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Abstract: Solar photovoltaic (SPV) panels that convert light energy into electrical energy through the
photovoltaic effect have nonlinear internal resistance. Hence, with the variation in the intensity of light
falling on the panel, the internal resistance varies. For effective utilization of the SPV panel, it is neces-
sary to extract the maximum power from it. For maximum power extraction from SPV panels, DC-DC
converter interface is used. The problem in using high frequency converter interface is the resultant high
frequency ripple interaction with the SPV system. In this work, an interleaved boost converter (IBC) is
considered to reduce the ripple. Our finding is that IBC fed by a SPV panel reduces this ripple to a greater
extent. IBC also has a faster transient response as compared to conventional boost converters with
reduced ripple contents. The main aim of this paper is to present a comparative analysis of the perform-
ance of IBC with inductors that are coupled in different ways. The results of the simulation were extrap-
olated with the help of MATLAB software and verified through experimentation.
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1. Introduction

In recent years, there has been a huge increase in
the demand for power due to rapid industrial growth,
along with an increase in residential loads. As it is nec-
essary to meet these increasing power demands, and
since non-renewable energy resources such as fossil
fuels are quickly being depleted, alternative, renew-
able energy resources such as wind energy, solar ener-
gy, hydroelectric energy, and bio-mass energy have
become major areas of research.

Solar energy is one of the most reliable sustainable
energy sources and does not require waste manage-
ment nor pollute the environment. In order to boost the
voltage output from SPV panels, a boost converter is
employed (Braga and Barbi 1999; Miyatake et al.
2011). The conventional boost converter, when inter-
faced with an SPV panel, has a high ripple in the volt-
age and current waveforms on both the input and out-
put sides (Veerachary et al. 2001). When IBC is used,
the ripple is reduced.

Multiple boost converters connected in parallel
form the IBC circuit (Phani and Veerachary 2006;
Tseng et al. 2007). Due to variations in environmental
conditions, the insolation level varies; hence, the
power output from the panel varies. For instance, in
shaded conditions as SPV power decreases, just a few
converters are sufficient to transfer the power whereas
under high-light conditions when SPV power goes
high, additional converters are employed to share the
power. When the inductors of the IBC are mutually
coupled, there is a greater reduction in the ripple con-
tent than in cases where they are left uncoupled
(Veerachary et al. 2003). The current through the con-
verter gets divided among the parallel branches;
hence, there is reduction in the stress on the power
electronic devices employed as well as a reduction in
losses. The only disadvantage is the rise in cost.
However, this rise is not significant since lower rating
devices may be employed as the current is divided
between the parallel branches.

In this paper, an analysis of an SPV-fed interleaved
boost converter (IBC) was carried out. An IBC with
two boost converters connected in parallel was consid-
ered for this work. The performance of the convention-
al boost converter, non-coupled IBC, directly coupled
IBC, and inverse coupled IBC were compared by
means of simulation as well as hardware implementa-
tion. Simulation of the system was carried out using
MATLAB/Simulink (MathWorks, Inc., Nattick,
Massachusetts, USA).

2. System Description

The components of the studied system include the

SPV panel, a boost converter (conventional or IBC),
load (R or R-L), maximum power point tracking
(MPPT) using an incremental conductance (INC)
algorithm and pulse generating circuit. For the purpose
of analysis, the following assumptions have been
made:

a) N-type metal oxide semiconductor field effect
transistors (MOSFETs) and diodes of the convert-
er are assumed to be ideal.

b) Both the branches in the case of IBCs are assumed
to be identical, and they operate in continuous
conduction mode (CCM).

¢) Linear time invariant passive elements are used.

The schematic diagram of the system under consid-
eration is shown in Fig. 1. Design, modelling, and
simulation of each section in the schematic is dis-
cussed below.

2.1. Mathematical Model of PV System

A group of SPV cells together form the SPV power
generation system. The following equations are used
for the mathematical modeling of the SPV cell (Gow
and Manning 1996; Walker 2001; Duffie and Beckman
2006; Villava et al. 2009). The output current from the
SPV panel is given as

Ipv:Iph_ID_Ish (1

Photon generated current of the SPV panel, L, is

given as
G
T = KT =T+ Tpva - @
n
The current through the diode is calculated as
Ip=1; ieXpl_(va + IpvRse YWia — 1J} 3)
and
I = Ki(T=Tp) +Isen 4)
' exp[(KV (T=Th)+ Voen )Vta ] -1

Equations (1)-(4) are used for modeling the SPV
system. A MATLAB model of the SPV panel to plot
the characteristics is shown in Fig. 2. For insolation,
G = 1000 W/m? and temperature, T = 250°C, the char-
acteristics of the SPV panel consisting of 36 cells in
series is shown in Fig. 3.
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Figure 3. Simulated PV characteristics

2.2. Design and Simulation of Interleaved Boost
Converter

As the efficiency of SPV system is only about 13-

16% for the silicon mono/poly crystalline types which

are commonly used, the power produced by it should

be efficiently utilized. To achieve this, converters are

used as MPPTs (Braga and Barbi 1999; Rashid 2001;
Veerachary ef al. 2001; Salas et al. 2006). Among the
converters proposed in literature, the boost converter
is found to be most efficient (Wang 2009; Ibrahim and
Saban 2010). However, the normal boost converters
do not satisfy all requirements, such as low value of
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ripple in the inductor current in the input side and
highly efficient operation even at lower insolation lev-
els. For this purpose, two such boost converters are put
in parallel and operated as IBCs. Although IBC over-
comes the drawbacks of conventional boost convert-
ers, its static and dynamic performances are poor.
Hence, a new model consisting of coupled inductors in
parallel are used (Thounthong 2008; Ho et al. 2011).
These coupled inductors reduce the ripple content in
the inductor current on the input side by interleaving
principles (Wang 2009).

Boost converter design equations are given from
Eqns. 5 - 8. The values of L and C are (Lee at al.
2000; Shin et al. 2005) decided based on (7) and (8).

VDT = Vo — Vs (5)
(1-DJr

From which the DC voltage transfer function turns
out to be,

M, =Yo__1_ (6)

Vs 1-D

As the name of the converter suggests, the output
voltage is always greater than the input voltage. The
boost converter operates in the CCM for L >L, where,

(1 - DZJDR %)

L =
b 2f

The current supplied to the output RC circuit is dis-
continuous. Thus, a larger filter capacitor is required to
limit the output voltage ripple. The filter capacitor
C,,;, must provide the output DC current to the load
when the diode D is off. The minimum value of the fil-
ter capacitance results in the ripple voltage V, is given

by

min

DV,

“VRE )

Crnin
The interleaved boost converters with coupled
inductors are modeled using the following Eqns. (9)-
(11). The equivalent value of inductance is given by

the expression
_DVT
4 A

)

Self-inductance and mutual inductance are calculat-
ed as

L,=PLandL, =(1-PL (10)
D
1+B——
where L=— 1D 1 ()
1+B-28

The value of capacitance is decided by the equation

_DV,T
RAV,

¢ (12)
The inductors are connected in three ways as shown
in Fig. 4.

2.3. Maximum Power Point Algorithm

The location of the maximum power point (MPP)
in the V-I plane is not known beforehand and always
changes dynamically depending on irradiance and
temperature. Therefore, the MPP needs to be located
by a tracking algorithm. A number of MPP calculation
methods have been reported in the literature (Hussein
et al. 1995). For this work the basic incremental con-
ductance (INC) MPP algorithm is considered. The
flowchart for the INC algorithm is shown in Fig. 5.
The tracking of MPP with INC is shown in Fig. 6.

3. Simulation Results

The system shown in Fig. 1 was simulated using
MATLAB-Simulink. Boost converter IBC with non-
coupled inductors, directly coupled IBC, and IBC with
inversely coupled inductors were simulated. The
parameters used for simulation were

SPV Panel

(SOLKAR Panel- Model No. 3712/0507)
Lien=2.55A; V,,=21.24 V;

Lnp= 2.25A; V,,,=16.56 V; P, = 37.08W.

Converter
C;,=100 uF; C,,,=100uF; L =200 uH; L ,,=9.7mH;

out

Lm2:9'7 mH 5 Rload: IOOQ 5 B = 0,65,

The current in coupled coils of directly coupled IBC
is shown in Fig. 7. Simulation results for G = 900
W/m? and T = 2500C are presented in Figs. 8-11. Even
though the average current in both conventional boost
converters and IBC are the same, to highlight the
reduction in ripple, the waveforms of the IBC are pro-
jected in different scales. Comparative results for the R
and R-L loads are presented (Tables 1 and 2) on the
ripple voltage and ripple current on both the input and
output sides for different insolation levels.

4. Hardware Implementation

The SPV panel used for experimentation is shown
in Fig. 12. From Table 2, it can be seen that IBC with
directly coupled inductors had low ripple content for
all parameters. Hence, the IBC with directly coupled
inductors was implemented in the hardware by mount-
ing the following components on a Hy-Lam sheet as
shown in the Fig. 13.
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Figure 6. Simulation results for INC algorithm

IRFP 460 switches (MOSFET-TO-247 package
type) with a rating of 500V and 20A. 1N5408 diode
with a 3A current rating. An inductor designed by
winding appropriate turns of insulated copper coil on
an E-core. The components used included:

15 20 25

- Two inductors (mutually coupled) 120 mH (each)

Filter capacitor
Load resistance

220 pF
100 ohm
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Figure 7. Current through coupled inductors of IBC
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A PIC18F4550 microcontroller is used for trigger-
ing the MOSFETs.

The two pulses that were 180° out of phase are as

shown in Fig. 14. The INC algorithm that traces the

maximum power point for different conditions of inso-
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lation is coded by means of position-independent code
(PIC), and appropriate triggering pulses were generat-
ed so that such maximum power was obtained at the
output side. The gating pulses were given to the
devices by employing a MCT2E opto coupler to pro-
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Table 1. Simulation results for R load
Type for Boost Input Input Output Output Input Output
Converter Voltage(V) Current(A)  Voltage(V) Current(A) Power(W)  Power(W)
Conventional 15.24 1.724 49.63 0.4963 26.27 24.63
IBC with un-
coupled 14.93 1.763 48.71 0.4871 26.32 23.73
inductors
IBC with di-
rectly  coupled 15.24 1.749 48.3 0.483 26.67 2333
inductors
IBC with in-
versely coupled 15.24 1.75 48.3 0.483 26.67 2333
inductors

vide the necessary isolation between the power circuit
and the microcontroller circuit.
The converter was operated using the SPV panel as

the source. The corresponding outputs were obtained
and analysed to verify the results obtained by simula-
tion with another SPV panel at the input side. The DC
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Table 2. Comparison of ripple percentage for R load

Percentage of Ripple
Type for Boost & pp

Converter Input Voltage Input Current Output Voltage Output Current
(%) (%) (%) (%)
Conventional 0.0656 0232 0.161 0.161
IBC with uncoupled 0.089 0.141 0041 0.05
inductors
IBC with directly coupled 0.024 0.008 0012 0.008
inductors ’ ’
IBC with inversely 0.034 0012 0011 0.011

coupled inductors

Interleaved Boost Converter

Figure 13. Hardware setup of the system

output of the converter was given to an R load. Figs.  rent waveforms of the system as observed on digital

15 and 16 show the input and output voltage and cur-  storage oscilloscope (DSO).
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95

Figure 17 shows the parameters of input and output ~ shows the parameters of the input and output current

voltages of directly coupled IBCs, whereas Fig. 18  of directly coupled IBCs measured using a single
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Parameters of Input Voltage of IBC using Single Phase Clamp on Power Quality Analyzer

[Ex Volts =3 2012-03-26, 12:39
0.0 Hz
V rms
15.08
Vdc
15.08

[En Velts =% 2012-03-26, 12:39
0_0 Hz
V ac V ava V pk
0.01 15.11 15.15
V/Hz %RPL CF
OL 0.05 1.00

Parameters of Output Voltage of IBC using Single Phase Clamp on Power Quality Analyzer

[En Volts «=& 2012-03-26, 12:40
0.0Hz
V rms
46.94
V dc
46.94
|

[En Valts =% 2012-03-26, 12:40
0.0 Hz
Y ac V avg V pk
0.01 46.94 46.99
V/Hz %RPL CF
OL 0.02 1.00

Figure 17. Parameters of input and output voltages of directly coupled IBC

Parameters of Input Current of IBC using Single Phase Clamp on Power Quality Analyzer

[En Amps <3~ 2012-03-26, 12:40
0.0 Hz
A rms
1.43
A dc
1.43

[E3 Amps =3 2012-03-26. 12:40
0.0Hz
A ac A avg A pk
OL 1.44 1.53
A/Hz %RPL CF
OL 0.01 1.08

Parameters of Output Current of IBC using Single Phase Clamp on Power Quality Analyzer

[Ex Amps <4~ 2012-03-26, 12:42
0.0 Hz
A rms
0.42
Adc
0.42 |

[EH Amps =& 2012-03-26, 12:42
0.0 Hz
A ac A avg A pk
OL 0.43 0.52
AJHz %RPL CF
OL 0.01 0.12

Figure 18. Parameters of input and output currents of directly coupled IBC

phase, clamp-on power quality analyzer. The power
quality analyzer also gave a measure of the ripple per-
centage in both the current and voltage on both the
input and output sides.

Figure 19 shows the voltage and current waveforms
observed using the power quality analyzer at both the
input and output sides of the directly coupled IBC. As
per the simulation results for an input of 15.24 V and
current of 1.75 A, the output of the IBC was 48.3 V
and 0.48 A. The ripple percentage was 0.008% for
input current, 0.012% for output voltage, and 0.008%

for output current. As per the hardware results for an
input of 15.08 V and current of 1.43 A, the output of
the IBC was 46.94 V and 0.42 A. The ripple percent-
age was 0.01% for input current, 0.02% for output
voltage, and 0.01% for output current. Hence, the sim-
ulation and hardware results were verified.

5. Conclusions

In this paper, a comparative analysis of the perform-
ance of conventional boost converters and different
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Input Voltage and Input Current
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Figure 19. Voltage and current waveforms measured at both input and output sides of the directly coupled IBC

types of IBC interfaced with the SPV panel has been
carried out. The parameter chosen for the analysis was
the percentage ripple in the input and output currents,
and output voltage. From the simulation results, it was
found that IBC with directly coupled inductors
reduced the ripple to a greater extent as compared to
that of the other boost converter topologies. Hence, the
value of the filter capacitor used was reduced. The IBC
with directly coupled inductors was implemented in
hardware, and the simulation results were verified
with results obtained through physical experimenta-
tion.
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