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Abstract

The target of this paper is to model a Maximum Power Point Tracker
(MPPT) using a Fuzzy Logic Control (FLC) algorithm and to investigate its
behavior with a battery load. The advantage of this study over other studies in
this field is that it considers a battery load rather than the commonly used re-
sistive load especially when we deal with the relationship between MPPT and
system load. The system is about 60 kW which is simulated under various en-
vironmental conditions by Matlab/Simulink program. For this type of
non-linear application, FLC naturally offers a superior controller for the real
load case. The artificial intelligence approach also benefits from this method
for overcoming the complexity of nonlinear system modelling. The results
show that FLC provides high performance for MPPT of PV system with bat-
tery load due to its low settling time and limited oscillation around the steady
state value. These are assistant factors for increasing battery life.
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1. Introduction

PV systems need special control techniques to ensure the taking out of the ut-
most available power, otherwise, the system may not be sustainable. As there be
learn the PV generator which also known as PV array, generate DC power. The
output energy of PV modules had greatly influenced by environmental condi-
tions or factors. Effects on external performance are characterized by photovol-
taic modules from ambient environmental influences such as irradiation, the

temperature of module and outer humidity. The standard test condition (STC) is
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essential because environmental conditions have a significant impact on PV
module output energy which are Solar incident: 1000 W/m?, temperature mod-
ule: 25 Co and distribution of the solar spectrum: AM1.5G. However, the real
outdoor conditions seldom satisfy STC. As a result, solar radiation growth is rel-
ative to the power supply of PV, which is a negative linear link among output
power and temperature variations [1] [2].

In spite of attractive features of the PV cells, their energy efficiency is still very
low. The PV cell has non-linear current-voltage and power-voltage properties
(ie I-V and P-V, respectively) which vary greatly with the ambient environ-
mental conditions (Ze. irradiation and temperature) that be mentioned before.
Figure 1 and Figure 2 illustrate the effect. On the other hand, only under uni-
form solar radiation, the PV cell shows a single point of operation, called the
point of maximum power (MPP), (see Figure 3), Where the maximum voltage
and current occur (iZe. V), and I, consecutively). This makes extracting the
maximum power from the photovoltaic cell a rather difficult task under incon-

sistent atmospheric conditions [3].
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Figure 1. I-V and P-V characteristics for various values of solar irradiation at T = 25°C [4].
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Figure 2. I-V and P-V characteristics for various values of temperature at G = 1000 W/m? [4].
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Figure 3. Maximum power point (MPP) curve [5].
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The PV output also depends on operating point imposed by the load which
was not indicated before [6]. As a result, an advanced control strategy is needed
to maximize efficiency and generate and transfer as much power as possible
from the photovoltaic cell to a load. The strategy matches the load resistance to
the source (PV cell) resistance, forcing the PV cell to work on the MPP and en-
suring optimum power extraction independent of ambient atmospheric condi-
tions or load. This strategy called Maximum Power Point Tracking (MPPT). In
addition, the PV system’s operation using the MPPT method leads to supply
high power output and therefore decreases the total number of PV cells needed,
lowering the overall cost [3].

Many studies have carried out the field of the MPPT and especially the FLC
method used in the low power of PV systems. Additionally, usually the MPPT is
usually tested performance with the resistant load. In this study, the system will
be a little different so that the PV system with about 60 KW of power and the
load will be Lithium-Ion battery. Furthermore the process of adding the output
crisp value of the FLC to the previous value of duty ratio (D) before transfer to
pulse width modulation (PWM) will be ignored.

The rest of this paper is organized as follows: Section 2 gives an introduction
of MPPT and the most famous various existing methods available in the litera-
ture with their features, advantages and shortcomings. Section 3 demonstrates
basic operation principles of previous and introduces the flowchart of the pro-
posed FLC technique for MPPT controller. Section 4 describes how the Simulink
model and software simulation can be implemented for a battery load fed from
the PV system through MPPT based on FLC. Simulation results based on specif-
ic parameters of The PV system have been elaborated in Section 5. Finally, con-

clusions and a summary of the research work are presented in Section 6.

2. MPPT Controller Methods

The PV system contains a DC-DC converter to separate the generator running
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point (voltage and current) from the load, where this power converter is orga-
nized by an algorithm which lookup, online, for the point Maximum Power, this
algorithm is called the Maximum Power Point Tracking (MPPT) [6].

Until now, there are several methods or algorithms of maximum power point
tracking (MPPT) have been explored for use in photovoltaic systems. For most
energy tracking systems, efficiencies higher than 90% were reported, making
their use very appealing not only with medium to high power but also with low
power PV systems [7]. The MPPT methods or algorithms that the most famous
can be approximately classified, into two groups: there are conventional me-
thods, such as the Incremental Conductance (IC) method, the Perturbation and
Observation (P&O) method and Ripple Correlation Control (RCC) method, and
another group is evolving methods, such as, fuzzy logic control (FLC) based
MPPT method, a neural network (ANN) and sliding mode control (SMC) algo-
rithms [8] [9]. These methods, on the other hand, have flaws such as difficulty,
high cost, complexity, and instability.

In [10] and [11] IC algorithm is able to pursue a quick oscillate of the solar ir-
radiance with a great grade of accuracy. The complication and the high price of
implementing this method are solely harmful factors. In the other classical P&O
algorithm the uncomplicatedness of its structure and simplicity of implementa-
tion are the good things. But this algorithm is not deprived of its particular
downsides. Main downside happening is the failure of the algorithm to acclimate
to fast varying atmospheric environments and there is moreover a losing power
because of the constant perturbation variations entered. The last one of conven-
tional methods (RCC) which is a more flexible, robust and high rate of conver-
gence but not suitable for converters with dc loads, three-phase loads, or perhaps
even noisy single-phase loads. It also needs a larger inductor to decrease the
fluctuation of the voltage and power. If the fluctuation and gain are very high,
the control can saturate and exhibition limit cycle performance. In additionally
[12] [13] IC, P&O and RCC methods usually require two sensors to measure
module voltage and current which leads to increased losses of power.

With regard to intelligent or advanced groups which are more efficient than
conventional methods, both ANN and FLC methods are faster convergence and
show no oscillation at MMP. Those methods perform well under changing at-
mospheric conditions. But FLC is distinguished more efficient than ANN, ro-
bust, able to detect global MPP and do not need the knowledge of exact model.
Demerits of ANN and FLC complexity, costs and requires periodic tuning. SMC
method has high accuracy, steady state, simple and strong, but sluggish transient
response and chattering are main drawbacks [11] [12].

Now some studies discussing comparisons between different MPPT methods
will be presented briefly in the next paragraph.

In [14] study provides an analytical comparison for RCC, P&O and IC at dif-
ferent irradiations. The simulation results show that P&O is greatly affected by
slow tracking and fluctuations, and IC achieves better than P&O in terms of
tracking, but not for ripples. On the other hand, the RCC is able to solve both
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these shortcomings effectually which also is the best among the two P&O and IC
MPPT techniques on performance. Another study [15] discusses the comparison
between P&O and RCC. Summary of study results reached to that the RCC me-
thod has faster response and lower settling time compared to the P&O. The rate
of convergence of RCC is found to be greater than the P&O. Abdelhakim et al
[16] investigate a wide ranging comparison between different photovoltaic
MPPT techniques which are P&O, IC, SMC, and FLC. The EN 50530 stander
applied on proposal comparative MPPT method that was simulated by Mat-
lab/Simulink. The EN 50530 is a rigorous profile based on fast changing climatic
conditions. Five assessment criteria indicators make a complete comparison be-
tween these MPPTs. The criteria indicators are instant efficiency, steady state
tracking accuracy, average efficiency, transient tracking accuracy and tracking
time. The results showed that, in comparison with other techniques, FLC pro-
vides good performance in the steady-state as well as the dynamic response. Last
study [17] makes a comparison of the conventional IC method and intelligent
FLC method. The Matlab/Simulink simulation results show that FLC method
has a good performance in the transient state and a weak fluctuation in steady
state. The IC, however, has a huge fluctuation in steady state. The IC method is
widely used, but the FLC is the best compatible and can extract maximum ener-
gy of the PV system, because of the membership functions of the FLC as com-
pared to the IC algorithm.

Out of these MPPT methods some have low cost and complexity, but they also
have lower efficiency, while others are expensive but efficient. It is hard to figure
out which method is the best because it depends on the application and re-
quirements each has its advantages and disadvantages. Anyway, it is clear from
previous studies that FLC is suitable to achieve MPPT for PV systems because
FLC is robust, comparatively easy to build, and does not need knowledge of the
PV exact model. FLC is also suitable for non-linear control and has more stabil-
ity which good requirement to increase battery life. Furthermore, FLC does not
make use of intricate mathematics. So that FLC was chosen and used to monitor
the Maximum Power Point (MPP) of a PV module in this work.

3. MPPT Using Fuzzy Logic Controller

The maximum power point monitoring devices are used by the dc to dc conver-
ters to indemnity the output voltage of the solar panel in order to maintain the
voltage at the value that maximizes the output power. The conceptual fuzzy MPP
controller calculates the power from the equation (P= V'x J) to extract the con-
troller inputs with voltage after measuring the voltage and current at the solar
panel output. The waveform of the duty cycle of the PWM used to toggle the dc
to dc converter is represented by the fuzzy controller’s wavy output [18].

The concept principal of MPPT Fuzzy Logic Controller as follows. The output
power of PV is examined by the FLC in each sample (Time_k) and then defines
the change in power with respect to voltage (dp/dv). If this value (dp/dv) is big-

DOI: 10.4236/sgre.2021.1210010

167 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2021.1210010

M. Y. Baramadeh et al.

ger than zero, the controller modifies the pulse width modulation (PWM) duty
cycle to increase the voltage until the power is maximum or the value (dp/dv) =
0, if this value is lower than zero the controller changes the PWM service cycle to
reduce the voltage until the power is maximum and so on. Figure 4 illustrated
that.

FLC has two inputs that are: error and change of error, as well as an output
feeding the modulation of pulse width to control the DC-DC converter. The in-
put signals depend on the instantaneous power and output voltage values which
in turn effected by ambient atmospheric like radiation and temperature. The two
FLC input variables error (E(k)) and change of error (AE(k)) at sampled times &k
are calculated by [20]:

_P(k)-P(k-1)
RENICEIC N
AE(k)=E(k)-E(k-1) )

where P(k) and V(%) are the instant power and voltage respectively of the PV
generator.

The input E(%) point to whether the load running point in moment £ is to the
left or right of power-voltage characteristic’s maximum power point for the PV
module, whereas the input A E(&) specifies the trend of movement of that point.
Mamdani process of FLC for the MPPT, is utilized to perform the fuzzy infe-
rence. Fuzzification, inference engine, and defuzzification are the three essential

components for FLC as shown in Figure 5 [9] [21].

3.1. Fuzzification

In Fuzzification process, the error E(k) and change of error AF(k) input va-
riables are converted into linguistic variables as fuzzy inputs using a membership

function such as LP (large positive), MP (medium positive), SP (small positive),

A

P . (dp/dv=0)
_ ¥ app
3
E P (dp/dv > 0) %0& P (dp/dv < 0)
(=] Q) Q
= VS 2
e
g%
o e,
0,00 —» Voltage (V) <«—— (V,,0)
Increment decrement

Figure 4. The concept principal of MPPT fuzzy logic controller [19].
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Figure 5. Construction of FLC for MPPT.

Z (zero), SN (small negative), MN (medium negative) and LN (large negative),
and D1...D7 for output that proposed for FLC in this work.

3.2. Inference Engine

Mandamni’s method, which implements a rule to the fuzzy input to define the
fuzzy output, is used to determine the fuzzy inference engine. To get an accepta-
ble linguistic value, the actual input value must be fuzzified before the rule can
be evaluated. Table 1 displays the fuzzy controller rules list, with all matrix en-
tries being fuzzy sets of the inputs £(k), AE(k) and the output the duty ratio (D)
to converter. Table 1 contains 49 fuzzy controller rules in its ruleset. These rules
are used to monitor the DC to DC converter and ensure that the PV module’s
MPP is met. An inference mechanism evaluates the control rules, which are in-
terpreted as a set of:

IF E(k) is...and AEis...Then the output (D) is...

For example: Rulel: IF £(%) is LN and AEis LP. Then the output (D) is D7.

The main goal of the rules is to make the PV module’s operation point closer
to the MPP by increasing or decreasing the duty ratio of the DC to DC Conver-
ter based on the operation point’s location from the MPP [20] [22].

3.3. Defuzzification

In [22] the fuzzy controller output must be transformed from fuzzy information
to peremptory information because the buck converter needs a specific
D-control signal when it enters. Defuzzification is the term for this transforma-
tion. The fuzzy logic controller output is transformed from a linguist variable to
a mathematical variable during the Defuzzification stage. Defuzzification can be
done using a variety of algorithms, including Center of Area (COA), Center of
Gravity (COG), or the Max Criterion Method (MCM). The determination of the
fuzzy combined final set’s center of gravity (COG) is the most widely used form

of Defuzzification. Using the maximum aggregation process, the last combined
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Table 1. Fuzzy rules control based on relationship of membership function.

E/IAE LN MN SN Z SP MP LP
LP D7 D7 D7 D7 D4 D4 D4
MP D6 D6 D6 D6 D4 D4 D4
SP D6 D5 D5 D5 D4 D4 D5
Z D2 D3 D4 D4 D4 D5 D6
SN D3 D4 D4 D3 D3 D3 D3
MN D4 D4 D4 D2 D2 D2 D2
LN D4 D4 D4 D1 D1 D1 D1

fuzzy set is described by combining all outputs from the fuzzy set of laws. The

gravity center (D) is determined using the formula [20]:

D= zj:ll:(ADf)XADj (3)
Zj:l'u(ADf)

where D is the crisp value output value, AD; is the center of max-min composi-

tion at the output MFs, ¢(AD) is the maximum of the jth membership function,
D;is the jth input value.

Some of the studies suggest a process that before transfer of the crisp value
(D) to the MOSFET’s gate by adding it to the previous value of duty ratio. On
the other hand in this study, the crisp value (D) is transferred to IGBT’s gate
without doing that process and the FLC work very well. The flowchart of FLC
for MPPT is shown in Figure 6.

4. PV Module with MPPT Based FLC Simulate via
Matlab/Simulink

Figure 7 shows the basic diagram of an MPPT based on FLC. It is clear from the
observation that the state’s only two variables are viewed as fuzzy controller in-
puts: (V) and (Z,,), which are the PV module’s output voltage and current out-
put. A signal proportional to the converter duty cycle (D) is fed to the converter
by a PWM, which is produced by the fuzzy logic controller based on measure-
ments. This modulator generates the D value for PWM, which generates the
control signals for the converter switch (s). A closed loop system is characterized

by the fuzzy logic controller diagram [24].

4.1. PV Modelling for Simulation

The PV modeling system to generate power by PV array block are by Mat-
lab/Simulink which has several parameters, a graphical user interface (GUI) has
been created to insert the data of any array model by entering parameters from
its datasheet or by selecting available PV modules in GUI as shown in Figure 8.
Module PV of SunPower SPR-343]-WHT-D was chosen for this study [25].
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V| Fuzzv Logic D
m Control
1
m
o —_rm NI
3 s 2]
b —_—
S V. = =t Battery load
S
i J
A PM AR 1
o '
B ‘ + l
! ]
. |
1 - |
l Va4
] ]
i ot e i i) (o ) e ' e o |
PWM Modulator

Figure 7. Fuzzy control scheme for a maximum power point tracker.
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E' Block Parameters: PV Array

PV array (mask) (link)

Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.

Parameters = Advanced
Array data

Parallel strings |22

Display I-V and P-V characteristics of ...

‘array @ 25 deg.C & specified Irradlances

[ "]
=l

Iradiances (W/m2) [[ 1000 600 200] [H
Series-connected modules per string E m [ Plot

Module data

Module: | SunPower SPR-343J-WHT-D
Maximum Power (W) | 343.227
Cells per module (Ncell) 96

Open circuit voltage Voc (V) 68.11

Short-dreuit current Isc (A) | 6.37

Voltage at maximum power point Vmp (V)

57.3

Model parameters

Light-generated current IL (A) |6.3756

Diode saturation current I0 (A) | 1.3957e-11

Diode ideality factor | 1.0293

Current at maximum power point Imp (A) ' 5.99
Temperature coefficient of Voc (%/deg.C) -0.291

Temperature coefficlent of Isc (%/deg.C) 0.013297

Al Shunt resistance Rsh (ohms) ' 542.7076

Series resistance Rs (ohms) | 0.4804

Figure 8. GUI for entering the parameters of PV array model.

4.2. Control Signal Generation MPPT in Simulation

Figure 9 illustrates how the Equations (1) and (2) are represented in Matlabe
program, to engender the £(k) and A F(k) signals as entries for the FLC.

4.3. Fuzzy Logic Controller for MPPT Simulation

The two inputs are the Error (£) and Change in Error (CE) signals, which are
processed to calculate the duty ratio output (D) of this FLC. The fuzzy logic al-
gorithm was simulated using the fuzzy logic toolbox in Simulink/Matlab, and the
rules were fine-tuned. In Figure 10, the basic window of the fuzzy designer is
shown, with the controller based on Mamdani’s fuzzy inference method and the

centroid method as a defuzzification mechanism.

4.4. Membership Functions of the Proposed Fuzzy System

Fuzzy sets for each input and output variable that is defined triangular and ge-
neralized bell shapes have been adopted for the seven fuzzy subsets membership
functions; LN (large negative), MN (medium negative), SN (small negative), Z
(zero), SP (small positive), MP (medium positive) and LP (large positive) were
chosen for the fuzzy controller’s input and output variables. As shown in Figure
11.

4.5, Batteries

Most PV systems during non-daylight hours, times of heavy cloud cover or elec-
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trical vehicle fast charge station that need some form of battery to power the

system. So the battery use as the load for simulation (see Figure 12).

. _P() ~ P(k—1)
> (k) SV - Vk— 1)

Error

AE(k) = E(k) — E(k— 1)

P(k)
B+ P(k)-P(k-1)
P(k-1)
G-}t
power
emont Adder
» x
V(K) divide
>+
V(1) V(K)-V(k-1)
G-
voltage
Memory Adder2

R L__| Ny Ch_error

Memory adder3

Figure 9. Constructive generating of the error and change in error equations.

@ Fuzzy Logic Designer: MPPTF3

File Edit View

\
/

MPPTF3

(mamdani)

Figure 10. Fuzzy logic designer in Matlab tool box.
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Figure 11. Membership functions for (a) input error (b) input change in error (c) output duty
cycle of fuzzy controller.
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5. Computer Simulation and Results

The values of the parameters used for simulation are presented in Table 2.

The entire system was combined and tested in Simulink/Matlab for change
values of solar irradiation and temperature by using signal builder with ramp
function carve (as shown in Figure 13).

The simulation model shown in Figure 14 was implemented at Simulink/
Matlab at different changes of irradiance and temperature use signal builder
with ramp function carve. In order to check the fuzzy controller performance
and the efficiency of the converter the readings of input and output power of the
MPPT were taken at solar irradiance (1000 w/m? 600 w/m?) and temperature
(25°C, 45°C) and also other measurements.

Figures from (Figures 15-19) show the curves of the result simulation of PV

Block Parameters: Battery1 X
Battery (mask) (link) \

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cycling) effects can be specified for
Lithium-Ion battery type.

Parameters  Discharge

Type: | Lithium-Ion ¥

] simulate temperature effects

m> |

[ simulate aging effects

Nominal voltage (V) | 320 Iﬂ

Rated capacity (Ah) 120 [

Initial state-of-charge (%) | 50 m

Battery response time (s) |0.2 IU

Figure 12. Battery modal and block parameters in Matlab Simulink.
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Capacitor

|
p
:
MPPT use FLC
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ooy 1 a
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@ s
o <Voltage (V)>

1<
e B> [:]
Z (>
Py 3
ov PWM
Effiency Calculation (o > Pout

Figure 13. PV system simulation based maximum power point tracking of photovoltaic using FLC.
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Table 2. Design parameter.

PV Array Boost converter Battery

Parameters Value Parameters Value Parameters Value

P,, max (KW) 60.4  Output capacitor Cin (uF) 100  Gtate of Charge (SOC)

50
V. (V) 544.88 Inductance (H) 21le-3 (%)
I.(A) 140.1  Intput capacitor Cin (uF) 2000  Nominal voltage (V) 320
Vip (V) 4584 Switch Frequency PWM 50 Capacity (Ah) 120
1, (A) 131.37 (KHz) Charge voltage (v) 350
1000 —Ir
800 —
600 —
400 —
200 —
0 | |
50 —
Temp 0
40 —
30 —
20 —
10
0 | | |
0 2 3
Time (sec)
Figure 14. Change values of solar irradiation and temperature.
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Figure 15. Fuzzy duty cycle output and PWM.
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Figure 16. PV power, output power, Ideal power and efficacy.
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Figure 17. PV voltage and output voltage.
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Table 3. Simulation results of PV system simulation based of FLC MPPT.

2.5 3

PERIOD SOLAR

Time IR
(sec) (W/m?)

Temp
Q)

P_ideal
(Kw)

P_pv
(KwW)

POWER

Pout Eff
(KW) (%) V) V)

VOLTAGE

V_pv Vout

CURRENT BATTERY CHARGE

Lpv Tout V_bat I_bat
(A) (A) V) (A)

0-1 1000 25
1-2 600 25

2-3 1000 45

60

36

55.8

59.75

31.9

54.6 54.28

59.42

30.81 86.

99.22 442 599

1 385 502

97.85 401 583

135 99 350 -99

83 61 348 —61

136 93 350 -93
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Figure 19. State of charge (SOC) and voltage, current charge of batter.

system based maximum power point tracking of photovoltaic using FLC. Table

3 illustrates details about simulation results.

6. Conclusion

This paper suggested a PV modeling system with a fuzzy controller for tracking
the maximum power point of a photovoltaic source, which was then simulated
in Simulink/Matlab. The fuzzy system’s basic structures blocks were used to
create the controller (Fuzzification, Inference and Defuzzification). These blocks
read fuzzy inputs and program the plant’s operation. The program then converts

them into output action. The membership functions of the inputs and outputs
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have been proposed in triangular and generalized bell shapes in this controller,
and the Mamdani fuzzy inference method and the centroid method as the De-
fuzzification procedure have also been chosen for this controller. PV, boost
converter, fuzzy controller, and battery charge have all been modeled and simu-
lated in response to irradiance and temperature changes. The results indicate
that the proposed fuzzy controller for MPPT works well with about 94% tracking
efficiency. Furthermore, for an MPPT of the PV system with battery load, FLC
provides high performance because it has low settling time and limited steady
state oscillation. These are assistant factors for extending battery life. So the sys-
tem is suitable for use in real-time systems. As a future work we aim at develop-
ing the system model, and making it more appropriate with the application in
life, fast charge stations for electrical vehicles are proposed as future work and

integrate the renewable energy sources with the utility grid.
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