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Optimized Fuzzy Controller for MPPT of
Grid-connected PV Systems in Rapidly
Changing Atmospheric Conditions

Majid Dehghani, Mohammad Taghipour, Gevork B. Gharehpetian, and Mehrdad Abedi

Abstract—Due to nonlinear behavior of power production of
photovoltaic (PV) systems, it is necessary to apply the maxi-
mum power point tracking (MPPT) techniques to generate the
maximum power. The conventional MPPT methods do not func-
tion properly in rapidly changing atmospheric conditions. In
this study, a fuzzy logic controller (FLC) optimized by a combi-
nation of particle swarm optimization (PSO) and genetic algo-
rithm (GA) is proposed to obtain the maximum power point
(MPP). The proposed FLC uses the ratio of power variations to
voltage variations and the derivative of power variations to volt-
age variations as inputs and uses the duty cycle as the output.
The range of changes in fuzzy membership functions and fuzzy
rules are proposed as an optimization problem optimized by the
PSO-GA. The proposed design is validated for MPPT of a PV
system using MATLAB/Simulink software. The results indicate
a better performance of the proposed FLC compared to the
common methods.

Index Terms—Photovoltaic (PV), maximum power point
tracking (MPPT), fuzzy, particle swarm optimization (PSO), ge-
netic algorithm (GA), incremental conductance, perturb and ob-
serve.

[. INTRODUCTION

CCORDING to the U.S. Department of Energy, the de-

mand for electricity is expected to increase 30% by
2035 as a result of new consumption models, e.g. smart
plug-in electric vehicles and smart homes [1]. To decrease
the greenhouse gas emission, the attention has been drawn
to the electricity generation of renewable energy resources
as ecofriendly and nonpolluting power generation units [2].
Photovoltaic (PV) systems, wind turbine units, and fuel cells
are renewable energy resources widely used in different pow-
er systems.

Among all the renewable energy resources, solar power is
worldwide fastest-growing energy source, which is renew-
able and clean with affordable availability [3], [4]. It is used
as an economic source of energy in many applications, in-
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cluding power supply for rural areas, battery charging, and
water pumping [5], [6].

There are two main limiting issues associated with PV sys-
tems, i.e., high installation cost and low energy conversion
efficiency [7], [8]. To address the first issue, the emerging
PV technologies are less expensive using more efficient
semiconductors for electricity production. To increase the en-
ergy conversion efficiency, all components of the PV system
must be optimized. The maximum power point tracking
(MPPT) controller can be used to obtain the maximum out-
put power of the PV system under different atmospheric con-
ditions [9], [10].

The perturbation and observation (P&O) method is a typi-
cal technique used for MPPT due to its simplicity and easy
implementation [11]-[14]. However, there are many fluctua-
tions around the maximum power point (MPP) using this
method, which results in significant loss of energy, especial-
ly in large-scale PV systems [15]. An incremental conduc-
tance (INC) method was proposed in [16] to overcome these
problems. This method uses constant measurement steps,
which makes it possible to track the MPP by measuring the
ratio between instantaneous conductance and INC values of
the PV system power.

Recently, the design of a suitable controller for MPPT has
attracted lots of attention [17]-[21]. In [22], the P&O meth-
od was proposed for the operation of the PV-based water
pumping system and theoretical and practical results were
compared. In [23], a comparison between different MPPT
strategies of commonly used methods such as P&O and INC
with fuzzy control method was provided. In [24], two MPPT
methods were presented based on fuzzy and neural control
systems, and the results of proposed methods were com-
pared. In [25], an INC method was used for MPPT in PV ar-
rays. In [26], a new method of MPPT technique was pro-
posed to use the particle swarm optimization (PSO) method.
These methods only use one pair of sensors to control PV ar-
rays, which leads to lower prices, higher overall efficiency
and simplicity in implementation. However, these methods
do not properly function under rapidly changing atmospheric
conditions.

The application of artificial intelligence techniques for
MPPT such as neural networks [27], [28], intelligent algo-
rithms [29]-[31] and fuzzy logic controllers (FLCs) [32]-[35]
has significantly improved the tracking performance under
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different conditions compared with conventional methods.
Unlike linear controllers, the FLCs are intelligent systems
that have no sensitivity to the variation of topology, parame-
ters and operation conditions. These features make the FLC
attractive for system designers. The main challenges associat-
ed with the design of FLCs are the type selection of fuzzy
inference system, the shape and range of changes in fuzzy
membership functions and fuzzy rules. To overcome these
challenges, the shape and range of changes in fuzzy member-
ship functions and fuzzy rules must be optimized.

Heuristic methods such as genetic algorithm (GA) [36],
PSO [37] and neural networks [38] have been suggested in
the literature to optimize the parameters of FLCs. The meth-
ods based on neural networks require a large amount of his-
torical data to train the network for acceptable results. Due
to its random nature, GA cannot provide a single and accu-
rate solution for the problem. It also requires complex and
time-consuming calculations for the convergence. Compared
with GA, PSO is easier to be implemented and is less depen-
dent on the initial population. However, it easily falls into lo-
cal optimum in high-dimensional space and has a low con-
vergence rate in the iterative process.

To overcome the above-mentioned problems, this paper
proposes a combination of PSO and GA (PSO-GA) to opti-
mize the fuzzy system of MPPT controller. This combination
covers the weaknesses of each individual algorithm, leads to
optimized parameters in FLCs, and improves the speed and
accuracy of the system. The main scheme is to optimize the
shape, membership functions and fuzzy rules of fuzzy meth-
od using PSO-GA. The GA is used to find an approximate
solution using mutation and crossover operators. The PSO is
used to reach the exact solution. The performance of the pro-
posed MPPT controller is compared with P&O method, INC
method, FLC-GA, and FLC-PSO with rapid changes of radi-
ation and temperature. The proposed method can reduce the
steady-state oscillation and increase the response speed and
accuracy compared with other methods.

The rest of this paper is organized as follows. The PV sys-
tem model is described in Section II. Section III describes
different MPPT methods such as P&O, INC, and FLC. The
proposed PSO-GA fuzzy controller is explained in Section
IV. The simulation results are included in Section V fol-
lowed by the conclusion in Section VI.

II. MODEL OF PV SYSTEM

A PV cell is modelled using the single diode equivalent
circuit. In this model, the open-circuit voltage and short-cir-
cuit current are considered as two important parameters. The
short-circuit current depends on the irradiance, while the
open-circuit voltage is affected by the type of cell material
and temperature. More details about single-diode equivalent
circuit of PV cell and its equations can be found in [39], [40].

III. MPPT TECHNIQUES

Figures 1 and 2 show the characteristics of a PV system
in different irradiance and temperature levels, respectively.
Both solar irradiance and temperature have the influence on
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the MPP of PV module. Since the environmental conditions
are constantly changing and P-V curve has nonlinear charac-
teristics, an MPPT controller is required to track the modi-
fied MPP whenever a variation in temperature and/or irradi-
ance occurs [41].
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Different MPPT methods such as P&O, INC and fuzzy
systems are used to track the MPP of PV system. A brief
overview of those methods is presented in this section.

A. P&O Method

The P&O method compares the previously delivered pow-
er with the one after disturbance by periodically varying the
voltage of panel to reduce the oscillation around the MPP
[42]. In this method, the voltage disturbance of PV system is
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implemented in a specific direction, e.g., increasing voltage
magnitude, and then the output power variation (AP=P,,,, —
P,.) is measured, where P, and P, are the present and
past output power, respectively. If AP is positive, the opera-
tion point will move towards the MPP in the same direction
(increasing the voltage magnitude). If AP is negative, the op-
eration point will move away from the MPP and it must
move in the opposite direction (decreasing the voltage mag-

nitude) [43].
B. INC Method

The basis of this method is to measure the derivative of
PV output power with its voltage [16]. The equation which
describes the output power of a PV system is given by:

@)
where P,,p, V,p», and I,,, are the output power, voltage,
and current of MPP, respectively. At the MPP where the
slope of curve (dP/dV) is zero, differentiating (1) with re-

spect to the voltage, we can obtain:

Privp =V ippLypp

dpP d/

W_[—i_ VW_O (2)
I Al Lypp

b )
v AV Vi

Therefore, the basic equations of this method can be writ-
ten as:

dpr Al 1 . o
- 0— N — Operation pointisat MPP  (4)
dpr Al 1 . o .
w >0—> NG >— 7 — Operation point is at left side of MPP
®)
dpP Al 1 . o . .
a <0—> NG <- 7 — Operation point is at right side of MPP
(6)
C. FLC

The FLC consists of three main parts. The first part is a
fuzzy maker that converts input variables which contain true
values into a fuzzy or linguistic set. The second part is the
fuzzy inference that combines if-then fuzzy rules based on
the principles of fuzzy logic. In the third part, the fuzzy vari-
ables are converted back to real values by using defuzzifica-
tion layer to apply them to the main control system.

IV. PROPOSED MPPT CONTROL BASED ON PSO-GA AND
FLC

Unlike conventional MPPT controllers, intelligent control-
lers such as FLCs are robust with sudden atmospheric chang-
es. In this section, the MPPT controller is optimized using
the fuzzy system and PSO-GA. The proposed controller is
an off-line controller and the computation costs are not in-
vestigated. The design phase of this controller includes fuzzy
design because we want to set the duty cycle (D) of DC-DC
converter using fuzzy rules. For this purpose, the fuzzy in-
puts and outputs must be defined and their definition scope
and membership functions must be determined. In this paper,
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the ratio of power variations to voltage variations and the
variation ratio of power variations to voltage variations (the
derivative of the first one) are considered as the inputs of
the fuzzy system. Also, since the goal of controller design is
to set D, it is considered as the output of the fuzzy system.
Thus, the fuzzy system consists of two inputs and one out-
put. The membership functions considered for the input and
output are triangular membership functions. The range of
variations of these variables is covered by 3 membership
functions for the inputs and 9 membership members for the
outputs. It should be noted that in all the above cases, the
range of variables defined in the phase system is symmetri-
cally covered by triangular membership functions.

The most of MPPT methods operate based on the P-V
characteristic of PV module. In FLC, the controller inputs £
and dE given by (7) and (8) are the rate of power variations
to voltage variations and the variation of E at time ¢, respec-
tively. The output of the controller is also the duty cycle.

_ PPV(t)_PPV(t_ 1)
E(t)_ VPV(t)_VPV(t_l)
dE(t)=E(t)-E(t-1) (8)

where P,,(f) and V,,(¢) are the output power and voltage of

)

PV module, respectively.

A. Definition of Membership Function

In the first step, the definition range and membership func-
tions of all fuzzy inputs and outputs are identified. There are
5 variables defined for each input membership function and
17 variables defined for the output membership function, all
of which are identified through optimization process. Figure
3 shows an example of a membership function with 5 param-
eters (x(1) to x(5)) where the symbols are defined as nega-
tive (N), zero (Z), and positive (P). The location of these pa-
rameters should be optimized for the best result.
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Fig. 3. Sample of FLC membership function.
B. Design of Fuzzy Rules

In the second step which is the most important stage of
the fuzzy controller design, the fuzzy rules should be de-
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signed. Since the fuzzy inputs are divided into three member-
ship functions, fuzzy rules will contain nine rules, as listed
in Table I, where x(28) to x(36) are considered as optimiza-
tion variables for fuzzy rules, and their optimal values
should be determined. In this stage, 10 optimization vari-
ables are used to determine the membership functions of the
inputs, 17 variables are used to determine the values of
membership function of outputs, and 9 variables are used to
determine the fuzzy rules.

TABLE I
SUMMARY OF FLC RULES

D
dE is P dE is Z dE is N E
x(30) x(29) x(28) N
x(33) x(32) x(31) Z
x(36) x(35) x(34) P

C. Definition of Objective Function

The last step is the definition of objective function. The
goal is to optimize (minimize) the error level of fuzzy inputs
E and dE. In this paper, the integral square error (ISE) crite-
rion is used as the cost function.

JaE)= [ (A + AdE?)di

&)
where T, is the simulation time; and AE and AdE are the ra-
tio of power mismatch to voltage mismatch and its deriva-

tion which should be optimized, respectively.

D. Optimization Algorithms

In this section, PSO-GA is used to optimize the fuzzy sys-
tem for MPPT controller in PV system. The GA cannot pro-
vide a precise solution for the problem due to its random na-
ture. It requires complex and time-consuming calculations
for convergence. In contrast, the PSO can reach the exact so-
lution by comparing its position with surrounding positions,
and the global positions of all the particles. However, it may
fall into the local optimum in high-dimension space, if used
inappropriately. The GA results in various solutions using
crossovers and mutations, which can cover the weakness of
the PSO. Also, the PSO can cover the weakness of the GA
by accelerating the computation speed and increasing the ac-
curacy. For this reason, PSO-GA is proposed, which has the
speed and accuracy of PSO and the diversity of GA.

In the first step, the initial solution is randomly generated
over the search space. The initial position of the particle x,
is also generated from a uniform distribution in the range
[Xpins Xmax, Where x., and x,. are the lower and upper
bounds of the variables, respectively.

In the second step, the PSO is applied on the initial popu-
lation. The position and velocity of each particle are deter-
mined based on individual particle experiences and other par-
ticle experiences. The algorithm ranks the results and saves
the best and worst solutions to be used for the fast conver-
gence. The initial population is evaluated and the population
is ranked based on the values of P,,, and g,,. The P,,, is
the best solution in every iteration, and g, , is the best solu-
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tion in all iterations.

In the third step, the GA is applied on the remaining parti-
cles with low rank. In each iteration, the GA generates a
new population using crossover and mutation operations. Fi-
nally, the population generated by GA and PSO is combined
for the next iteration. This combination is used as initial so-
lution for the next iteration. The algorithm will stop after
specific number of iterations. The flowchart of the proposed
algorithm is depicted in Fig. 4.

Start

| Input PSO and GA parameters |

| Initialize position and velocity of each particle |

| Findp,  and g __ positions of particle |

| Update velocity of each particle |
i
| Update position of each particle |

Update p,  and g, for each particle

Fig. 4. Flowchart of PSO-GA.

E. Optimization

In this study, the PSO-GA is used to optimize the perfor-
mance of FLCs. This section focuses on optimizing the ob-
jective function using the PSO-GA. In this paper, the param-
eters of the fuzzy system are set using the initial values. The
input values of the fuzzy system are obtained using (7) and
(8). Using (9), the objective function value is obtained dur-
ing the simulation. In the next step, the operators of PSO-
GA are applied to the fuzzy system parameters. Then, the ob-
jective function value is redefined using (9). In each step,
the objective function value is compared with the previous
value of the objective function and the better (lower) one is
considered as the output of this step. These steps will contin-
ue until the stopping criteria are met. The objective function
is plotted in terms of the number of iterations in Fig. 5. As
shown in Fig. 5, the PSO-GA converges after about 20 itera-
tions. To be safe, 40 iterations are considered as the stopping
criteria for the proposed algorithm.

After the optimization by PSO-GA, the optimal parame-
ters are obtained for the design of fuzzy system. Given the
values of the optimal parameters for the input and output
membership functions, the optimal results of membership
functions are obtained as shown in Fig. 6, where the sym-
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bols are defined as negative big (NB), negative medium V. SIMULATION RESULTS
(NM), negative small (NS), positive small (PS), positive me-
dium (PM), and positive big (PB). A. Test System
130+ The simulation of three-phase PV system is carried out in
1os) various scenarios. The P&O method based controller, INC
< ' method based controller, PSO-based optimized FLC, and
< 1.20¢ GA-based optimized FLC are compared with the PSO-GA-
Ej\ 115} based optimized FLC. Figure 7 shows the simulated struc-
3 1oL ture of PV system in MATLAB software. The PV module is
£ connected to a three-phase network through a DC-DC con-
& 103y verter and an inverter. The system feeds 20 kW and 10 kW
2 100 local loads and then the surplus power is injected to the net-
% 0.95} work. This system is simulated in different scenarios as fol-
S 0l lows.
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o
E 0.50r Fig. 7. PV system under study.
c 0.25¢
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| '0'2_51.0 08 06 04 02 0 02 04 06 08 10 B. Case 1: Variable Temperatures and Constant Irradiance
é) In this case, at r=1 s, the temperature increases from
e 25 °C to 30 °C and at £=1.5 s, it changes to 35 °C and final-
@ 125 N z P ly returns to initial temperature 25 °C at t=2 s. Figure 8
—q'é (1):22: shows the output voltage variations of PV system. As shown
g 0.50 in Fig. 8, the proposed PSO-GA-based optimized FLC reach-
E 028' es its optimal point at t=0.2 s, which clearly indicates its
%_0.25 e better performance compared to the INC method based and
A -0 8 -6 -4 -2 d(}:" 2 4 6 8 10 P&O method based controllers. The controllers based on
(b) INC method and P&O method reach their optimal points at

t=0.48 s and r=0.54 s, respectively. The time of reaching
12F 'NB NM NSNZP PS M PB
ré

o
% 1.0 P the optimal points for PSO-based and GA-based optimized
g 8-2: \ FLCs is the same as the proposed PSO-GA-based optimized
E o4l FLC. However, they have different optimal points in compar-
; O'é » ison with the proposed controller.
=
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TABLE I Fig. 8. Voltage variations with variable temperatures and constant irradi-
RULES OF PROPOSED FLC ance.
D E Figure 9 shows the changes in the output power of the PV
dEis P dEis dEis N system. As shown in Fig. 9, the proposed controller can op-
PS PM PB N erate at the optimal point and generate active power of 98.7
N z P Z kW, while other controllers can generate 96.03 kW (PSO-
NB NM NS P

based optimized FLC), 95.09 kW (GA-based optimized
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FLC), 94.52 kW (INC method based controller) and 90.13
kW (P&O method based controller).

~-= Without MPPT
51— pSO-based optimized FLC
110f — GA-based optimized FLC
— PSO-GA-based optimized FLC
105 P&O method based controller
------ INC method based controller
-~ 100+
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ST
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0.1 03 0507 09 1.1 1.3 1.5 1.7 1.9 2.1 23 25
Time (s)

Fig. 9. Power variations with variable temperatures and constant irradiance.

According to Table III, the accuracy of the proposed PSO-
GA-based optimized FLC is better than other controllers un-
der different operation conditions. It can be seen that the out-
put power of PV system with the proposed controller is high-
er than the output power of other controllers. It verifies the
advantages of the proposed PSO-GA-based optimized FLC
over other controllers. The average amount of the output
power using the proposed controller increases 7%-8% com-
pared to the P&O method based controller, 3%-4% com-
pared to the INC method based controller, 3%-7% compared
to GA-based optimized FLC, and 2%-8% compared to the
PSO-based optimized FLC in different temperatures.

TABLE III
COMPARISON OF MPPT CONTROLLERS FOR VARIABLE TEMPERATURES AND
CONSTANT IRRADIANCE

Power output (kW)

MPPT controller

25 °C 30 °C 35°C

P&O method based controller 90.13 86.73 83.32
INC method based controller 94.52 90.91 87.32
GA-based optimized FLC 95.09 89.56 83.12
PSO-based optimized FLC 96.03 90.10 82.56
PSO-GA-based optimized FLC 98.70 94.47 89.94

C. Case 2: Variable Irradiances and Constant Temperature

In this case, the variable irradiances and constant tempera-
ture are considered. At r=1 s, the irradiance changes from
1000 W/m?* to 800 W/m? and it again decreases to 600 W/m?
at t=1.5 s. Figure 10 shows the output voltage variations of
the PV system. As shown in Fig. 10, the proposed PSO-GA-
based optimized FLC as well as PSO-based optimized FLC
and GA-based optimized FLC has a good transition response
and a very fast system reaction against the set point change.
It can immediately restore the reference point and reach the
MPP. While in other controllers, it takes about 0.3 s to reach
the MPP.

Figure 11 shows the changes in the active power output of
the PV system. As shown in Fig. 11, the active power is in-
versely proportional to the changes in irradiance. In this
case, the proposed PSO-GA-based optimized FLC produces
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more active power compared to the other controllers with
the lower irradiance. The proposed controller produces 58.64
kW active power with the lower irradiance, while other con-
trollers have produced less active power (56.78 kW in PSO-
based optimized FLC, 56.29 kW in INC method based con-
troller, 56.14 kW in GA-based optimized FLC, and 53.68
kW in P&O method based controller). It indicates a remark-
able improvement in the accuracy of the tracking of PV out-
put power.

400 --- Without MPPT

380} — PSO-based optimized FLC

360k GA-based optimized FLC

— PSO-GA-based optimized FLC

o 340r P&O method based controller
~ 320f INC method based controller
=7 3001

280+

260+ |,

1) e e B e IR i Sl
0.1 03 05 0.7 09 1.1 1.3 1.5 1.7 1.9 2.1 2.3 25
Time (s)

Fig. 10. Voltage outputs with variable irradiances and constant temperature.
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—~ \ !
L \ i
:%, 70 \_ i
£ 60} --- Without MPPT \ J
& — PSO-based optimized FLC i
50+ — GA-based optimized FLC = %ocecof
— PSO-GA-based optimized FLC
40+ P&O method based controller
------ INC method based controller

30 s
0.1 03 05 0.7 09 1.1 1.3 1.5 1.7 1.9 2.1 23 25
Time (s)

Fig. 11. Power outputs with variable irradiances and constant temperature.

Table IV summarizes the output power of the PV system
for different controllers. It can be seen that the proposed con-
troller produces more active power compared to others with
different irradiances. According to Table IV, the average
amount of power output of the proposed controller increases
2%-8% compared to other controllers.

TABLE IV
COMPARISON OF MPPT CONTROLLERS FOR VARIABLE IRRADIANCES AND
CONSTANT TEMPERATURE

Power output (kW)

MPPT controller

1000 W/m*> 800 W/m> 600 W/m?
P&O method based controller 90.13 71.99 53.68
INC method based controller 94.52 75.47 56.29
GA-based optimized FLC 95.11 75.60 56.14
PSO-based optimized FLC 96.15 76.32 56.78
PSO-GA-based optimized FLC 98.85 78.69 58.64

D. Case 3: Simultaneous Change of Irradiance and Temper-
ature

In this case, the irradiance and temperature change simul-
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taneously and the proposed controller is compared with oth-
er controllers. At the beginning of the simulation, the irradi-
ance is 700 W/m? and the temperature is 25 °C. At =1 s,
the irradiance increases to 1000 W/m? and the temperature
reaches 40 °C. Figure 12 shows the output power of the PV
system. The output power of the PV system is 85 kW in the
proposed controller, which is more than other controllers.

90
85+
80+
2 75t
< 70l — PSO-based optimized FLC
A ‘ — GA-based optimized FLC
65F | 7 — PSO-GA-based optimized FLC
- 5 P&O method based controller
60F=-" INC method based controller

55 1 1 1 1 1 1 1 1 1 1 1 1
0.1 03 05 0.7 09 1.1 1.3 1.5 1.7 1.9 2.1 23 25
Time (s)

Fig. 12.  Power outputs with variable irradiances and temperatures.

The output power of the PV system for Case 3 is shown
in Table V. According to Table V, the active power produced
by the proposed controller is higher than other controllers,
which shows that the proposed controller has the best perfor-
mance.

TABLE V
COMPARISON OF MPPT CONTROLLERS FOR VARIABLE IRRADIANCES AND
TEMPERATURES

Power output (kW)
700 W/m?, 25 °C 1000 W/m?, 40 °C

MPPT controller

P&O method based controller 63.13 79.65
INC method based controller 65.52 83.24
GA-based optimized FLC 66.63 81.79
PSO-based optimized FLC 67.76 83.39
PSO-GA-based optimized FLC 69.19 84.91

VI. CONCLUSION

The selection of the type of fuzzy inference system, the
shape and interval of changes in fuzzy membership func-
tions and fuzzy rules have a significant impact on the con-
troller performance. In this paper, a new FLC has been pro-
posed for MPPT. The parameters of the FLC have been opti-
mized using the PSO-GA. To investigate the performance of
the proposed PSO-GA-based optimized FLC, the system has
been tested with rapid changes of irradiance and tempera-
ture. The simulation results verify that the proposed control-
ler outperforms the P&O method based controller, INC meth-
od based controller, GA-based optimized FLC, and PSO-
based optimized FLC under different operation conditions.
The proposed controller has a faster response rate and higher
accuracy compared to other controllers. In addition, in terms
of the accuracy, the proposed controller increases 2%-8% of
the output power of the PV system compared to other con-
trollers with different irradiances and temperatures, which re-
sults in better MPPT.
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