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Abstract

Renewable energy is being used to lessen the consumption of fossil fuels.
Solar energy is a common source of renewable energy. Solar energy is the
most promising source of energy due to its long-term sustainability and
availability. The output power of solar panels is strongly influenced by the
intensity of sunlight and the temperature of the solar panels. Maximum Power
Point Tracking (MPPT) control, which aims to optimize the output power of
solar panels, is commonly used to increase the efficiency of solar panels.
However, MPPT control often causes overvoltage disturbance in systems
directly connected to the load. To limit the output power of solar panels,
additional Constant Power Generation (CPG) control is required. In this
research, a solar panel system will be created to supply submersible DC
pumps without any energy storage devices. DC-DC SEPIC Converter is
designed with MPPT control combined with CPG control to limit the output
power of the converter using the Adaptive Neuro-Fuzzy Inference System
method by 150 watts. When the output power of the solar panel is less than
the power limit, then MPPT mode will work. While CPG mode works when the
PV output power is greater than the limit power. The results of this research
showed that the system can provide optimal power generated by solar panels

in MPPT mode by increasing efficiency by up to 38.05% and CPG mode can
limit power to 150 Watts to avoid overvoltage disturbance at load.

1. Introduction

Along with technological developments, the need for electrical energy is increasing and causing the availability
of fossil fuels on earth to be dwindling. The use of renewable energy is an effort made to replace energy with fossil
fuels, one of which is solar energy by using solar panels. Solar energy is not only widely available, but it is also
environmentally friendly because it does not pollute the environment. However, the efficiency of the solar panel output
power is strongly influenced by the intensity of sunlight and the temperature of the solar cell. Thus, when the intensity
of sunlight changes, the solar cell's output power changes as well. As a result, most solar panel systems have MPPT
control, or maximum power point tracking. The purpose of MPPT control is to obtain the maximum power that can be
generated by solar panels and improve the efficiency of using solar panels[1]. By adjusting the duty cycle value on the
dc-dc converter, Maximum Power Point Tracking will help ensure that the solar panel always operating at its maximum
point or maximum power point (MPP)[2], [3]. The efficiency of using solar panels will increase with the use of MPPT.

The use of solar panels in maximum conditions can cause several disturbances, including overcurrent and
overvoltage on the load side[4]. To prevent this, mppt control modifications can be made with CPG control or constant
power generation. CPG is a method used to limit the power generated by solar panels. Thus, solar panels will produce
power according to load needs and can avoid overvoltage and overcurrent[2]. Additionally, because no extra safety
equipment is required, modifying controls by adding CPG controls is the most affordable option.

Many methods using both conventional and artificial intelligence, including Incremental Conductance[2], Perturb
and Observe[5], and Grey Wolf Optimization[6], have been used in recent MPPT-CPG research. The Adaptive Neuro-
Fuzzy Inference System is the algorithm that will be used in this research (ANFIS). ANFIS is one of the artificial
intelligence methods that combines the advantages of fuzzy logic and artificial neural networks[3]. The ANFIS algorithm
was chosen due to its benefit of being able to categorize data and identify patterns, as well as having the ability to adapt
and learn quickly and can be trained without relying on enough expert knowledge, such as fuzzy logic models[7].

The use of modified MPPT-CPG control requires a converter, in this research the MPPT mode and CPG mode
work to adjust the duty cycle value using the SEPIC Converter. MPPT mode will work when the PV output power
condition is less than the limit power value or Pumit(Ppv<Puwmir). While CPG mode will work when the PV output power
is more than the limit power value or Pumr(Ppv>Pumit). The purpose of the modified MPPT-CPG control is to ensure
that the load connected to the solar panel always receives optimal power while also being able to limit the power so that
it does not exceed the load's requirements using the Adaptive Neuro-Fuzzy Inference System algorithm that can find
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the best solution for the system. This way, interference like overvoltage can be avoided when using solar panels with
MPPT control[5]. To determine the performance of the MPPT-CPG control modifications, a simulation will be carried
out using MATLAB software with varying irradiation values.

2. Research Method

In this research, the system utilizes two solar cells with a capacity of 135 Wp which are arranged in parallel to
get the maximum output power that can be supplied to the load using the MPPT method and limit the power that will be
supplied to the load by using the CPG method. The submersible DC pump used works with 150 Watts of power. The
block diagram of the system is shown in Figure 1.
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Figure 1. Adaptive Neuro-Fuzzy Inference System-based MPPT-CPG system

In this research, the Adaptive Neuro-Fuzzy Inference System (ANFIS) algorithm will be used. This algorithm is a
Fuzzy Inference System (FIS) combined with an Artificial Neural Network (ANN) algorithm. ANFIS carries out the
learning process as done by ANN and determines decisions as in FIS [8]. Thus, the advantage of the ANFIS algorithm
is that it can provide the best solution required by the system. In addition, ANFIS can form a rule by itself.

ANFIS is designed by combining 2 controls, namely MPPT mode and CPG mode. The parameters used to
determine the running of the MPPT mode or CPG mode are the PV output power (Prv), and the limiting power (PLimit).
The determination of the Puwmr value is based on the need for a submersible DC pump load, which is 150 Watts. If the
Ppv value is less than Pumr(Ppv<Pumit), then the MPPT-ANFIS mode works to obtain optimal power according to
environmental conditions. So that the PV power will be controlled to produce power at the maximum point. If the PPV
value is greater than Pumr(Prv>Pumit), then the CPG-ANFIS mode will work to keep the converter output power from
exceeding the power limit or the desired load requirement[6]. ANFIS control in MPPT mode and CPG mode will adjust
the duty cycle of the SEPIC converter so that it can produce power according to load requirements.

2.1 SEPIC Converter

SEPIC (Single Ended Primary Inductor Converter) is a DC-DC converter that can increase or decrease the input
voltage by adjusting the duty cycle of the switching components [9]. Unlike the Cuk converter, SEPIC has the same
output voltage polarity as its input (non-inverting)[10].

Figure 2 shows the circuit of the SEPIC Converter which consists of 2 inductors, 2 capacitors, a MOSFET, and a
diode. When the switch is on, the diode will be open, the supply current will flow to L1 and L2 will drain its energy to Ca.
In this condition, no electricity flows to the load [11]. When the switch is off, the circuit will form a loop with L1, C1, and
the load in series. Inductor I current will flow towards the load with negative polarity. In the switch off or closed
condition, the inductor will flow energy through the diode and the capacitor will be in a charge condition. The greater
the duty cycle value, the value of the output voltage will be greater. Because the longer the inductor is in charge, the
greater the inductor voltage[12]. SEPIC Converter has advantages, namely the value of the input current ripple is small,
has isolation capacitors on the input and output sides to protect the circuit from short or overload conditions, and can
produce an output voltage of up to 0 Volts [13].
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The SEPIC converter circuit in this research has a function as a voltage control from the solar panel to the load
by setting the duty cycle value. The output voltage value from the converter will affect the water discharge that can be
flowed by the submersible pump. The SEPIC converter can work to increase and decrease the submersible pump
supply voltage with a working power of 150 Watts. Table 1 is the SEPIC Converter design used.

Table 1. Design of SEPIC Converter

Parameters Values
ViN 17.8 Vbc

fswitching 40 kHz

Vourt 11 Vbc
Li=L> 75.618uH
Ci=C2 15000 uF

2.2 Adaptive Neuro-Fuzzy Inference System

In this research, the algorithm used is the Adaptive Neuro-Fuzzy Inference System or ANFIS. In MPPT mode,
the ANFIS algorithm is used to find the maximum power output from the solar panel. Meanwhile, in CPG mode, the
ANFIS algorithm is used to control and limit the solar panel output power so that it does not exceed the load requirement.
The output of the ANFIS algorithm in both MPPT mode and CPG mode is a variable of the duty cycle value which is
used as a PWM generator in the converter.

The Adaptive Neuro-Fuzzy Inference System or ANFIS is a multilayer feedforward network that combines the
advantages of fuzzy logic and artificial neural networks to map the input space to the output space [14]. The inference
system used in ANFIS is the Takagi-Sugeno model [15]. ANFIS will group the input-output data in the form of fuzzy if-
then rules, and will produce input-output data pairs obtained from the training results with the hybrid algorithm [16], [17].
The hybrid algorithm for learning consists of 2 different methods, namely least squares estimation and back-propagation
to update parameter values in the membership function. The smaller the error value is, the better the ANFIS control is
made. The structure of ANFIS consists of 5 layers with different functions as shown in Figure 3.
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Figure 3. Adaptive Neuro-Fuzzy Inference System Structure (%

Assuming the input values are x and y with the output being z, then:
Rule 1:if xis Arand y is B, then z1 = pix +qiy+r
Rule 2:if x is Azand y is Bz, then z2 = p2x +Q2y+r2
A brief description of the layers in ANFIS can be seen below:
1. Layerl
Each input node in this layer is an adaptive node that produces a degree of membership for a certain value.
The output of this layer is:
01 = Ug; (xq) fori=1, 2

0,; = Ug; (yp) forj=1,2

Where, 0,; dan 0,; are the outputs of the i-th node in layer 1, while p,, dan lp; are membership functions. If
a triangular membership function is used, then the calculation of the value is shown in Equation 1.

X1 —a; €1 —X )]

. (xq1) = max |min ) )
tay (1) [ (bl -—a, ¢, —by

1)
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Where, a1, b1, dan ci are parameter sets that vary depending on the membership function. This parameter is
also called the premise parameter [18].

2. Layer2
This layer is each node will be multiplied by each incoming input. This layer calculates the weight of each MF
and gets the input value x1 from the first layer which represents the fuzzy set of input values. The output of this layer
is the firing strengths of each rule. The calculations on layer 2 are shown in Equation 2.

0z =w; = piy,(x) X ,uAj(y) fori=1,2 2)

3. Layer3
This layer is a normalization layer where each node has a fixed value. The nodes are categorized in N which
shows the normalization process for the firing strengths of the previous layer. The output of this layer is the
normalized firing strengths whose calculations are shown in Equation 3.

Wi

wy + w,

03; =W, = fori=1,2 3)

4. Layer4
This layer is the output layer resulting from the inference process. The nodes in this layer are adaptive. In this
layer, calculations will be made for the defuzzification process with Equation 4.

O4i =Wz, = W(pix + qiy + r)fori =12 (4)
In layer 4, p1, g1, and r1 are called linear parameters or consequent parameters.
5. Layer5
This layer is the output layer which adds all the input values from the 4th layer and converts the fuzzy values

into crisp values. This layer consists of 1 node 'Z'. This layer adds up all incoming nodes with Equation 5[19].

2wz
= = | = 5
Os,; E iWLZl ——— fori=1,2 (5)

The input variable for MPPT control is obtained from the solar panel output power, while the input variable for
CPG control is obtained from the SEPIC converter output power. The ANFIS training data used in both controls were
obtained from simulation results using the Fuzzy algorithm.

2.2.1 Design of Maximum Power Point Tracking

MPPT consists of a DC-DC converter that is installed between the solar panel and the load which is controlled
by an algorithm to change the duty cycle value of the power converter so that it gets the maximum output voltage and
current value with a certain value of solar radiation and temperature [1].

The process of tracking the maximum power output of the solar panel using the ANFIS algorithm begins by
sensing the current and voltage of the solar panel output. Then the calculation of the value of the solar panel output
power will be carried out. MPPT-ANFIS control input is the value of slope S(t) and change of slope AS(t)[20]. The input
for the ANFIS algorithm is obtained from Equation 6 and Equation 7.

_PO—-P(t-1)
O=y0-ven ©
AS(t) =S(t)—S(t—1) @

The result of dividing the value of P by V is called the slope. To achieve the MPP value, the slope value =0 [21],
[22]. The direction of the slope is determined by the ratio of P and V. With the characteristics of the converter used, the
direction of the duty cycle will be determined. If the result of the comparison (slope) produces a positive value, the duty
cycle value is increased, and if it produces a negative value, the duty cycle value is reduced. The data slope S(t) in this
research is 5 triangular membership functions used to represent the input slope value shown in Figure 4.
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Figure 4. Membership Function of Input Error

Input change of slope AS(t) is obtained from the difference between the current slope value and the previous
slope value. The membership function of the input change of slope AS(t) is shown in Figure 5 with 5 triangular
membership functions
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Fighre 5. Mer"hbershipvlfunc‘ttion of Input dError

The two inputs will then be processed by the ANFIS controller to get the value of the change in duty cycle (dDuty)
according to the MPP conditions at a certain irradiation value and temperature. The membership function is 25 with a
constant type for the value of the duty cycle change shown in Figure 6 which then enters the converter.
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Figure 6. Membership Function of Output dDuty

2.2.2 Design of Constant Power Generation

The use of MPPT control can cause overvoltage disturbances in the load. To avoid this, the MPPT control is
modified by adding Constant Power Generation (CPG). This modification is the cheapest way to avoid overvoltage
because it does not need additional equipment [23]. CPG control will limit the output power of the solar panel according
to the power requirement or called Pumt. Constant Power Generation can work on either the right or left side of the
MPP point [24].

Figure 7 shows the working principle of the CPG concept. It can be seen that the CPG control works when the
PV output power value is in regions Il and IV, namely the solar panel output power exceeds the limit power value, so
that the CPG control will work to limit it according to the limit power value or Puwmir [25]. Then the MPPT mode will work
in regions 1, I, and V to get the maximum possible solar panel output power.

1 5 Pyipp1
P (Available power)
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Power
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Figure 7. Working Principle of Constant Power Generation
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The control process begins by sensing the converter’s output current and voltage. Then the converter output
power value will be calculated and the error value E(t) and change of error AE(t) will be calculated. The input for the
ANFIS algorithm is obtained from Equation 8 and Equation 9.

E(t) = SP —E(t) (8)
AE(t) =E({t)—E(t—-1) (9)

The SP value is the limit power value that is determined according to the load requirements. The error data E(t)
in this research consists of 5 triangular membership functions shown in Figure 8.

eNB eNK eZ ePK ePB

50 100 150
Figure 8. Membership Function for Error
Input delta error AE(t) obtained from the difference between the current error value and the previous error. Figure
9 shows the 5 triangular membership functions for the dError input.
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Figure 9. Membership Function for Change of dError

The two inputs will then be processed by the ANFIS controller to get the duty cycle value. Figure 10 shows 25
membership functions of constant type for the Duty value that goes to the converter.
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Figure 10. Membership Function for Duty

2.3 Submersible DC Pump

A submersible DC Pump is a centrifugal pump that is attached to an electric motor and operates submerged in
water. The main part of the submersible pump is the impeller which will convert the motion energy of the prime mover
into kinetic energy [26], [27]. The advantage of using a submersible dc pump is that there is no need for an initial drive,
because the drive is carried out by water entering and rotating the impeller. In addition, because the pump works
underwater, this pump can avoid the possibility of cavitation the pump [28]. In this research, the submersible DC pump
used is the ZQB-12 type with a power of 150 Watts at 11 Volts. The pump used in this study can work with a minimum
input power of 2.66 Watt.
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3. Results and Discussion

ANFIS MPPT-CPG system simulation was carried out using MATLAB software which consisted of 2 solar panels
with a capacity of 135 Wp arranged in parallel and connected to a SEPIC Converter with MPPT-CPG ANFIS control.
The system will work to limit the converter output power according to the needs of the submersible dc pump, which is
150 Watts with a voltage of 11 Volts. The pump used in this research can operate with a minimum input power of 2.66

Watts.

3.1 Adaptive Neuro-Fuzzy Inference System based MPPT
Simulations were carried out with variations in irradiation values, namely at 1000 W/m?, 500 W/m?, dan 400 W/m?

with a PLIMIT value of 150 Watts. Figure 11 (a) is a simulation circuit for the MPPT system, while Figure 11 (b) is a
circuit for the MPPT-ANFIS control. MPPT-ANFIS control will then be compared with a system without MPPT control to
find out the performance of MPPT control in improving the efficiency of using solar panels. The system without control

will run with a constant duty cycle of 38.2%.
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Figure 11. ANFIS Based Maximum Power Point System

The results of Figure 12(a) simulation showed changes in irradiation received by solar panels. While the straight
line in Figure 12(b) is the output power response when the MPPT control works, the dotted line is the output power
when open-loop or without MPPT, and the square dotted line is the PLIMIT value or limit power.
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Table 2. Comparison of Output Power on Non-MPPT system and ANFIS based MPPT System

Pumir Irradiance Pout NoN-MmPPT Pout mppt Vout mppT
(Watt) (W/m?) (Watt) (Watt) (Volt)
1000 137.9 208.6 12.97
500 111.3 115.8 9.54
1000 137.9 208.6 12.97
150 400 85.48 91.62 8.46
100 5.65 17.26 3.712
1000 137.9 208.6 12.97
Average of Pout non-mppT (Walt) 102.68
Average of Pout wppt (Watt) 141.75
Increased Efficiency with MPPT
—_ PourmppT _ % 100% 38.05%
PouT NON MPPT

Table 2 shows output power response data when a system without MPPT and a system with MPPT control is
working. The simulation results show that the use of MPPT-ANFIS control can increase the efficiency of using solar
panels by 38.05%. When the irradiation point is 400 W/m? and the system is running without MPPT control, the output
power of the converter is 85.48 Watts. Meanwhile, when the MPPT control will work to get the optimal input power value
that can produce solar panels to supply at a load of 91.62 Watts at 8.46 Volts. When the irradiation point is 100 W/m?
and the system is running without MPPT control, the output power of the converter is 5.65 Watts. Meanwhile, when the
MPPT control will work to get the optimal input power value that can produce solar panels to supply at a load of 17.26
Watts at 3.712 Volts. When the input irradiation value is 500 W/m? the output power of the system without control is
111.3 Watts and the system with MPPT control is 115.8 Watts at 9.54 Volts. When the irradiation value is 1000 W/m?2,
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the output power generated by SEPIC Converter when without MPPT is 137.9 Watts and when the MPPT control is
run, the output power is 208.6 Watts at.12.97 Volts.

The simulation results shown that even with a low solar irradiation value of 100 W/m?2, the system was still able
to supply a submersible dc pump. However, if the irradiation value is 1000 W/m? the power generated exceeded the
load requirement of 150 Watts at 11 Volts. Therefore, it is necessary to limit the output power of the SEPIC Converter
with the use of MPPT control so that there is no overvoltage disturbance in the load.

3.2 A Modified Adaptive Neuro-Fuzzy Inference System based MPPT-CPG

To avoid the output power exceeding 150 Watts, a CPG mode control is added. CPG mode works when the solar
panel output power is more than the limited power, thus avoiding overvoltage interference. Simulations were carried out
with irradiation conditions of 1000 W/m?, 500 W/m? and 400 W/m? with a Puwr value of 150 Watts. Figure 13 (a) is a
simulation circuit for an MPPT system integrated with CPG control, while Figure 13 (b) is a circuit for CPG-ANFIS
control.
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Figure 13. ANFIS Based Maximum Power Point-Constant Power Generation System

The simulation results Figure 14(a) shows the change in irradiation received by the solar panel. While the straight
line in Figure 14(b) is the output power response when the MPPT-CPG control combination works and the dotted line
is the PLIMIT value or limit power.
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Figure 14. Output Power Response of MPPT-CPG ANFIS on Variable Irradiance

Table 3. ANFIS based MPPT-CPG Simulation Results

Pumir Irradiance Pout mppT-cPc  VouT MPPT-CPG
(Watt) (W/m?) (Watt) (Volt)
1000 149.9 11
500 115.8 9.54
1000 149.9 11
150 400 91.62 8.46
100 17.26 3.712
1000 149.9 11

Table 3 shows the output power response data when the MPPT-CPG control is working. From the simulation
results, when the irradiation value is 400 W/m? and 500 W/m?, then the MPPT control will work to get the maximum
input power value that can be generated by solar panels to supply the load, when the input irradiation is 100 W/m?
power used to supply the load is 17.26 Watt. When the input irradiation is 400 W/m? power used to supply the load is
91.62 Watt. When the input irradiation value is 500 W/m?, the power used to supply the load is 115.8 Watt. When the
irradiation is 1000 W/m?, the CPG mode works to limit the output power value of the SEPIC Converter so that it does
not exceed the load requirement, namely with an output power of 149.9 Watts at 11 Volts. Due to the pump's ability to
operate at a minimum power of 2.66 Watts, the system created can supply submersible DC pumps even at an irradiation
value of 100 W/m?.

The simulations results show that, under high irradiation conditions, CPG control can be used to limit the power
supplied to the submersible dc pump in accordance with load needs, allowing the system to avoid overvoltage
interference while MPPT control is able to supply a submersible dc pump with the most optimal power that can be
produced by solar panels.
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4. Conclusion

The ANFIS MPPT-CPG control created aims to limit power so that it does not exceed load needs and avoid
overvoltage disturbance. MPPT control on the system works when the PV output power is smaller than the load required
power to provide the most optimal supply to the load. While CPG mode works when the PV output power is greater
than the specified load power to limit the output power of the converter so as not to exceed the need. The results of
simulations that have been done, the MPPT mode can supply submersible dc pumps under low irradiation conditions
and boost the efficiency of solar panel use by up to 38.05%. The ANFIS MPPT-CPG system can produce the optimum
amount of power generated by solar panels while limiting supply power to 150 Watts at 11 Volts to avoid overvoltage
disturbance.

Notation

ViN . Input Voltage of SEPIC Converter
fswitching : Switching Frequency

Vour : Output Voltage of SEPIC Converter
L : Inductor

C : Capacitor

Wp : Wattpeak

RLoap : Resistor Value of Load

Pour : Output Power
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