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Abstract

The proposed scheme is based on the modified perturb and observe (P&O) algorithm combined
with the sliding mode technique. A modified P&O algorithm based sliding mode controller is
developed to study the effects of partial shade, temperature, and insolation on the performance
of maximum power point tracking (MPPT) used in photovoltaic (PV) systems. Under partially
shaded conditions and temperature, the energy conversion efficiency of a PV array is very
low, leading to significant power losses. Consequently, increasing efficiency by means of
MPPT is particularly important. Conventional techniques are easy to implement but produce
oscillations at MPP. The proposed method is applied to a model to simulate the performance
of the PV system for solar energy usage, which is compared to the conventional methods
under non-uniform insolation improving the PV system utilization efficiency and allowing
optimization of the system performance. The modified perturb and observe sliding mode
controller successfully overcomes the issues presented by non-uniform conditions and tracks
the global MPP. Compared to MPPT techniques, the proposed technique is more efficient; it
produces less oscillation at MPP in the steady state, and provides more precise tracking.
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1. Introduction

Recent environmental catastrophes and controversies over the energy resource of fossil re-
sources have elicited vast, active research into source of energy that are clean and cause
less environmental contamination [1]. Photovoltaic (PV) and fuel cells, consequently, have
been widely pursued as renewable energy saving technologies because they do not produce
environmental pollution, and are abundant and widely available [2]. Renewable energy sources
and energy-saving technologies have been researched as methods to resolve the problems of
the energy crunch and global warming. Among renewable energy technologies, the importance
of PV systems and proton exchange membrane fuel cells (PEMFCs) is significantly increasing
because of their advantage of environmental contamination free operation, low noise, and
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minimal maintenance requirements [1]. Renewable energy
technologies are growing swiftly, at an annual average of 40%
over the last decade [3].

To provide alternating current (AC) power from the PEMFC
and the PV system to the grid, which is at 220–240 Vrms in most
countries, a power interface is required. PV and PEMFC energy
systems have various applications, including in green household
appliances [4–6], in solar vehicle [7] and fuel cell vehicle [8]
for distant military missions [9], and even for electric ships
and aircrafts [10, 11]. The brushless direct current (BLDC)
motor is a promising companion technology that has been used
extensively in many industrial applications owing to its high
performance in terms of power factor, operation life, efficiency,
control simplicity, and maintainability, torque, speed [12, 13].

From the point of view of evaluation, the output voltage of a
PV cell can vary greatly under a variety of weather conditions,
which can result in control problems. Under suddenly changing
weather conditions, it is difficult to keep track of the change of
result in PV output power [14, 15].

One way to overcome these problems is to employ a PV
power generation system hybridized with other power sources
such as battery energy storage systems, diesel generator sys-
tems, and fuel cell systems. Battery energy storage systems can
be charged or discharged depending on the insolation [1, 6, 16,
17].

The paper is organized as follows: the proposed Modified
Perturb and observe (P&O) sliding mode maximum power
point tracking is presented in Section 2; modelling of the PV
system and the power output of a partially shaded PV array
are described in Section 3; simulation results for the different
MPPT algorithms with partially shaded PV modules with a
focus on variations in insolation and temperature are described
in Section 4; and we present conclusions in Section 5.

2. Modified Perturb and Observe (P&O) Slid-
ing Mode Maximum Power Point Tracking

The MPPT algorithms resulted in oscillations of the position
of the MPP which can actually lead it away from its optimal
value. In order to overcome this drawback, an analysis is pro-
vided to understand the expected displacement of the operating
point resulting from an applied perturbation of the operating
conditions [1, 2, 6, 18, 19]. Figure 1 illustrates the scheme of
the modified perturb and observe sliding mode technique.

Four cases of perturbations from the operating point can be
distinguished:

displacement of the operating point resulting from an applied perturbation of the operating conditions [1, 2, 6, 17, 

18] Figure 2-1 illustrates the scheme of the modified perturb and observe sliding mode technique. 

 

 
 

Figure 2-1. Flowchart of the proposed modified P&O algorithm 
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First case : (Figure 2-2(a)) : After the perturbation, there is a displacement of the operating point from 1k   

to k , with ( ) ( 1)P k P k   and ( ) ( 1)V k V k  . The power increases after the perturbation. This indicates that 

the MPP search is oriented in the right direction. The search of operating point 1k   by increasing the duty cycle 

by d . The voltage is then increased to ( 1) ( )V k V k v    . 
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Figure 1. Flowchart of the proposed modified P&O algorithm.

First case (Figure 2(a)) : After the perturbation, there is
a displacement of the operating point from k − 1 to k, with
P (k) > P (k− 1) and V (k) > V (k− 1). The power increases
after the perturbation. This indicates that the MPP search is
oriented in the right direction. The search of operating point
k + 1 by increasing the duty cycle by ∆d. The voltage is then
increased to V (k + 1) = V (k) + ∆v.

Second case (Figure 2(b)) : After the perturbation, there is
a displacement of the operating point from k − 1 to k, with
P (k) < P (k−1) and V (k) < V (k−1). The power decreases
after the perturbation. This indicates that the MPP search is
oriented in the wrong direction. The MPP search direction must
be changed and the duty cycle is increased by 2∆d to reach
the operating point k + 1. The voltage is then increased to
V (k + 1) = V (k) + 2∆v.

Third case (Figure 2(c)) : After the perturbation, there is a
displacement of the operating point from k − 1 to k so that
P (k) > P (k− 1) and V (k) < V (k− 1). The power increases
after the perturbation. This indicates that the MPP search is
oriented in the good direction. Then, the MPP search direction
must be maintained and the duty cycle is decreased by ∆d

to reach the operating point k + 1 [20]. The voltage is then
decreased to V (k + 1) = V (k)−∆v.

Fourth case (Figure 2(d)) : After the perturbation, there is
a displacement of the operating point from k − 1 to k so that
P (k) < P (k−1) and V (k) > V (k−1). The power decreases
after the perturbation. This indicates that the MPP search is
oriented to bad direction. Then, the MPP search direction must
be changed and the duty cycle is increased by 2∆d to reach
the operating point k + 1. The voltage is then decreased to
V (k + 1) = V (k)− 2∆v.
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(a) (b)

(c) (d)

Figure 2. Various cases of displacement of the operating point. (a) First case, (b) second case, (c) third case, and (d) fourth case of operation.

Figure 3. Equivalent circuit model of a PV cell.

3. Photovoltaic Generator System

The PV array consists of a number of cells connected in series or
in parallel; The output and light-induced electromotive current
can be written as follows [21–23]:

Io = Ipv − Id − Ip, (1)

where Io is the PV output current, Ipv is the light-generated
current, Id is the diode current, and Ip is the parallel resistance
current.

Light-generated current is a function of temperature and

insolation and is given by

Ipv = Iscr
R

Rref
+ Ki(T − Tref ), (2)

where Iscr is the cell short-circuit current; R and Rref are
the input insolation and reference insolation, respectively; T
and Tref are the cell temperature and the reference tempera-
ture in Kelvin, respectively; and Ki is the short-circuit current
temperature coefficient.

Then, the diode current, which is a function of the saturation
current, can be written as

Id = Isat

{
exp

q(Vo+IoRs)
AkT −1

}
, (3)

where Isat is the diode saturation current, Rs is the series resis-
tance, k is the Boltzmann constant [1.3805 × 10−23 N·m/K],
and q is the electron charge [1.6021× 10−19 C].

Furthermore, the parallel resistance current gives a measure
of the PV cell loss; it can be calculated as follows:

Ip =

(
Vo + IoRs

Rp

)
, (4)
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Table 1. Specifications of the KC200GT solar module at 25◦C, 1,000
W/m2 from the datasheet [2]

Designation KC200GT

Maximum power (Pmax) 200.143 W

Voltage at maximum power (Vmp) 26.3 V

Current at maximum power (Imp) 7.61 A

Open circuit voltage (Voc) 32.9 V

Short circuit current (Isc) 8.21 A

Temperature coefficient of Voc (KV ) -123 mV/◦C

Temperature coefficient of Isc (KI ) 3.18 mA/◦C

Number of cells (Ns) 54

where Rp is the parallel resistance.

Finally, the saturation current varies as a function of temper-
ature and can be expressed as

Isat = Isatr

(
T

Tref

)3

exp

{
qEg
Bk

(
1

TR
− 1

TC

)}
, (5)

where Isatr is the reference cell saturation current, Tref is the
ideality factor, and Eg is the cell band gap energy.

By using the equivalent circuit of a single diode model as
shown in Figure 3, the generated current can be expressed as:

Io = Np

[
Ipv − Id

{
e

q(Vo+RsIo)
AkTNs − 1

} Vo + RsIo
NsRp

]
, (6)

where A is a dimensionless junction material factor, Np and
Ns are the numbers of cells connected in parallel and series,
respectively.

The PV module type is KC200GT, and its specifications are
reported in Table 1.

With reference to Figure 4, the PV characteristics is nonlin-
ear in response to changes in solar insolation and temperature.
Figure 4(a) shows characteristic I–V curves of a PV array for
various values of constant insolation; as the insolation increases,
the open-circuit voltage and short-circuit current of the PV cell
both increase. Similarly, Figure 4(b) depicts characteristic I–V
curves of a PV array for various constant temperatures. Fig-
ure 5(a) shows characteristic P–V curves of a PV array for
various values of constant insolation; as the isolation increases,
the open-circuit voltage and short-circuit current of the PV cell
both increase. Similarly, Figure 5(b) depicts characteristic P–V
curves of a PV array for various constant temperatures. Note
that as the temperature increases, the characteristic short-circuit
current increases slightly and the open-circuit voltage decreases.

(a)

(b)

Figure 4. Influence of the I–V characteristics. (a) Constant uni-
form insolation condition (G) and (b) constant uniform temperature
conditions (T).

Four cases of partially shaded PV modules were also investi-
gated, as reported in Figure 6. Under full insolation, the P–V
characteristic had one peak; however, when partial shading of
the PV modules occurred, multiple peaks existed. The charac-
teristic I-V curves of the PV array system shown in Figure 6
depend on the insolation of the PV system. However, insola-
tion is not equally distributed to partially shade the PV module.
The following three cases of partially shaded PV modules are
considered.

Case (i): one module is shaded with unequal insolation (i.e.,
PV module 1).

Case (ii): two modules are partially shaded with unequal
insolation (i.e., PV modules 1 and 2).

Case (iii): two modules are partially shaded with unequal
insolation (i.e., PV modules 1 and 3).

Case (iv): three modules are partially shaded with different
insolation (i.e., PV modules 1, 2, and 3).

The simulation results for the four cases suggest that a par-
tially shaded module causes a reduction in PV output power.
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(a)

(b)

Figure 5. Influence of the I–V characteristics. (a) Constant uni-
form insolation condition (G) and (b) constant uniform temperature
conditions (T).

Figure 6. PV output power characteristics under different partial
shade conditions (three cases).

This information is further illustrated in Figure 7 where the
x-axis represents the time of day, the y-axis shows the month
of a year, and the z-axis indicates the amount of irradiation
received during these times.

Figure 7. Summarizes the average irradiation data for approximately
each hour of sun exposure over the course of a year in Korea.

4. Results and Discussion

The tests used to compare the five algorithms under nonuniform
insolation and temperature conditions are described in Section
4.1. Comparative simulation results are discussed in Section
4.2.

4.1 Response of the Different MPPT Techniques to Nonuni-
form Weather Condition

To study the dynamic behavior of the typical PV system, four
MPPT algorithms based on P&O, IncCond, modified variable-
step IncCond, modified IncCond sliding mode algorithm and on
the proposed controller were implemented, evaluated, and com-
pared in a Matlab/Simulink environment, taking into considera-
tion the changes in insolation and temperature experienced by
the PV system when there is a partially shaded module. There
are different possibilities for the insolation and temperature
among the PV array elements; the following four cases were
randomly considered. The simulation results for the four cases
suggest that a partially shaded module causes a reduction in PV
output power. PV output power characteristics for all cases are
depicted in Figure 8.
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Figure 8. PV output power characteristics under different partial
shade conditions (four cases).

(i) Case 1 (Test under nonuniform climatic conditions in PV
module 1; constant climatic conditions in modules 2 and 3).

Figure 9(a) and 9(b) show insolation and temperature vari-
ations from partial shading; PV module 1 was simulated to
experience these nonuniform conditions (with insolation G1
varying from 600 to , 1000 W/m2, and temperature T1 varying
from 20 to 35◦C), while PV modules 2 and 3 experienced two
different sets of constant climatic conditions (PV module 2:
800 W/m2, 25◦C, and PV module 3: 500 W/m2, 40◦C). The
dynamic response of the PV system comprising these three
modules was controlled by using four techniques, as illustrated
in Figure 9(c).

With reference to Figure 9(c), we observe that the response
curves obtained by the proposed method, most remarkably
the power curves, responded more quickly and without much
oscillation, relative to two conventional methods and modified
variable step IncCond technique. The P&O technique caused
some voltage loss because its use can cause the PV system
to oscillate around the maximum power point. The modified
variable-step IncCond technique had more precise control and
less, stable oscillation than the two conventional techniques.
However, the proposed technique had the most accurate control
and the least oscillation in steady state operation among the
control methods tested.

(ii) Case 2 (Test under nonuniform climatic conditions in
PV modules 1 and 2; constant climatic conditions in module 3)

In this case, the insolation and temperature levels simulated
for PV module 3 represent shading (PV module 3: 700 W/m2,
25 ◦C), and the other modules experience nonuniform atmo-
spheric conditions (PV module 1: insolation G1 varying from
600 to 800 W/m2, and temperature T1 varying from 22 to 30◦C;
PV module 2: insolation G2 varying from 700 to 850 W/m2,

and temperature T3 varying from 25 to 44◦C) as shown in Fig-
ure 10(a) and 10(b). Figure 10(c) shows the dynamic response
of the PV system under control by the four methods tested.

By referencing to Figure 10(c), the proposed method re-
sponded the most quickly and stably among the four methods.
The conventional method and modified variable-step IncCond
technique had greater oscillations and responded more slowly
than the proposed method.

(iii) Case 3 (Test under nonuniform climatic conditions in
PV modules 1 and 3; constant climatic conditions in module 2)

The insolation and temperature levels simulated for PV mod-
ule 3 represent shading (PV module 3: 600 W/m2, 25◦C), and
the other modules experience nonuniform atmospheric condi-
tions (PV module 1: insolation G1 varying from 600 to 750
W/m2, and temperature T1 varying from 22 to 35◦C; PV module
2: insolation G2 varying from 600 to 850 W/m2, and temper-
ature T3 varying from 20 to 30◦C) as shown in Figure 11(a)
and 11(b). Figure 11(c) shows the dynamic response of the PV
system under control by the four methods tested.

With reference to Figure 11(c), we observe that the response
curves obtained by the proposed method, most remarkably
the power curves, responded more quickly and without much
oscillation, relative to two conventional methods and modified
variable-step IncCond technique. The P&O technique caused
some voltage loss because its use can cause the PV system
to oscillate around the maximum power point. The modified
variable-step IncCond technique had more precise control and
less, stable oscillation than the two conventional techniques.
However, the proposed technique had the most accurate control
and the least oscillation in steady-state operation among the
control methods tested.

(iv) Case 4 (Test under nonuniform climatic conditions in
all PV modules)

We were interested in testing the scenario in which all PV
modules experience nonuniform insolation and temperature.
We report in Figures 12(a), and Figure 12(b), varying climatic
conditions were simulated for each of the PV modules, includ-
ing random insolation from 724 to 947 W/m2 and temperature
from 22 to 32◦C.; the proposed control technique clearly re-
sponded the most quickly and performed the most stably, as
shown in Figure 12(c).

4.2 Comparative Study

All methods were able to track the global maximum power point
(GMPP) with different output voltages. The proposed method
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(a) (b)

(c) (d)

Figure 9. Influence of insolation and temperature variations (Case 1). (a) Insolation variation (G), (b) temperature variation (T1), (c) PV power
response to the variations under five control schemes, and (d) zoom of PV power.

showed more robustness in terms of its dynamic behavior under
different operating conditions, such as nonuniform insolation
and temperature, than the conventional methods evaluated

Tables 2-5 show comparative assessment of five MPPT tech-
niques. The performance is accessed in terms of energy pro-
duced by PV array; the oscillation in power at time t = 0.5 sec,
the response times to achieve the MPP. From the Table results,
the proposed MPPT technique works quit well where as their
performance degrades as compared to other MPPT algorithms.
The proposed method worked well under varying conditions
of nonuniform insolation and temperature, with less oscillation
and faster response. The efficiency of the proposed scheme
in such conditions was demonstrated by means of simulations.
The proposed method provided more stable operation, greater
reliability and feasibility, and faster response than two conven-
tional MPPT techniques and modified variable-step IncCond
MPPT. The main advantages of the technique developed herein
are its fast convergence to the MPP, its robustness, its higher
efficiency, and the possibility of easy implementation.

We considered the influence of non-uniform insolation and
temperature on all PV modules to evaluate their performance.

Figures 9(c), 10(c), 11(c) and 12(c) show the output power
of the three methods under partially shaded conditions. All
methods were able to track the GMPP with different output
voltages. Specifically, the proposed method was characterized
by a small oscillation when the MPP was reached, whereas
other methods have more oscillation and overshoot around the
GMPP. The proposed method showed more robustness in terms
of its dynamic behavior under different operating conditions,
such as non-uniform insolation, non-uniform temperature, and
resistive load, than the conventional methods evaluated.

5. Conclusions

Generation of output power from a PV system is dependent on
weather conditions. The performance of different MPPT meth-
ods used in the PV system was critically assessed under nonuni-
form atmospheric conditions. The performance of the proposed
modified perturb and observe sliding MPPT technique was com-
pared with that of conventional MPPT methods and modified
variable-step IncCond MPPT method under varying solar in-
solation and temperature conditions corresponding to cloudy
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(a) (b)

(c) (d)

Figure 10. Influence of insolation and temperature variations (Case 2). (a) Insolation variation (G), (b) temperature variation (T1), (c) PV
power response to the variations under five control schemes, and (d) zoom of PV power.

Table 2. Comparative assessment of different MPPT algorithms at Case 1

Algorithms Oscillation around MPP (W) Response time (s)

Perturb and observe 6.8 0.064

IncCond 8.4 0.094

Modified variable-step IncCond 6.1 0.094

Modified ICS 0.9 0.058

Proposed 0.9 0.051

ICS, incremental conductance sliding.

weather. Simulation results were performed, showing that the
conventional MPPT techniques and modified variable-step In-
cCond MPPT performed reasonably well under nonuniform
atmospheric conditions. However, the use of these techniques
tends to cause oscillations of the PV array operating point at
MPP under rapidly changing conditions of partial shading and

temperature. The modified variable-step IncCond MPPT algo-
rithm performed more efficiently in response to rapidly chang-
ing atmospheric conditions, and was more stable during MPP
tracking, compared with the conventional algorithms. The pro-
posed algorithm converged rapidly with little oscillation around
the MPP during steady state and response time than the other
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(a) (b)

(c) (d)

Figure 11. Influence of insolation and temperature variations (Case 3). (a) Insolation variation (G), (b) temperature variation (T1), (c) PV
power response to the variations under five control schemes, and (d) zoom of PV power.

Table 3. Comparative assessment of different MPPT algorithms at Case 2

Algorithms Oscillation around MPP (W) Response time (s)

Perturb and observe 10.2 0.032

IncCond 8.9 0.046

Modified variable-step IncCond 7.9 0.044

Modified ICS 1.4 0.039

Proposed 1.4 0.021

ICS, incremental conductance sliding.

four algorithms. Matlab based simulations of a PV system with
MPPT control were perform to validate the proposed method.
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