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ABSTRACT 
This paper introduced   modeling and simulation results of an isolated solar photovoltaic system with lead-acid 
battery. The system is operated at maximum power point tracking (MPPT) using MATLAB/Simulink 
environment. The proposed controllers used in this paper are proportional – integral (PI) controller, fuzzy logic 
controller (FLC) and Adaptive Neuro Fuzzy Inference System (ANFIS) controllers. The proposed controllers are 
used for controlling dc-dc converter. All simulation results are recorded and compared with each other using 
the conventional and intelligent controllers. 
 
Keywords:  Adaptive Neuro Fuzzy Inference System (ANFIS); Maximum Power Point Tracking (MPPT); PV 
System; Battery; PI controller; Fuzzy Logic Control (FLC) 
 
INTRODUCTION 
Due to a massive consumption of fossil fuels to achieve the 
energy demands, its increasing prices and increasing 
pollution on our environment, existing new electrical 
resources is a must. There are different renewable energy 
resources such as solar, wind, hydropower. Solar energy is 
the most important one as it shows more advantages 
rather than other sources. It is clean, simple and has low 
maintenance costs, ease of installation, flexible, does not 
require continuous maintenance or any moving mechanical 
parts. 
 
On other hand photovoltaic system has some drawbacks 
the main one is energy extracted from this system is 
intermittence, relies on weather conditions and has high 
installation cost. 
 
As the photovoltaic system depends on sunlight to 
generate electricity. This limits its system to only day time 
when sunlight is available. To use solar energy at any time 
of the day and night, battery energy storage is the most 
suitable solution.  
 
 
 
 

 
 
Therefore, solar PV charge controller is the main part in 
this solution. 
 
The solar PV charge controller is commonly used in 
standalone system applications such as street lighting, 
telecommunication base stations, etc. A Solar PV MPPT 
connected to charge controller includes a MPPT tracker. 
The MPPT tracks the maximum power from the PV panel 
and gives it to the battery charge controller. The charge 
controller charges the battery through three stages to 
avoid damaging the battery caused by excessive charging 
and overheat.  
 
As maximum power point (MPP) depends on array 
temperature and solar irradiance. The dc-dc converter 
tracks MPP of PV module by many methods for tracking such 
as PI controller, Fuzzy Logic Control (FLC) and Adaptive 
Neuro Fuzzy Inference System (ANFIS) controllers. 
 
Those methods are tested in steady state performance 
using MATLAB/Simulink. 
 
 
 
 

 
 
 
 
 
 

 
 

 
FIGURE 1: Block diagram of stand-alone PV system connected to battery
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Using MPPT between the array and load to extract the 
available array maximum power output and also to match 
the impedance of the electrical load to the maximum 
power output of the PV array. Figure 1 shows the general 
block diagram of the standalone solar PV system. The block 
diagram consists of PV array and its MPPT controller, 
bidirectional DC-DC converter, battery and its charge 
controller inverter that supplies AC load. Batteries are 
used for energy storage and is used as an alternative 
source in many stand-alone PV systems. PV panels are 
connected in series to obtain the desired increase in DC 
voltage, such as 12, 21, or 48V. The charge controller 
regulates the current output and prevents the voltage level 
from exceeding the maximum value for charging the 
batteries.  

During the sunshine hours, the load is supplied with DC 
power while simultaneously charging the battery. 
Bidirectional DC–DC converter in Figure 1 is used to 
perform the process of power transfer between two dc 
sources in either direction. They are widely used in various 
applications for interfacing the battery storage system.  
Battery bank sizing depends on duration of an 
uninterrupted power supply to the load when there is less 
radiation from the sun. The battery bank also consumes a 
20–30 % power loss due to heat during its operation, 
which also must be taken into consideration. When 
designing a solar PV system with a battery backup, it must 
be related to the suitable location for the battery racks and 
room ventilation.

 
 

 
 
 
 
 
 
 
 
 
 
 

FIGURE 2: Block diagram of PV battery system
 
From Figure 2 it can be seen that the PV voltage source has 
immediately next to it a boost converter stage powered by 
MPPT controller which will step up the PV voltage to the 
desired DC bus voltage extracting maximum power from the 
PV system at every instance of operation. It is then followed 
by couple of IGBTs and a battery acting as a secondary 
source. 
 
Batteries are used to store this power in case the load 
demand is less. Battery banks when used without a 
bidirectional converter are required to be in large numbers, 
but using many batteries is not economical and convenient 
as even one cell failing can disrupt the entire current flow. 
Transformer based isolated bidirectional converters are 
expensive and also have greater power loss due to use of 
many switches. The battery used in this system is a Lead-
Acid battery because of its low cost and long life. PV array 
output is boosted to the required value of the load. The 
battery is connected via a dc-dc bidirectional converter. The 
dc-dc converter uses IGBT for its fast-switching speed and 
low output impedance as we can see in Figure 2. 

 
PV SYSTEM CONNECTED TO BATTERY STORAGE 
USING BIDIRECTIONAL DC-DC CONVERTER 
A bidirectional DC-DC converter is an important part of 
standalone solar PV systems for interfacing the battery 
storage system. The circuit is operated in such a way that 
one switch and one coupled inductor are used for step-up 
operation to boost the voltage of the battery to match the 
high voltage dc bus. The other switch, remaining diode and 
simple inductor are used for step down operation to 
charge the battery from the PV array. The high efficiency of 
the converter is achieved by optimizing components used 
for each step. 
 
The bidirectional DC-DC converter with high power rate 
plays a main role in power storage systems, while it converts 
DC power for the storage battery. The Bidirectional DC-DC 
converter operates either as a buck or as boost converter at 
any instance. It works as a buck converter for charging the 
battery whereas it operates as a boost converter while the 
battery discharges power to the load.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 3: MATLAB block diagram of battery and buck boost converter
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From Figure 3 it can be seen that the Bidirectional DC-DC 
converter operation is carried out through these two 
IGBTs which are controlled by two different controllers. 
One controller provides the control signal for boost 
operation and the other provides the control signal for 
buck operation. It operates bidirectional DC-DC converter 
that is used to perform the process of power transfer 
between two dc sources in two directions. They are 
commonly used in various applications. 
 
Since the PV array voltage is higher than the battery 
voltage, a buck topology is commonly chosen for solar PV 
charge controller application. The buck converter operates 
as a regulator to step down the input voltage from the PV 
array while maintaining its power delivery to charge the 
battery. This is achieved by stepping down the input 
voltage and increasing the output current delivered to the 
battery. The buck converter circuit consists of a MOSFET 
switching device, a high-power inductor, diode, and an 
input and output capacitor as shown in Figure 2. The 
reverse blocking diode D1 is used to prevent the reverse 
flow of current back to the PV array from the battery 
during night time. The output voltage of the buck converter 
can be determined by the ratio between Vout the output 
voltage and Vin the input voltage of buck converter where 
D is the duty cycle of the PWM signal. 
 

D= 
Vo

Vin
       (1)                                                                                                                                

 
The duty cycle can also set the active input resistance of the 
PV array source where MPPT can be realized. The effective 
input resistance Rin  of the source can be determined in 
where Rload is the load or battery resistance. 
 

Rin=
Rload

D
   (2) 

                                                                                                                                
The buck converter inductor ripple current peak to peak 
magnitude under steady-state condition can be determined 
in where Vin  is the input voltage of the PV array, 𝑓𝑠𝑤  is the 
switching frequency and L is the inductor value. 
 

𝛥𝐼𝐿=
Vin 𝐷(1−𝐷)

𝑓𝑠𝑤𝐿
     (3)                 

                                                                                                      
Similarly, the buck converter output capacitor ripple voltage 
peak to peak magnitude under steady-state condition can be 
determined in the following equation. 
 

∆𝑉𝑐=
Vin 𝐷(1−𝐷)

8𝐿𝑐𝑓𝑠𝑤
2     (4)     

                                                                                                                       
CHARGE CONTROLLER 
A charge controller limits the electric current rate is added 
to or pulled from batteries. It prevents overcharging and 
overvoltage, which can reduce battery efficiency or 
lifetime. To protect battery life, charge controller may 
prevent battery from deep discharging by controlling it. To 
keep batteries working optimally, it must prevent 
overcharging (by disconnecting solar panels, when 
batteries are full) and to prevent too deep discharge (by 
disconnecting the load when necessary) as the battery is 
very expensive component of the solar system. 
 
 
 
 
 
 
 
 
 

A solar charge controller regulates the voltage and current 
that is coming from the solar panels to the battery so it is 
controlling its charging and discharging to protect it from 
damage. The PV panel that is used produce about 16 to 21 
volts, so if there is no regulation, the batteries will be 
damaged from overcharging, as the battery is fully charged 
causing electrolyte loss and internal heating.  
 
There are two types of charge controllers of solar power 
systems pulse width modulation (PWM) and maximum 
power point tracking (MPPT). Both of them adjust 
charging rates depending on the battery’s maximum 
capacity by monitoring the battery temperature to prevent 
overheating. Some larger systems may have a bi-
directional inverter that can also charge the batteries from 
an AC source. This inverter is also called an inverter-
charger. 
 
There are also very cheap solar charge controllers that 
only passes through the solar PV voltage and shuts it off 
when the batteries are full. Both PWM and MPPT solar 
charge controllers can have three charging stages (bulk, 
absorption and float stages) can help the battery to get 
long lifetime. 

 

(a)  PULSE WIDTH MODULATION (PWM) CHARGE  
CONTROLLER 
Pulse width modulation (PWM) charge controller is the 
most effective means to achieve constant voltage battery 
charging by adjusting the duty ratio of the switches 
(MOSFET). 
 
In PWM charge controller, the current of the PV panel 
gradually decreased according to the battery’s condition 
and recharging needs. When a battery voltage reaches the 
regulation set point, the PWM algorithm slowly reduces 
the charging current to avoid battery heating. The voltage 
of the PV array will be pulled down also to near that of the 
battery. 
 
PWM system has many advantages: It has High charging 
efficiency, it can reduce battery overheating and minimizes 
stress on the battery, so it gives Long battery life. 
 
(b) MAXIMUM POWER POINT TRACKING (MPPT)  
CHARGE CONTROLLER 
Using a lead acid battery charge controller for PV power 
with maximum power point tracking is safer and gives high 
performance. It is more advanced and more expensive. It 
has several advantages over the PWM charge controller. It 
is 30 to 40% more efficient at low temperature. The MPPT 
is based on buck converter circuit. It steps the higher solar 
panel voltage down to the charging voltage of the battery. 
However, the converter is fitted with filter to smooth out 
power flow in order to avoid voltage ripples. 
 
The MPPT charge controller is a DC-DC step down 
transformer that can transform power from a higher 
voltage to power at a lower voltage. So, the amount of 
power does not change, therefore, if the output voltage is 
lower than the input voltage, the output current will be 
higher than the input current, so that the product P=VI 
remains constant. 
 
In Figure 4 a graph showing current and voltage curves 
during three charge stages bulk, absorption and float stages. 
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FIGURE 4: Current and Voltage curves during battery charging stages
 
It is so important to calculate battery capacity for the solar 
system to get maximum power generating efficiency from 
the PV modules. 
 

Batteries needed (Ah)=Daily consumption (Ah)*Back up 
days*Annual correction factory 1.15/DOD (%) 
 

Using Annual correction factory as the fact that batteries 
will not be new forever and their maximum power will be 
less over the years. 
 

In this case using 150W 12V PV array that can produce 8A 
current (according to manufactures and models) it has 
battery with 225Ah, max. Power of battery is 
12v*225=2700Wh that means PV array of 28 modules 
charge battery within hour with charger capacity of 12v 
225A to generate huge current and it costs a lot of cost of 
PV arrays.  

 
So, we need only 100Ah every day with 3 days back up time 
and 80% DOD. 

 
Battery needed = 100*3*1.15/0.8 = 431 Ah 
DOD: Depth of Discharge 
 
MPPT USING PI CONTROLLER TECHNIQUE  
Maximum power point tracking (MPPT) controller for a 
(PV) system is presented in Figure 5. The proposed MPPT 
controller was designed to extract the maximum of power 
from the PV-module and reduce the oscillations. To 
achieve this goal, a different MPPT methods was used to 
drive a DC-DC Boost converter which was used to link the 
PV-module and a resistive load capable of acting on the 
duty cycle of the DC-DC converter in order to be able to 
track the MPP of the PV system. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 5: PV system with resistive load and PI controller
 

This study represents modeling and simulation of 
standalone PV system. The work has been carried out on a 
150 W PV array. The main structure of this PV array system 
consists of PV Array, DC- DC boost converter, single phase 
Inverter, resistive load and PWM controller for inverter 
and for DC-DC boost converter and PID controller. It is 
necessary to implement PID controller to track changes 
and maximize the power extraction from the PV-module 
by comparing reference and actual power of PV module. PI 
controller maintains zero output error between actual and 
set point/desired output power. It integrates the error 
during a period of time until error value reaches zero. Then 
PWM comparator is used to compare the reference power 
of control signal with a carrier saw tooth signal to obtain 
the PWM control signal in the MOSFET transistor gate. 
Overall system is simulated with MATLAB/Simulink. 
 
MPPT USING FUZZY LOGIC TECHNIQUE  
It is working with accurate inputs, without needing to a 
mathematical model and it used for duty cycle controlling 
of the DC-DC boost converter to reach MPP. The main role 
of the fuzzy logic controller is to measure the power of PV 
array at certain radiation and temperature.  

 

This value is considered to be the input of the fuzzy 
controller. The output of a fuzzy controller represents the 
duty cycle of the DC-DC converter. 
 
Fuzzy logic controller consists of three stages: fuzzification, 
rule base lookup table, and defuzzification as it is shown in 
Figure 7. During fuzzification, numerical input variables are 
converted into linguistic variables based on a membership 
function. In this case, five fuzzy levels are used: NB (negative 
big), NS (negative small), ZE (zero), PS (positive small), and 
PB (positive big). 
 
The inputs to a MPPT fuzzy logic controller are usually an 
error E and a change in error ∆E. The user has the 
flexibility of choosing how to compute E and ∆E. Since 
dP/dV vanishes at the MPP. By calculate the following 
 

E(n)=
𝑃(𝑛)− 𝑃(𝑛−1)

𝑉(𝑛)−𝑉(𝑛−1)
 

(5) 

 

∆E(n)=E(n)-E(n-1) 

 
(6) 
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Once E and ΔE are calculated and converted to the 
linguistic variables, the fuzzy logic controller output, which 
is typically a change in duty ratio ΔD of the power 
converter or ΔP the change in power, can be looked up in a 
rule base table such as Table 1. 
 
 
 
 

In the defuzzification stage, the fuzzy logic controller output 
is converted from a linguistic variable to a numerical 
variable still using a membership function. This provides an 
analog signal that will control the power converter to the 
MPP, MPPT fuzzy logic controllers have been shown to 
perform well under varying atmospheric conditions. The 
fuzzy logic controller’s main advantage that is fast converge 
and more stable.

TABLE 1: Fuzzy linguistic variables 
 

 

NB NS ZE PS PB 

NB ZE ZE NB NB NB 

NS ZE ZE NS NS NS 

ZE NS ZE ZE ZE PS 

PS PS PS PS ZE ZE 

PB PB PB PB ZE ZE 

The system configuration is shown in Figure 6 consists of the 
PV system generates power then converted by boost 
converter to adapt to battery and R load characteristics.  
 
 

The duty cycle value of the boost converter is adjusted by the 
voltage and current of the controlled photovoltaic by MPPT 
based on Fuzzy Logic Controller (FLC) to get maximum 
power.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 6: Block diagram of MPPT using fuzzy logic controller and battery
 
The error (e(k)) and change in error (∆e(k)) are calculated 
from above equations (5), (6). The error is the difference 
between the boost output power and reference power, 
while the change in error is the difference between the 
present error and pervious error.  
 

 
The variables and rule base table describe the control 
algorithm. The rule base depends on the error signal e(k), 
the change in error signal ∆e(k), and switching duty-cycle 
signal.  
 

 

 

 

 

 

 

 

 

 

 

 
 

FIGURE 7: Fuzzy logic controller block diagram

E 

ΔE 
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A continuous tracking of the MPP of the PV array, by 
adjusting of a boost duty cycle, got via the fuzzy logic based 
MPPT control, according to the variation of the two 
following inputs e and ∆e as it is shown in Figure 8. 
 

The PV power difference (∆P) will be increased or decreased 
in the positive or in negative direction with a small or a large 
value until it approximates the MPP and the error almost 
equals zero.

 
 

FIGURE 8: Membership functions of the input and output
 
The fuzzy inference step where as the defuzzification 
computes the incremental change duty cycle ∆α :  

 
∆ α = 

∑ (d⍺i +ui )
n
i=1

∑  n
i=1 ui 

            (7) 

 

 
MPPT USING ADAPTIVE NEURO FUZZY INFERENCE 
SYSTEM(ANFIS) TECHNIQUE  
Anfis is a hybrid scheme for solving complex problems, 
belongs to adaptive neural networks that offer a 
combination of learning, adaptability, nonlinear and time 
variant problem solving of ANN and considerable concepts 
of fuzzy sets theory.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 9: Block diagram of MPPT using Anfis controller and battery
 

As we can see in Figure 9 the Anfis block diagram consists 
of PV panel, DC-DC boost converter controller, inverter, AC 
load, charge controller and its battery. 
 
Anfis tracks the maximum power point by controlling the 
duty ratio of the boost converter by adjusting the power of 
the PV panel. The duty ratio is changed according to the 
solar irradiance and the temperature. The Anfis algorithm 
is trained to generate the maximum power point according 
to the appropriate solar irradiance and the temperature. 
 
The output of Anfis is a reference signal which can be 
compared with the instantaneous power to generate the 
control signal needed to drive the solar panel to MPP 
through a PI controller. 

 
Once Anfis controller is achieved MPP and it can deliver 
maximum power to the AC load due to DC-AC inverter. It can 
also charge battery by using its charge controller. 
 
In last figure irradiance value and operating temperature 
are taken as the inputs for the ANFIS model that gives out 
the fresh value of maximum available power from the PV 
module at a certain temperature and irradiance level. The 
actual output power from the PV module, at same 
temperature and irradiance level, is calculated by using 
multiplication algorithm on sensed operating voltage and 
currents. Two powers are compared and the error is given 
to a proportional integral (PI) controller, to generate control 
signal.  
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That signal is given to the PWM generator and control the 
duty cycle of DC-DC boost converter to adjust the operating 
point of the PV module.  
 
DC-DC boost converter is designed to be placed between 
solar PV module and load to transfer maximum power to 
load by changing duty cycle.  
 
 

The PV cell temperature varies from 10º C to 70 ºC and the 
solar irradiance varies from 50 to 1200W/m2. By varying 
these two inputs data will be simulated. 
 
The data set for temperature and irradiation is continuously 
varying. So, data is trained using ANFIS technique and the 
optimal power supplied by PV is recorded as shown in 
Figure 10.

 

FIGURE 10: Training of ANFIS using MATLAB Simulink
 
SIMULATION RESULTS  
The proposed PID controller, FLC and ANFIS controller are 
tested under SIMULINK (MATLAB) connected to stand 
alone PV array as shown in Figure 12.  

 
 
In this case, changes in solar radiation are applied to check 
the robustness and stability of the proposed controllers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 11: Irradiance pattern
 
In this case the temperature is constant and equal to 25ο 
,site irradiation starting with 1000 W/m2 then it changes 
to 500 W/m2 after one second then it returns back to 1000 
W/m2 for one second also as illustrated in Figure 11.  

 
So, we can study battery voltage, battery current, power, and 
Soc (%) by using PID controller, FL controller and Anfis 
controller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 12: Stand-alone PV Array connected to battery using Anfis controller
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FIGURE 13: Battery charging voltage by using PID Controller
 

As we can see in Figure13, battery voltage is about 12V by 
using PI controller during battery charging but it becomes 
less when irradiance equals (500) W/ 𝑚2. The MPPT using 
PID Controller method is a bit difficult to execute and it 
needs to get the PI controller gains offline and requires 
accurate model so it better to use it with other controllers 
such as FL and Anfis.                                                                                                                                                                                                                                                       
 

 

 
Battery voltage by using FL and ANFIS controllers with 
different irradiatin levels will be illustrated in Figures 
(14,15,16) respectivly.  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 14: Battery charging voltage by using FL Controller
 
In Figure 14, battery voltage is about 13V by using FL controller during battery charging and it becomes less when 
irradiance equals (500) W/ 𝑚2. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 15: Battery charging voltage by using Anfis Controller 
 

The MPPT output PV power using FL controller and Anfis controller methods are easier, faster and have good transient 
performance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 16: Battery charging current by using PID Controller
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Figure 16,17 show battery current and it is negative as it is during battery charging and decreases to (-5) A but it becomes 
more when irradiance decreases to 500 W/ 𝑚2 as the battery changing power becomes less. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 17: Battery charging current by using FL Controller 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 18: Battery charging current by using Anfis Controller 
 

Figure 18 shows battery current and it is negative as it is during battery charging and decreases to (-7) A but it becomes 
more when irradiance decreases to 500 W/ 𝑚2 as battery changing power becomes less. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 19: Battery, load and PV power using PID Controller 
 

Figure 19 shows The PV power output is about 120 W, load power is about 60 W and battery power decreases to (-60) W. 
PV array power becomes less when irradiance decreases to 500 W/ m2 and battery changing power becomes less. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

FIGURE 20: Battery, load and PV power using FL Controller
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Figure 20 shows The PV power output is about 125 W, load power is about 60 W and battery power decreases to (-65) W, 
PV array power becomes less when irradiance decreases and battery power becomes more also. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 21: Battery, load and PV power using Anfis Controller 
 

Figure 21 shows The PV power output is about 150 W, load power is about 60 W and battery power decreases to (-90) W, 
PV array power becomes less when irradiance decreases and battery changing power becomes less. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 22: Battery Soc (%) using PID Controller during charging 
 

Figure 21,22,23 show Soc (%) increases during battery charging but its slope increases more when irradiance equals 1000 
W/𝑚2. By looking to these three curves, we can find that FL controller and Anfis controllers can charge the battery faster 
than PID controller. 
 

 

 

FIGURE 23: Battery Soc (%) using FL Controller during charging 

 

FIGURE 24: Battery Soc (%) using Anfis Controller during charging
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COMPARATIVE STUDY OF PV OUTPUT POWER FIGURES FOR MPPT CONTROLLERS 
The optimum output power of the PV system is the output of Anfis controller as we can see in Figure 25 comparing with the 
FL controller. 

 
FIGURE 25: Comparison of proposed MPPT methods FL controller and Anfis controller with variable irradiance 

 
CONCLUSION 
PI controller, FLC and ANFIS based MPPT are studied and 
tested in MATLAB/Simulink steady state environment and 
they all can deliver the maximum power efficiently with 
the variation of solar irradiation.  
 
Due to the various factors, temperature and solar irradiation 
play a vital role in deciding the PV output voltage and 
current. These problems are minimized using FL and Anfis 
algorithms in MPPT. The output power with Anfis is better 
than with fuzzy logic control. Generally, change in solar 
irradiation will cause the PV output current to change 
considerably but by using the neural-fuzzy algorithm in 
MPPT, the output power of PV module reaches MPP as the 
duty cycle D is directly proportional to the environmental 
changes. 
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