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Abstract- The nonlinear behavior of Photo Voltaic (PV) module with respect to the output parameters like current, voltage and
power depends mainly on climatic conditions like solar irradiation and air temperature of the location. PV sources can develop
only low DC voltage and so consumers cannot rely directly on them for their power requirement. To improve the voltage
magnitude of the PV source within a certain limit, cells may be connected in series. To improve the voltage further, it is feasible
to include a DC to DC converter in the system with good power efficiency. This DC to DC converter connected to the PV module
does the job of a power conditioning unit which transfers power to the load. To transfer maximum power, the conditioning unit
maintains its input impedance constant with the support of a Maximum Power Point Tracking (MPPT) controller irrespective of
the change in load. An MPPT controller locates the point of maximum power of the PV module and hence controls the operating
point of the converter. The quality of the power obtained at the output has specific dependence on the type of converter and
controller used in the PV system. There are various ongoing researches using different controller techniques searching scope of
efficient utilization of energy from a PV source [1, 2]. Among them, Variable Step Size (VSS) P&O MPPT controller performs
superior in a PV system because of its efficiency in locating the exact point of maximum power output of the PV module with
minimum oscillations around the operating point, good tracking speed and with the added advantage of ease in implementation
[3, 4]. In this paper, a standalone PV system is modelled with three different converter topologies and its performance is analyzed
using variable step size MPPT. Performance comparison is done in terms of input current ripple, output voltage ripple, output
power ripple and efficiency. A detailed simulation is done for different climatic conditions in MATLAB/Simulink and the results
obtained are presented.
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1. Introduction percentage of greenhouse gas emission [5] is the result of the
means used for the production of energy. Among all
sustainable energy resources, solar energy, the inexhaustible

energy, is a powerful source. Moreover, electrification of

At present the target of meeting energy needs of the day
without badly affecting the ability of the future world to

manage its energy requirement is a vital concern. To attain a
sustainable situation with respect to energy, due attention
should be considered for the management of efficient methods
for the extraction of energy without being a challenge for
safety of the atmosphere. As per the available records a large

remote places to which transmission of power turns out to be
a tedious task can be compromised by the efficient and cost
effective methods of extraction of solar energy from the
location. Solar energy is a source which is unique among the
rest energy sources for having no greenhouse gas emission



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Shiny Paul et al., Vol.10, No.3, September, 2020

along with added features like clean source, plenty in
availability and nonpolluting nature. The system used for the
conversion of solar energy to electric energy has the following
components viz, PV module, controller and converter. Block
diagram of the PV system is shown in Fig.1 [6].

The PV module which converts solar energy to electric
energy has the main drawback of low energy efficiency. An
MPPT controller is required to extract maximum power and
hence to increase the energy efficiency of the solar PV for any
input condition.

DC - DC
PV Module:> Converter —)

I

MPPT
Control

Electric
Load

Fig. 1. Block diagram of solar PV system

The voltage gain ratio of the converter can be increased
by increasing the value of duty cycle ratio but, with a sacrifice
on the power efficiency of the system. To improve the voltage
gain without affecting the power efficiency and hence to
transfer maximum power to the load, various converter
topologies and controller techniques are proposed [7, 8, 9]. In
this paper performance of the proposed PV system is analyzed
using three non-isolated DC-DC converter topologies like
Single Switch High Gain (SSHG), Single Ended Primary
Inductor (SEPIC) and Modified SEPIC converter. A variable
step size MPPT controller is chosen for the proposed system.

SSHG converter is a modified form of conventional Boost
converter with less input current ripple. The added diode and
the capacitor components reduces voltage stress on the switch.
For a 250W, 30/300V SSHG converter, full load efficiency is
92.20%. [10]. This converter topology provides high voltage
gain without using a transformer. Hence cost and size of the
converter is minimized [11]. SEPIC topologies can increase
the output voltage to five times that of the input when the duty
cycle ratio is set as 0.82. To increase the output voltage to ten
times that of the input for the same duty cycle ratio, a modified
SEPIC topology with an efficiency of 91.5% is proposed [12].
All these converter topologies can effectively be applied to a
PV system.

25 degree C,1000W/m2
25 degree C,725W/m2
50 degree C,1000W/m2
50 degree C,725W/m2

PV Power(W)

o 5 10 15 20 25
Voltage (V)

Fig. 2. Output characteristic of the PV module

Typical P-V characteristic of the proposed MSX60 PV
module for different air temperature and solar irradiation is

shown in Fig. 2. Section 2 describes PV modelling, section 3
describes the algorithm used for the selected MPPT controller,
different converter topologies used for system performance
comparison are described in section 4. Performance analysis
of the system is done in section 5 based on the outcome from
the numerical experiments and section 7 concludes the work.

2. Modeling of PV system

Silicon based cells which are the basic elements of a PV
module can be designed for any voltage/current requirement.
This requirement can be achieved by the interconnection of
the required number of cells in parallel or series. They are
capable of converting solar energy to electric energy when
exposed to daylight, whose irradiation and/or air temperature
causes change in the magnitude of electric energy obtained at
the output [13, 14, 15]. Equivalent circuit of the PV cell for
the considered system is shown in Fig. 3 [16]. It consists of
photo current (i,,,), diode current (i4), terminal current (i) and
terminal voltage (V).

R, ;
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Fig. 3. Model of the PV cell

For modelling the PV source, P-V characteristic plays a
significant roll [17]. In addition to the already mentioned
factors like solar irradiation (G) and air temperature, other
factors like PV cell combination, series resistance (R,), shunt
resistance (Rg;,) ideality factor of diode (A), short circuit
current (Ig-) of the module at Standard Test Conditions
(STC), temperature coefficient of short circuit current (K;)
also should be considered [18, 19]. Light generated current of
the PV cell which depends on solar irradiation and cell
temperature in Kelvin (T;) is expressed in Eq. (1), where T is
the reference temperature (298.15 Kelvin). Terminal current
and terminal voltage of the cell is represented by Eq. (2) and
Eq. (3) respectively [15].

by = Isc + Ki(Tc —=T)G (1)

Ry, — iRgy + 1 [exp [%} 1] iR, (3

qV + qRi
AKT,

L= lpy — I [exp[

V=i,

For the proposed model it is observed that as the solar
irradiation increases, output current and voltage increases,
resulting in an increase in output power of the module.
Meanwhile, if air temperature increases a prominent decrease
in output voltage with only a marginal rise in current. This
results in an overall decrease in output power [20].
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3. Variable step size MPPT controller

The dependency of PV cells on the solar irradiation and
air temperature promises only a low power efficiency (<20%).
This drawback along with its typical nonlinear P-V
characteristics with only one operating point corresponding to
maximum power indicates the importance of locating this
Maximum Power Point (MPP). So to improve the power
efficiency of PV source, it is required to continuously track
this MPP for any climatic condition [21, 22].

MPPT algorithm is described in different literatures with
different viewpoint like tracking speed, sensing parameters,
type of sensors, economy etc. Classification of MPPT
techniques based on offline and online methods are done in
paper [23]. With large number of MPPT techniques available,
it is necessary to have a comparison of them so that best MPPT
is selected for a particular application [24]. In this paper it is
stated that P&O algorithm which uses simple control strategy
is easy to implement, locates MPP by sensing instantaneous
values of voltage and current. Tracking speed of this algorithm
is decided by the duration of perturbation.

In conventional Perturb and Observe (P&O) MPPT [25,
26,27, 28] a constant value of perturbation is used for varying
the duty cycle throughout the process of fetching the
maximum power by locating MPP. Though simplest among
all MPPT techniques, it possesses defects like inefficiency in
locating exact MPP, oscillations around MPP caused by the
fluctuation of power around MPP etc. To overcome these
limitations, perturbation in the sensed voltage can be reduced.
But this will increase the time taken by the controller to fetch
the MPP. Hence the proposed VSS P&O MPPT controller is
incorporated in the system. Here, two different perturbation
values for duty cycle is considered in the process of locating
MPP. When the operating point is away from MPP, large
perturbation value is considered and if near to it, small
perturbation value is considered [24, 29, 30].

Measure ¥, (n), Lp(n)
Pry (1) = Vo) = Fpo (m)

Measure K (1 — 1) p(n — 1)
Ppy (= 1) = Ypu(n = 1) * I (n — 1)

APy = Bry(n) = Rpp(n = 1)
AV = V() = Vpp(n = 1)

Yes

| Updale Vpo(n = 1)=Kp(n)
| hpln=1) = [e(n)

Fig. 4a Flow chart of Variable step size P&O algorithm

Figure 4a shows [31] the flowchart of the proposed
controller and Fig. 4b shows the Simulink model of this
controller used in the system. Here a continuous monitoring
of change in voltage (dV,,,) and change in power (dF,,) is
done and (dP,,/dV,,) is calculated and it is compared with an
error value. For a large value of the ratio, the step value is
made large (0.02) and if the operating point is near MPP, a
small value of perturbation (0.005) is used. The purpose of the
proposed MPPT is to control the duty cycle of the converter.
This is done in such a manner that the actual load seen by the
PV source (input impedance of converter) is made same as that
of load at which maximum power is extracted from the PV
source.
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Fig. 4b Electrical model of VSS P&O MPPT

4. Converter topologies used in the System

The three converter topologies used in the system for the
comparative analysis is designed with the specification,
16/24V, 60 W, 9.6 Q load for a switching frequency fs of
10kHz using circuit components like inductors Li, Lo with
voltage across them represented as and  respectively,
capacitors C, Ci, Cz, Cs and Co with the corresponding voltage
across them represented as, V;,V;q,Vep, Vg andV,
respectively. A brief description of the converters used is
given below.

4.1 Single Switch High gain (SSHG) converter

Schematic diagram of the converter shown in Fig. 5 [10,
32] has four modes of operation in one cycle of switching.
Among them three modes for ON state (7o~) and the rest mode
for the off duration (7orr) of the switch.
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Mode 1

During this operating mode, D3 forward biased and D1,
Do, D> remains reverse biased. Capacitors Ci and C> get
charged. The output voltage is maintained as Vo because of the
discharging action of Co. This operation ends when current
through D3 becomes zero.

Mode 2

For this mode of operation all the diodes are reverse
biased. Inductor L; still gets charged from input voltage Vi. Vo
is maintained by the discharge of Co. This mode ends when
the polarity of L2 gets reversed and when diode D2 becomes
forward biased.

Dy
—
nm ,I}_ [>
Ll -|+ + +
C
Vio T 5 *C — RSy,

Figure 5. Single Switch High Gain Converter

Mode 3

The switch is still in the ON state, D> forward biased, but
D1, Ds, Do remains as it was in the previous mode. Output
voltage Vo remains constant by the action of Co. As the
polarity of Lz get reversed, now D: becomes forward biased
and then C; gets charged. This mode ends up when the switch
is in OFF state, so current through D> becomes zero.

Mode 4

Now when the switch is in OFF state, D; is reverse biased
and D1, D3, Do forward biased. Now L1, L» starts discharging
energy from them and C: gets charged. Co starts charging from
Cs through Do. This mode ends when Co gets completely
charged and when the MOSFET switch is turned ON. The
following equations apply for the two states of switch.

When S is ON (Mode 1, 2, 3)

Vi =V, 4)
Vie= Vea = Viu (5)
When S is OFF (Mode 4)

Vo= Ve +Vey (6)
Vie= Vi=Ve (7)
Ver— Vest V=0 ®)

During steady state, average voltage across inductor L;
in one switching cycle is zero, which is expressed as

Vi DT, + (V; = V)L = D)T, = 0 ©)
D is the duty cycle and Ts is the switching period.

Ve _ 1
V;  1-D (10)

Eq. (10) is the gain equation of the Boost Converter.

When similar condition is applied to inductor Lz the
following equations are derived

(Vez = Ver)DTs + (Ve +Ves = Vp)(1 = D)Ty = 0
(11)

(12)

Vo _ 3+D
Vi 2(1-D)

Eq. (12) is the gain equation of the proposed Converter.

It is inferred that the gain of the proposed converter is
many times higher than that of a Boost converter and this is
achieved by varying the duty cycle.

Design Considerations

Comparing Eq. (6) and (7), duty cycle

p=1_Y (13)
Vea
Vo+V;
Ve, =22 (14)
For the converter with chosen rating, D = 0.2 (15)
VDT
1= = 284 uH (16)
Al oy

Al oy is the ripple current through L1 when the switch is
in the ON state and is equal to 30% of current through L.,
when switch is ON, I, oy =1; = 3.75 A.

L, = Ye2d=D)Ts — 1459 uH (17)

Al orr
Design of capacitor

I,D

C1=C2=C3=fSAVC
2

= 25 uF

Where Iois the output current.
AV =10% of Vi, = 2V

IoD
=2 —41.6uF
07 fsavy H

4.2 Single Ended Primary Inductor Converter (SEPIC)

Since the solar PV system with SSHG converter offers low
efficiencys, it is replaced by SEPIC converter. The operation of
this converter is based on the principle of step-up and step
down converters. Schematic diagram of the converter shown
in Fig. 6 [33, 34] has two modes of operation in one cycle of
switching. The converter has two inductors L1 and Lz for buck
or boost operation of the input and offers a non-inverted output
with a high static gain.
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Figure 6. Single ended primary inductor converter
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The two modes of operation of the converter are given below.

Mode 1 (S1 ON and Sz OFF)

Vi=Via (18)

Vi, = Ve (19)
Mode 2 (S; OFF and S, ON)

Ve = Vi=Ver + Ve2) (20)

Vi, =V =0 (21)

Average voltage across the inductor during one switching
cycle is equal to zero and hence the following equations.

V; DT + [Vi = (Ver + Ve)](1=D)Ts = 0 (22)
—VeiTon + VeaTorr =0 (23)
v
Ve = Y2(1-D) (4)
Vi %4 D
Yo _ Ye2 _ Y (25)
Vi Vi 1-D

This gives the gain equation of the SEPIC converter.
Design considerations
Considering Eq. (25), duty cycle, D = 0.6.
From Eq. (16), L1 = 853uH
From Eq. (25), V¢, =24V
Lo=853uH,C=17.5puH, C; =C, =121 uF

4.2 Modified SEPIC Converter

The schematic diagram of the converter is shown in
Fig. 7 [12, 35] and it has two modes of operation.

M ﬂl [~
L le, ! l/zly,
l e |
T — Cc R, | Vo
[~
L1
S pp —=C

Figure 7 Modified SEPIC converter

Mode 1. When switch S is in ON state, diodes D,, D, remain
reverse biased and the following equations apply.

Vi= Vi, (26)
Ver = Ver + Vg (27)
Veo = Ve (28)

Mode 2 Now Sisinthe OFF state and the following equation
applies.

Vo= Ver + Ve (29)
Under steady state, below given equations can be derived.

Vea 1

Vi  1-D (30)

Vo _ 14D

V; 1-D (1)

Eq. (31) describes the gain equation of the converter.
Design considerations.

By Eq. (31), duty cycle D=0.2

By Eq. (16) L1 =L, =284uH,

IoD

= = 250 uF
¢ fsAVey H
Ve = Vi D =4V
aa=71_p~

Ripple voltage across capacitor C1 = 5% of =0.2V

Similarly, C, = f’A"f =50 uF, Ve =20V
sAVcz
I,D
Co = = 41.6uF ; AV, =5%of V, = 1.2V
0 AV f. U 0 % of V,

5. Discussion on the results

The three converters proposed for the comparative
analysis in the test solar PV systems are operated by the
proposed variable step size P&O MPPT controller. The
complete system is modelled in MATLAB/Simulink. The
system is sourced by an MSX 60 solar PV which is modelled
based on electrical characteristics available in manufactures
data sheets. Performance of the system with different

converter topologies is analysed for wvarious input
circumstances.
5.1 Standard Test Condition (STC)

Figure 8. shows the duty cycle of the three converter

topologies when operated with the proposed controller by
maintaining the irradiation to the PV module constant as
1000W/m2 while the temperature kept constant as 25°C. It
clearly shows the performance of the controller to track the
duty cycle and that the steady state is attained at a faster rate
when the system is operated with modified SEPIC. It is also
inferred that when the system is operated with the proposed
controller using modified SEPIC, the exact duty cycle of 0.2
is tracked.

=4
o
T

Duty Cycle
o
>

o
N

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(sec)

Figure 8. Duty cycle plot under STC

o
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Figure 9 shows the output power of the system with
the different converters under STC. Maximum output is
transferred to the load with minimum oscillations when the
system is operated with modified SEPIC converter.
Percentage of ripple in the output power is inferred as
maximum for the system with SEPIC converter.

®
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Figure 9. Output power plot under STC

Figure 10 and Fig. 11 shows the voltage plots at the input and
output side of the converter under STC. Since the irradiation
and temperature under this condition is maintained constant as
1000W/m2 and 25°C respectively, output voltage plot does
not exhibit much oscillations. Maximum average output
voltage is made available across the load with minimum ripple
when the PV system is operated with modified SEPIC
converter. Percentage of ripple in the output voltage is found
to be maximum when the system is operated with a SEPIC
converter.
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-
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-
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L 016, 0,18 L 02 | | . |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Figure 10. Input voltage under STC
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Figure 11. Output voltage of converter under STC

Plot of the current drawn by the converter under STC is
shown in Fig. 12 Percentage of ripple in the input current is
found to be minimum for modified SEPIC and maximum for
SEPIC converter.

T T T T T T T T T l
- .
* v ) X:0.309 ' " I
Y:3621 e
—sshg
2 sepic
4
0 35 }WVC\

3
017 0.172 0.174 0.176 0.178 0.18

2 L I I I L L L I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time(sec)

p

Input current(A)

Figure 12 Input current plot under STC

The system performance under STC is found better with
modified SEPIC converter with a minimum amount of ripple
in the output power, output voltage, input current and it also
exhibits maximum system efficiency.

5.2 Variable Irradiation Input Condition

Keeping the temperature value constant as 250C,
variations are applied to the irradiation at the input of the solar
PV as 725W/m2, 1000W/m2, 860W/m2 and 1120W/m2 and
each situation for a duration of 0.05 seconds and the system
performance is monitored for 0.2 seconds. The applied
changes in irradiation level is shown in Fig. 13.

1200

B —T=25¢C | |
S.1100
°
= 1000 -
=
S L
5 900
©
£ 800
50 . , d . . : i
005 01 015 02 025 03 035 04 045 05

Time (seconds)

Figure 13. Plot of varying irradiation

Performance of the system for the stated input
circumstances are inferred from the following duty cycle,
power, voltage and current graphs obtained by making the
system active for 0.2 seconds. Figure 14 shows the duty cycle
of various converters used in the system. For an irradiation of
725W/m2, the proposed controller with SEPIC converter
shows a comparatively slow response in attaining steady state
compared to the rest two converters. Overall performance of
the controller is better in the system with modified SEPIC in
almost all conditions of variable irradiation.

Output power of the system with various converters is
shown in Fig. 15. Though the temperature maintained constant
output power shows variations as the irradiation to the module
changes in every 0.05 seconds. For the entire duration,
performance of the proposed controller in the system is
superior with modified SEPIC converter, which could deliver
more average power to load with least ripple content in it. A
similar observation can be inferred from the plot of output
voltage shown in Fig. 16, where the performance of the
proposed controller in the system with modified SEPIC
converter is superior in terms of the average value and ripple.

1282



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Shiny Paul et al., Vol.10, No.3, September, 2020

T T
0.6
2
o
9
30.4 r
S
(=]
% PN
02F 3 :J\Junr SARAR A oo u‘\ﬂ'w\:\,-ikn,\qu |
0 0.02 0.04 0.06 0.08 0.1 012 014 0.16 0.18 0.2

Time(sec)

Figure 14. Duty cycle of various converters for varying
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Figure 16. Plot of output voltage across load

Figure 17 shows the plot of input current drawn by the
system with various converters. Under almost all conditions
of varying irradiation, system performance with the controller
is superior with modified SEPIC as the converter.
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Figure 17. Input current plot for varying irradiation
5.3 Variable temperature Condition

Keeping the irradiation constant as 1000W/m2, the
temperature input to the solar PV is varied as shown in Fig. 18
and the system is made to be active for 0.2 seconds. Figure 19
shows the duty cycle of the selected converters tracked by
the proposed controller in the system. Performance of the
controller in the system with SEPIC converter is noted to be
inferior in reaching steady state, whereas that with modified
SEPIC performs the best. Figure 20 displays the output power
plot for the changing temperature condition. With regard to
the average power output and its ripple content, the system
with modified SEPIC converter exhibits superior

performance. The output voltage plots of various converters
used in the PV system shown in Fig. 21 clarifies the superior
performance of modified SEPIC converter in terms of its
magnitude and ripple content. Current drawn by the chosen
converters from the PV module is displayed in Fig. 22. In all
the mentioned cases, a system with modified SEPIC converter
exhibits a superior performance using the proposed controller.
The following are the graphs derived which are used for
analysis.

Time Series Plot:
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D 45
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Figure 18. Plot of temperature variations at the input of the
system
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Figure 19. Duty cycle plot of the converters for the stated
condition
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Figure 20. Output power plot
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Figure 21. Output voltage plot
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Figure 22. Input current plot

6. Ripple analysis

Based on the outcome from the numerical experiments for
the above stated three different input circumstances of the
solar PV, a comparison is made on the amount of ripples in
output power, output voltage and input current. Also the
system with three different converter topologies are compared
on the basis of efficiency, which are tabulated below in table
1,2 and 3.

Table 1. Standard test condition

Table 3. Variable temperature

SSHG SEPIC | Mod. SEPIC
Temperature (°C)| 35 50 35 50 35 50
Average Input | 5 53| 3 561349 [3.44 [ 3.59 | 3.69

current (A)

Input current |, 151} 55 | 895 | 2.61 | 1.87 | 1.89
ripple(%)

Average Quiput |, 5151 15192 72(21.03(22.73| 21.58
voltage (V)

Output voltage | )7 1 14| 127 | 7.98 | 0.62 | 1.11
ripple (%)

Average Quiput | 5 5 | 1o 50153 77(45.44|54.58 | 50.29
power (W)

Output power | 024 | 0.69 | 2.58 [13.16] 1.55 | 1.11
ripple (%)

Efficiency (%) |88.72[87.82(94.82]96.14|95.64|96.48

Comverter SSHG SEPIC Mod.
SEPIC
Input current | <5 7.54 234
ripple %
Output voltage |, ¢, 0.86 0.82
ripple %
Input 2.47 273 1.19
power ripple %
Output power | ) g 1.67 0.88
ripple %
Average
efficioncy % 90.21 96.08 96.71
Table 2. Variable irradiation
Mod.
SSHG SEPIC SEPIC
Irradiation 100 100 100
W) o | 860 | "7 [ 860 | "% | 860
I“P“t(l:‘)‘“em 3.41|3.17 | 3.57 | 3.33 [ 3.50 | 2.95
Input current | 55\ » o6 | 754 | 531 | 2.34 | 1.93
ripple (%)
O“tpu(tvv)"“age 22.58(20.16]23.33|19.72(23.12| 21.42
Outputvoltage | ¢, | 489 | 0.86 | 1.87 | 0.82 | 0.37
ripple (%)
O“tpE‘\tVI;"Wer 52.9 |42.30|56.69|40.54|57.57| 49.00
Output power
Ripple (o4 | 091 | 163 | 1.68 | 3.70 | 088 | 0.22
Efficiency (%) |90.22]89.57/96.08]93.67[96.71 | 95.80

7. Conclusion

The proposed variable step size P&O MPPT controller
considered for the efficiency comparison of the three
converter topologies in the developed PV system are done
based on the parameters like ripple content in input current,
output voltage and average power efficiency. Validating the
results of Table 1., Table 2.and Table 3. clearly indicates that
the performance of the modelled standalone PV system with
modified SEPIC converter is superior, for almost all climatic
conditions. Also the system with modified SEPIC topology
with the proposed controller under STC promises an average
efficiency of 96.71% which is more than the full load
efficiency of the converter as stated already [12]. Moreover,
the proposed controller in the system with modified SEPIC
converter shows better and fast response in tracking duty cycle
under varying air temperature and solar irradiations.
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