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Abstract: Integrating photovoltaic (PV) plants into elec-
tric power system exhibits challenges to power system
dynamic performance. These challenges stem primarily
from the natural characteristics of PV plants, which
differ in some respects from the conventional plants.
The most significant challenge is how to extract and
regulate the maximum power from the sun. This paper
presents the optimal design for the most commonly used
Maximum Power Point Tracking (MPPT) techniques
based on Proportional Integral tuned by Particle
Swarm Optimization (PI-PSO). These suggested techni-
ques are, (1) the incremental conductance, (2) perturb
and observe, (3) fractional short circuit current and (4)
fractional open circuit voltage techniques. This research
work provides a comprehensive comparative study with
the energy availability ratio from photovoltaic panels.
The simulation results proved that the proposed con-
trollers have an impressive tracking response. The sys-
tem dynamic performance improved greatly using the
proposed controllers.

Keywords: photovoltaic, maximum power point tracking
techniques, PI controller, particle swarm optimization
(PSO), energy availability ratio

1 Introduction

Renewable Energy Resources (RERs) has intensified over
the past two decades. Of various alternative energy
sources, solar energy is one of the most prominent
sources of electrical energy in years to come. The increas-
ing concerns about environmental issues demand the
search for more sustainable electrical sources. Solar
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energy along with wind turbine and fuel cells are possi-
ble solutions for environmental energy production [1].

The photovoltaic (PV) generation is one of the most
useful applications of RERs. PV sources are used today
in many applications such as battery charging, water
pumping, home power supply, swimming pool heating
system, and satellite systems. They have many advan-
tages like pollution free, silent and directly fed electri-
city into distribution networks.

Despite all the benefits presented by the PV energy
generation, the initial cost for maximum power track-
ing system implementation is still considered high.
Thus, it becomes necessary to use technologies to
extract the maximum power from these panels to
meet maximum operation efficiency.

The organization of the paper is; Section 1: is the
introduction, Section 2: presents a comprehensive
description of the system under study, and some
ideas about system modeling point of view as it relates
to equivalent circuit analysis. Then, Section 3:
describes what MPPT entails. Next, the concepts of
the most commonly used MPPT techniques were intro-
duced in Section 4. Section 4 presents hybridization
between an ideal basic PI controller and MPPT techni-
ques. Section 5 provides Particle Swarm Optimization
(PSO) for the optimal parameters tuning. Section 6
concludes the simulation results by discussing how
solar irradiance, temperature, current, and voltage
relate to maximum power and energy. Section 7 states
the main conclusions.

2 System Configuration
and modeling

In this section, the proposed system comprises of 100 kW
PV array, a dc-dc boost converter, DC-AC converter
(inverter) and distribution grid [2, 3]. Figure 1 shows the
block diagram of the developed system. Over the past
three decades, several types of research studied the math-
ematical model for the solar cell [4]. The equivalent cir-
cuit of the solar cell model consists of photocurrent
diode, the parallel resistor (leakage current) and series
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Figure 1: Block diagram for the proposed system.
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Figure 2: Single diode PV cell equivalent circuit.

resistor as shown in Figure 2. The mathematical model of
solar cell is [5, 6].

Photo-current (I,p,):
Ipn = [Ise + Ki(T - T;)]*G /1000 1)

Where, I is PV module short circuit current at 25°C and
1,000 W/m? = 2.55 A and K; is the short circuit current tem-
perature coefficient at I;.=0.0017 A/°C. T, T, are module
operating temperature and Reference temperature =298,
respectively and both are in degree Kelvin, and G is the
PV module illumination (W/m?)

Reverse saturation current (I,,):
Iis =L /[exp((Q*Vqe ) / (Ng*K*A*T)) — 1] ®)}

Where, Q is the electron charge = 1.6*10™" C, V. is the open-
circuit voltage (V), N is the number of series-connected
cells, K is the Boltzmann constant = 1.3805*10 2*J/K, and A
is the ideality factor = 1.6.

Saturation current (I,):
Io = Lis* [T/ T, *[exp(((Q*Ego) / (B*K))*((1/Ty) - (1/T)))]
3
Where, E,; is the band gap of silicon=1.1eV and B is the
ideality factor=1.6
PV output current (I,y):
Ipy = Np*Iph = Ns*Io*[exp((Q* (Vv + Ipv*Rs) )(Ns*A*K*T) ) 1]
(@)

Converter

Inverter

Utility Grid

Where, N, is the number of parallel-connected cells, V,,
is the output voltage of a PV module (V), and R is the
series resistance of a PV module (Q).

3 Photovoltaic control system

Bouchouicha and Pandiarajan presented the nonlinear out-
put characteristics of the PV model with different solar
irradiance and cell temperature [7, 8]. Furthermore, the
maximum power point of the PV module changes continu-
ously due to the unpredictable nature of the solar irradia-
tion. Therefore, a maximum power point tracking technique
is required to maintain the output power of the PV module
at its maximum power point. Kumar validates the PV model
parameters in [4]. Many MPPT tracking methods have been
developed and implemented [9]. The main challenge con-
sidered by MPPT techniques is how to find automatically
the optimal PV array voltage and current to obtain max-
imum power output PMPP under system uncertainties.

4 MPPT techniques

4.1 Incremental conductance technique

Based on the fact that the Power slope of the PV is null at
MPP (dP/dV =0), Positive in the left and negative in the
right as shown in eq. (5). Thus, the incremental
conductance (IC) method is employed for achieving
MPPT. The IC conditions are

ap =0 at MPP
Fike >0 at the left of MPP )
<0 at the right of MPP
Where;
dP  d(IV) dI Al
= 4V [+ V—
v av Vave tVav ©
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Figure 3 shows the use of the instantaneous conductance
(I/V) to the incremental conductance to track the MPP.
The algorithm decrements or increments duty cycle to
track new MPP. The increment size determines how fast
the MPP is tracked [9]. In the IC technique, both the
instantaneous conductance and the incremental conduc-
tance are used to generate an error signal. The possibility
of zero division represents a limitation of this technique.
In the case of zero division, inserting a tiny number
tackled the zero division problem. The objective function
of error in this method is

I dlI
Error = v + v (8)

Figure 3: Incremental conductance technique.

The Proportional-Integral (PI) controller can reduce or
eliminate this error. Various control systems use PI con-
troller [10, 11]. The continuous form of PI controller, with
an input e and output U, is presented in eq. (9).

t
U =Kype(t) + K; Je(t)dt ©)
0

— Proportional gain (Kp): The proportional gain is
responsible for enhancing the overall stability. This
term presents multiplication of the system error by
adjustable proportional gain Kp.
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— Integral gain (K;): the primary control objective is to
reduce significantly or eliminate the steady state
error. To achieve this goal, authors decided to add
integral action to the sum of the instantaneous error
over time multiplied by the integral term.

t
integral term=K; J e(t)dt (10)
0

4.2 Perturb and observe technique

This section presents a comprehensive explanation for
Perturb and observe (P&O0) algorithm. P&O involves a per-
turbation on the duty cycle of the power converter. In this
study perturbation of duty cycle of the boost converter is
implemented. If the change in power is positive (P) and
perturbation is positive, then the next perturbation will be
positive. While if the difference in power is negative and the
perturbation is positive, therefore the next perturbation will
be negative (N) (reversed) [9, 12]. Table 1 summarizes the
algorithm. The process is repeated periodically until the
MPP is reached [12]. The limitation of this algorithm is that
the system oscillates about the MPP. Variable perturbation
step size is used to overcome this problem and get smaller
towards MPP as shown in Figure 4.

Table 1: P&O algorithm summary.

Change in Power

P N
Perturbation P P N
N N P

4.3 Fractional open circuit technique

Fractional Open Circuit (OC) depends on the Fractional
Vo from the fact that, under varying atmospheric condi-
tions, Vppp is approximately linearly related to V. of the
PV array as shown in Figure 5 [13-15].

Vmpp =K1*Voc (11)

Where K; is dependent on the characteristics of the PV
array and has been reported to be between 0.71 and
0.80 [14]. It usually has to be computed empirically
determining Vp,,, and V.. for the specific PV array at
different irradiance and temperature levels. Once K; is
known, Vy,;,, can be calculated using eq. (11). The pilot
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Figure 5: Fractional open circuit algorithm.

cells for measuring V,. had been used to prevent tem-
porary loss of power. These pilot cells must be carefully
chosen closely to represent the characteristics of the PV
array. The drawback of this technique is that the gen-
erated voltage by p-n junction diodes is approximately
75% of Voc. The objective function of error in this
technique can be clarified as follows:

Error = Vref — K;*Vo.c (12)

4.4 Fractional short circuit
technique

Based on the fact that, under varying atmospheric
conditions, Iyp, is approximately linearly related to I
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Figure 6: Fractional short circuit technique.

of the PV array as shown in Figure 6 [15]. Fractional Short
Circuit (SC) technique is

Impp =Ky*Isc (13)

Where K; has to be determined according to the PV array
in use. Just like in the fractional V.. technique, the con-
stant K, is found to be between 0.78 and 0.92 [16]. The
objective function of error in this technique is

Error = Lier — Ko* I c (14)

5 Particle swarm optimization
technique

PSO is a population-based stochastic optimization algo-
rithm that emulates from the behavior of birds flocking
and fish schooling that doesn't have any leader in their
group or swarms [17]. PSO has two populations’ ppess and
current positions; this allows greater diversity and
exploration over a single population. Also, the momen-
tum effects on particle movement can allow faster con-
vergence. It is developed through simulation of birds
flocking in two-dimension space [18, 19]. Figure 7 pre-
sents general flowchart of PSO. The particles flew
through the search space by updating the position of
the i™" particle at time step according to Equation (15)

Xi(t+1) =x;(t) +vi(t+1) (15)
The velocity updates are
Vi(t+1) =0 vi(t) + ¢; rand; x (pbest; — x;(t) 16)

+ ¢, rand, x(gbest - x;(t))

Where, x;(t), Vi(t + 1), and are the vector of the current
position, the vector of current velocity, and the inertia
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weighting function respectively. The inertia weighting func-
tion is a linearly decreasing function [20, 21]. c, rand, Ppestis
and gy.s; are the acceleration constant, the random number
on the interval [0, 1], the personal best of particle and Global
best (best of pyes: Of the group) respectively.

Evalutation of each objective
function

Figure 7: A general flowchart of PSO.
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6 Results and discussion

Figure 8 shows the I-V and P-V output characteristics for
the PV model. The output power and current of PV
module depend on the solar irradiance and temperature,
and as well cell's terminal operating voltage. From
Figure 8, like solar irradiance increases as the maximum
power output and short circuit current increases. In
Figure 9, the step-up DC/DC boost converter increases
the normal voltage of PV from 272 VDC at full power to
500 VDC.

Figures 10 and 12 present the proposed system tested
under two cases with different irradiance pattern. After
implementing the IC technique, P&O technique, SC and
OC techniques on both two cases. It is evident that the
output power obtained from PV after applying IC techni-
que performs best results than any other techniques as
shown in Table 2. Figures 11 and 13 present the dynamic
and transient responses of the four techniques.

Table 3 shows optimal values of gains Kp and K;
obtained from PSO. Table 3 indicates that SC has the
lowest overshoot compared to IC and OC. The IC can
reach MPP faster than both SC and OC as shown in
Table 3. Table 3 reveals that the IC has better tracking
response; however the rise time is nearly constant in all
techniques. Figures 14 and 15 show the grid voltage and
current.

350 Figure 8: |-V and P-V characteristic
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Figure 9: Output voltage of PV and boost converter.
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Figure 10: Solar irradiance pattern for case study 1.

Table 2: Available power shared for each MPPT technique.
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Figure 12: Solar irradiance pattern for case study 2.
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Figure 13: Transient behavior of PV output power.

Case Study IC P&0 sC OC  Table 3: Optimal values of Kp and Ki obtained by PSO.
Power Shared (kW)
Incremental Fractional Fractional
1 99.1 94.3 98.2 93.9 Conductance Open Circuit  Short Circuit
99.1 94.4 94.4 96.5
Ky 17.736 14.947 4.9089
K; 32.51 30.014 7.7415
Rise time (t)p sec. 0.967 0.967 1.105
Settling time (ty)p sec. 1.027 1.043 1.197
Maximum Overshoot(M) 5.461 8.369 0.234
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Figure 11: Dynamic response of PV output power with MPPT
controllers.

Figure 14: Grid output voltage.
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Figure 15: Grid output current.

7 Conclusion

In this paper, a new effective control method integrating
PSO-based PI was introduced. This research article
demonstrates that PSO can solve searching the controller
parameters more efficiently than conventional ones.
Modeling of the proposed system was performed using
MATLAB/SIMULINK software package. The simulation
was conducted to cover the full range of operating con-
ditions and severe disturbances. It is evident from simu-
lation results that the Incremental conductance technique
performs best results in both two cases of study (different
irradiance pattern) as compared with the other techni-
ques of MPPT with availability power ratio.
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