)Ts.

The voltage across L, during 675 and (1-0)7 are written
as

<le>on = Vl‘}’l (qu)

(L1 o =Vin =Yl (Ea-2)
2 T,
= 2 —
273
-
o lg)Tﬁ { 1- E’)T«

Time (Sec)

Fig.7. Switching pulse for QBC
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(b)

Fig.8. QBC circuit during (a) 3Ts (i.e. S is on) and (b) (1-9)Ts
(i.e. S is off)

The voltage across L, during 675 and (1-0)7; are written
as

V12)on =V (Eq.3)

<VL2>0ff =Ve1~Vou (Eq4)

The current flowing through C; (ici) during 67 and
(1-0)T are written as

{ict)pn =112 (Eq.5)

{ict) oy =101 112 (Eq.6)
The current flowing through C, (ic2) during 67 and
(1-0)T are written as

<lC2>on = _[Out (Eq7)

<"C1>off =Lrp Loy (Eq.8)

By applying volt—sec balance at L;, the voltage across
capacitor C; (V¢y) is obtained as

Ver = 1_m5 (Eq.9)
By applying volt—sec balance at L, the voliage aviuss
capacitor C, (V2= Vou, Output voltage) is obtained as

V.
; _’g)z (Eq.10)

Ver =Vour =

The voltage gain of the QBC is written as

G= Vout __ 1 (Eq.11)
Vin  (1-6)?

By applying amp—sec balance at C,, the current flowing
through L; (I1) is obtained as
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Lous Vi (Eq.12)

(1-6)% (1-6)*R
By applying amp—sec balance at C,, the current flowing
through L, (I2) is obtained as

Iy =

1 V.
Ipy= (10_12): (1_;”)3713 (Eq.13)
ip(t)
I].!.m:]
Ty i feeeee

I] 2,max

I L2,min

Fig.9. Inductor Currents of L, and L,

The currents Ip; and Ir» are varying between maximum
and minimum values a ripple of Air; and Air
respectively and are shown in the Fig. 9. The maximum
(IL1, max) and minimum (Ip;, min) currents of Ip; are
obtained as

! =" |: 1 " ; :|
L1,max in (1 —5)4R 21‘1/‘:; (qu4)
1 o
1 min Vin - g Eq.15
. Ll—a)“R %fj (Eq15)

The maximum (IL2, max) and minimum (Ir2, min) currents
of I1, are obtained as

! il |: : ’ ; }
L2,max | (1 - 5)3R 2(1- 5)L2fs (Eq.16)
— 1 - o
113 min = Vm[(l PR 2(1—5)L2.fj (Eq.17)

The critical value of the inductor (L) is essential
for Continuous Conduction Mode (CCM) of operation
of the converter. By equating Ii, min and I, min to zero,
as the inductors' L; and L, critical values are

o4
Lo _(1-6)"6R (Eq.18)
5 2fS
,:(1—5)251? (Eq.19)
2,cri 2fs

III. OPERATION AND STEADY STATE ANALYSIS OF IBC

The switching pulses for IBC have a 180° phase shift
and are depicted in Fig.10. The IBC may operate in
three different modes if the duty cycle is greater than 0.5
[20-22]. S; and S, have on and off times denoted by 67
and by (1-9)T5, respectively. During mode-I, both of the
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Si and S; are on. In mode II, S; is on and S; is off. S; is
off, while S, is on in mode-III. Fig. 10 depicts the IBC's
functioning in three different modes.

S y s Ty

aT, (1= &,

Time (sec)
Ts

aT, [|(1-&iT, aT,

Made } Mode | Mode Time (sec)

Maode
m

PRSP I S

Fig.10. Switching pulses for IBC

The circuit is shown in mode-I in Fig. 11(a), with Vi,
charging L; and L, and C discharging to the load. L is
charged by Vi, in mode II, and L, discharges to the C
and load, as shown in Fig. 11(b). The mode-III circuit is
shown in Fig. 11(c), where L; is charged by Vi, and L;
discharged to C and the load.

The voltage across Li (V1) during the on and off of S is
written as

Vi1)on =Vin (Eq.20)

<VL1>0ff =Vin ~Vour (Eq.21)

The voltage across L, (Vi2) during the on and off of S,
is written as

("22) o =i (Eq.22)
<VL2>Q[7’ =Vin ~Vour (Eq.23)

The charging current of C, when S; is off is written as

lic) =101~ Tous (Eq.24)
Ly
+ ’-‘r\'\r\‘_
T B
i 8
LYYV = 4+
Inpu § Loing 1.,
"('Giu i I8 c= Vaut
Voltage " | i 7 a
i | d

(2)
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Fig.11. IBC circuit during (a) S, and S, are on, (b) S; is on and S, is
off and (¢) S, is off and S, is on

The charging current of C, when S; is off is written as

lic) =110 ~Tou (Eq.25)

The discharging current of C is written as

<iC> =Ly (Eq.26)

By applying volt-sec balance at either L; or L,, the
output voltage (Vou) is obtained as

vV = L (Eq.27)
out 1-6
The output voltage comparison between QBC and IBC
is drawn for the constant Vi, is shown in Fig. 12. It
demonstrates that for a given Vi, and 8, QBC has a
higher value than IBC. The difference grows larger as &
increases.
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Fig. 12. Comparison of output voltages with constant Vin between
QBC and IBC

The IBC's voltage gain is achieved as

1

G= VOut —

s (Eq.28)

1243
The variation in voltage gain for various duty cycle
values is appeared in Fig.13 for IBC and QBC. The
voltage gain distinction between IBC and QBC
increases for a given duty cycle.
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Fig. 13. Variation of voltage gain between QBC and IBC for various
duty cycles

By applying amp—sec balance at C, the current flowing
through L; (IL1) and L (Ir2) are obtained as

1

[ =1 = out  _ in

U2 9(1-6) 21-6)°R

(Eq.29)

The input is the sum of Iy} and I, and is obtained as

1

out in

I=1, +I, = = in_
in Ll L2 (1_5) (1 —5)2R

(Eq.30)

The comparison of the input currents of QBC and IBC is
depicted in Fig. 14. As the duty cycle increases, the
input current of the QBC increases more predominately
as compared with the IBC.
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Fig. 15. Currents of L; and L, in IBC

The currents Ip; and Ir» are varying between maximum
and minimum values a ripple of Air; and Aip
respectively and are shown in the Fig. 15. The
maximum (Iri, max) and minimum (Ip1, min) currents of I,
are obtained as

V. {1 5} (Eq.31)

1 = +
Ll,max ~ "in 2(1—5)2R 2L f,
1 o

v, |l— %
A1-86)2R 2L S

T11,min ="in (Eq.32)
The maximum (IL2, max) and minimum (Ir2, min) currents
of I, are obtained as

1 o
I v — % | (Eq33
L2,max zn|:2(1_5)2R ZLZfS:I (Eq.33)

I .=V, R S
L2,min ~"in 2(1—5)2R 2Ly f, (Eq.34)

Inductors L and L, have the following critical values in
IBC, and are

S1-5YR
Leri =" (Eq.35)
)
_0(1-5)*R (Eq.36)
2,cri 7/
S

TABLE I summarises the comparison of QBC and IBC
derived equations for the various parameter values.

TABLE 1. Comparison of QBC and IBC derived equations for

a I I / / the various parameter values

s +— =+ QBC
g-]  «IBC l f S.No | Parameters QBC IBC
oé‘ [ / / 1. Output in in
g Voltage, Vou 1-8 2 1-0
i, } / (1-9) (1-9)
o Voltage 1 1
B3 | 2. - 2 T_5)
&, — . Gain, G (1-6) (1-96)

1 i

. | : ﬂ’_____‘/ | 3 Input Iout . Iout

0 01 02 03 04 05 06 07 08 09 Current, L (1-96) (1-6)
Duty Cycle, &
Fig. 14. Comparison of the input currents of QBC and IBC
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I = laut ] = out
. Inductor sy o o(1-46)
Currents I 1
I — __out 1L2 — out
127 (1-5) 2(1-6)
L _(-8)*sr . 7‘5)2R
" cri — z-fs g fs
5 Critica _-9%r |, _d- 5)2
inductances 2eri™ 1, 2,cri Sy

IV. RESULTS AND DISCUSSIONS

Simulations in MATLAB using the PLECS Block set
are used to verify the theoretical studies. A MOSFET is
considered a switch in QBC and IBC. Table 2 depicts
the specifications used for QBC and IBC in simulation.
Here the all the parameters for both QBC and IBC are
same. For CCM, the inductance values are considered
more than their critical values. The input voltage is
considered as 12 V, which is low voltage generated by
the renewable energy sources.

TABLE II. Specifications of QBC and IBC for simulation

Value
S.No. Parameter QBC IBC
1. Input Voltage, V 12 12
2. Duty Cycle, 8 0.6 0.6
3 Switching 100 kHz 100 kHz
Frequency, Hz
4. | Inductances, pH L,=L,= 300 pH L‘:]:; 300
5. Capacitances, pF C=C,=10 pF C=10 pF
6. Load resistance , Q 100 Q 100 Q

Switching pulses along the input current of QBC and
IBC are indicated in Fig. 16 (a) and (b) respectively. The
input current for QBC is 4.69 A and 0.75 A for IBC.
The input current ripple in QBC and IBC is 0.24 and
0.08 respectively.

Suitching Pl Swvithingg Pulse for &

Swithirsg Pulie for 51

A0
40
i

f\\/\/\x\/\

a4

() (b)

Fig. 16. Switching pulses and input current of (a) QBC and (b) IBC
The output current and voltage of QBC and IBC are
depicted in the Fig. 17 (a) and (b) respectively. For 6=
0.6, the output current and voltage of QBC are 0.7 A and
75 V, respectively, while for IBC they are 0.3 A and 30
V.
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Fig. 17. Output current and voltage for (a) QBC and (b) IBC

Fig. 18(a) and (b) show the current and voltage of the
inductors in QBC. The current flowing through L, is
equal to the input current, and the current flowing
through L, is 1.88 A. The voltage across L; is equal to
12 V when charging and 18 V when discharging. In Lo,
itis 30 V and 45 V, respectively.

11 Vbiage (VLI 1.2 Valtage V1.3

T
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Fig. 18. Inductors current and voltage of QBC (a) L, and (b) L,
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Fig. 19. Inductors current and voltage of IBC (a) L, and (b) L,

Fig. 19 (a) and (b) depict the IBC's inductors current and
voltage. The input current is equally shared between L,
and L,. L, has a charging voltage of 12 V and a
discharging voltage of 18 V. In the same way, L, is the
same.
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(a) (b)
Fig. 20. Capacitors current and voltage of QBC (a) C, and (b) C»
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Fig. 20(a) and (b) show the current and voltage of the
capacitors in the QBC. The currents flowing through C,
and C; are the currents of L, and I, respectively. The
voltage across C; is equal to 30 V and C; is 75 V, which
is the same Vo in QBC. The capacitor current and
voltage of the IBC are indicated in Fig. 21. The
inductors' current charges the capacitor C, which then
discharges a steady load current. Its voltage is precisely
the same as that of output voltage. It can be seen that
there is less of a ripple in the current and voltage of the
IBC than there is in the capacitors of the QBC.

Capcitor Current (1C)

%

Capcitor Voltage (VC)

29.0
60000 60005 60010 60015 6.0020 60025 = le-2
Time (Sec)

Fig. 21. Capacitor current and voltage of IBC

Fig. 22 depicts the current and voltage stresses in the
power semiconductor devices (Di, D, D3, and S) of
QBC. The currents of D; and D, are equal to I of
QBC, whereas the current of D3 is Ir,. The current of S
is the sum of Iy and I,. Dy, D,, D3, and S have voltage
stresses of 30 V, 45 V, 75 V, and 75 V, respectively.
The current and voltage stresses in the power
semiconductor devices (Dj, D,, S and S;) of the IBC
are shown in Fig. 23. The current and voltage stress of
D and D; are I1; and Vou. Similarly, the switches S; and
S, have the same current and voltage stresses.
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F— — —
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Fig. 22 Current and voltages stress of power semiconductor devices in
QBC (a) Dy, (b) D2, (¢) Ds and (d) S
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52 Vg (VE2)

INE
e

Fig. 23 Current and voltages stress of power semiconductor
devices in IBC (a) Dy, (b) Ds, (¢) Sy and (d) S,

The various parameter values of QBC and IBC are
compared and shown in Table 3 for the specifications in
Table 2. For the same duty cycle, the QBC provides 2.5
times the voltage as compared with the IBC. IBC draws
6.2 times less input current than QBC and input current
is distributed evenly across inductors. The input current
ripple in IBC is less than QBC. When compared to IBC,
the current and voltage stresses of power semiconductor
devices in QBC are significantly higher.

TABLE III. Comparison between QBC and IBC for various

parameters values

S. No Parameters QBC IBC
1. | Duty Cycle (9) 0.6 0.6
Input Voltage
2. (Vin), V 12 12
3. Input current (Iiy), 469 075
A
Input Current
4. 0.24 0.08
ripple (Aii), A
5 Inductor I]_1=4.69, IL1=O.375,
: current(h_), A IL2:1.88 11_2:0.375
p Inductor current Ai1=0.24, Ai1=0.24,
" | ripple(Ai), A Ai2=0.6 Ai1:=0.24
Output
7. 75 30
Voltage(Vou), V
Output Current
8. 0.75 0.3
(Tow), A
9. Voltage Gain (G) 6.25 2.5
Voltage stress on
10. 75 Vsi=30, V=30
Switch (Vs), V SET s
Voltage stress on V=30,
1. Vpi=30, V=30
Diode (Vp), V Vi=ds, | 0T
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V=75
1 Curfent stress on 657 15:=0.375,
Switch (ls), A 152:0,375
ID1=4.69,
13 Current stress on 1 =4.69, 11=0.375,
Diode (ID), A D2 lD2:0.375
ID3:1.88

The components used in QBC and IBC are indicated in
Table 4. Both the QBC and the IBC make use of the
same amount of input voltage sources and inductors. In
QBC, one capacitor and a diode are used as compared
with IBC. One extra switch is used in the IBC.

Table I'V. Comparison of BC and QBC components

S. No. Name of the Comp t Ng];)(ijompo;l;gts
1 DC source 1 1
2 Inductor 2 2
3 Switch 1 2
4 Capacitor 2 1
5 Diode 3 2

V. CONCLUSION

This paper's primary goal is to compare the two
converters. The two converters are analysed in a steady
state with the ideal values. Expressions are developed
for output voltage, voltage gain, inductor current, and
ripple. Evaluated the equations for the design of
inductors. The QBC has a larger voltage gain than the
IBC for a given duty ratio. As opposed to QBC, the
input current ripple in IBC is less. The current drawn
from the source is higher in QBC than in IBC. In QBC
and IBC, the voltage stress of the switches is equal to
their respective output voltages. QBC is used in
renewable energy applications where significant voltage
gain is needed, while IBC is preferable when the input
current ripple is specific to a low value.
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