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1. INTRODUCTION

The problem of energy and its purity represents the most prominent challenges for the coming
decades, owing to its profound implications for human existence across a spectrum of domains, ranging from
economic prosperity to leisure activities. Fossil fuels continue to dominate the global energy landscape due to
their proven effectiveness. However, their status as non-renewable sources, coupled with their detrimental
environmental impacts, have prompted scientists to engage in the pursuit of efficient, sustainable and cleaner
sources of energy. Renewable energies are the most important alternative to fossil fuels. Therefore, countries
are racing to develop an effective, clean, and renewable source to ensure energy security in the future. The
interest in alternative renewable energy sources, including wind, wave, and photovoltaic power, is increasing
significantly.

Photovoltaic energy stands out as a crucial technology being advanced as an alternative energy
source. The working principle of this technology is straightforward: it converts light into electrical energy.
Among its advantages are its cost-effectiveness, relatively low environmental impact, and straightforward
maintenance requirements. Photovoltaic generators are known to have several issues, including non-linear
behavior, which means that there will be a loss in the generated energy because it is not proportional to the
weather condition. Consequently, an algorithm is employed to monitor the peak power via an adaptation

Journal homepage: http://ijeecs.iaescore.com



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 809

phase, a process known as maximum power point tracking MPPT. The initial methods employed for MPPT
tracking are referred to as classical techniques.

Among the classic techniques is perturbation and observation (P&O) [1], [2], which is characterized
by disrupting the operating voltage and monitoring the resulting power. In contrast, hill climbing depends on
a disturbance in the duty cycle [3]. Another method is incremental conductance (IC) [4], [S]. This method
hinges on the premise that maximum power point (MPP) is achieved when the derivative of the power curve
with respect to voltage is zero. Contemporary strategies utilizing artificial intelligence for MPP tracking have
been formulated, encompassing fuzzy logic controllers (FLC) [6], [7], artificial neural network (ANN) [8],
[9], neuro-fuzzy controller (NFC) [10]. These advanced algorithms have significantly enhanced the
efficiency of MPP tracking, albeit at the cost of increased complexity and the necessity for a detailed
understanding of the system's dynamics.

In the past few years, metaheuristic algorithms like particle swarm optimization (PSO) [11], [12],
genetic algorithm (GA) [13], [14], and grey wolf optimization (GWO) [15], [16] have been innovated for
optimal power extraction, aiming to converge accurately towards the MPP. These algorithms have
demonstrated effectiveness in MPP tracking, yet their practical application may be complex. Nonlinear
control also had its share in tracking the MPP. We find, for example, that sliding mode [17], [18] was relied
upon by using the slope of the force vs the voltage curve as a sliding surface. This algorithm is characterized
by its robustness and ease of implementation. However, its operation is still hindered by the shattering
phenomenon.

Backstepping control was also employed to track the MPP [19]. It was refined by incorporating
integration and sliding mode techniques, leading to the development of the integral backstepping sliding
mode control (IBSMC) [20]. This enhancement minimizes the discrepancy between the produced current and
the reference MPPT current. Furthermore, synergetic control, known for its nonlinear nature and rapid
dynamic response [21]-[23]. It is distinguished from sliding mode by the absence of shattering phenomenon
in its response. This paper introduces a new MPPT control strategy for photovoltaic systems, employing a
synergetic adaptive methodology. This strategy is divided into two segments, with the initial segment
dedicated to ascertaining the maximum current value generated by the photovoltaic panel through the P&O
algorithm.

This specific value is used as a reference for the second part, which is synergetic adaptive control.
This algorithm gives the difference between the generated current and the calculated reference to zero. To
demonstrate the effectiveness of the proposed algorithm, a comparative study was conducted with the
conventional P&O algorithm, illustrating the significant strength factors of the new method.

The structure of this paper is organized as follows: section 2 provides a concise overview of the
photovoltaic generator. Section 3 details the mathematical model of the DC-DC boost converter. In section 4,
the proposed algorithm, named the adaptive synergetic MPPT controller, is discussed. Section 5 delineates
the simulation outcomes and a comparative analysis demonstrating the efficacy of the proposed method. The
paper concludes with a summary in the final section.

2. PHOTOVOLTAIC GENERATOR

Photovoltaic panels are used in several forms depending on the needs. For example, they can be
connected to the grid [24] or used in pumping systems. They are also used in stand-alone systems. A stand-
alone system consists of (a) photovoltaic panel, (b) DC-DC boost converter, (c) resistive load, and (d) a
controller. A photovoltaic panel is an electrical energy generator that converts light rays into a continuous
electrical current. Utilizing the photovoltaic generator directly results in significant power loss when there are
changes in irradiance or temperature [25], attributed to the non-linear characteristics of the photovoltaic
panel. Consequently, a DC-DC boost converter is employed to maximize the voltage extraction from the
photovoltaic generator.

Equivalent circuit model of photovoltaic cell used is the single-diode model illustrated in Figure 1.
The equivalent circuit consist of photon generated current, anti-parallel diode, a parallel shunt resistance Ry, ,
and a serie resistance R;. The output PV current can describe as:

Ipv = lph — Iy — Iy (N
Iy = PP @
sh
Iy = Iolexp (g 22rfs) _q 3)
AKT
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The output PV current given by:

Vpw+IpR Vpw+IpyR
_ _ pvtlpvRs) _ VovtlpuRs
lyy = Ipn = 1o [exp (q AKT ) 1]

Here:

Iy is the output PV current

Vv is the output PV voltage

Ly is a photocurrent

I¢p, is a shunt current

I, is the dark current

I, is the reserved saturation current

K is Boltzmann’s constant

q is the charge of an electron

E, stands for the energy of the band gap for silicon

A
Iph Id £ Irsn 4 ‘i!:
VAR

Figure 1. Equivalent circuit of PV cell

The photovoltaic panel is modeled with parameter values of ET-M572185, as shown in Table 1.

“)

®)

(6)

Figures 2 and 3 depict the power-voltage and current-voltage characteristics under varying levels of
irradiance while maintaining a constant temperature (T = 25 °C), respectively. Conversely, Figures 4 and 5
display the power-voltage and current-voltage curves across various temperatures, with a steady irradiance

level (G = 1,000 W/m?).
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Figure 2. Power-voltage curve under different irradiance levels (T = 25 °C)
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Table 1. Specification of PV array panel

Electrical parameters of PV system Value
Maximum power Pmax 184.767 (W)
Open circuit voltage Voc 44.6 (V)
Short circuit current Isc 5.8 (A)
Voltage at maximum power point Vmp 36.3 (V)
Current at maximum power point Imp 5.09 (A)
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Figure 3. Current-voltage curve under different irradiance levels (T =25 °C)
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Figure 4. Power-voltage curve under different temperatures (G = 1,000 W/m?)
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Figure 5. Current-voltage curve under different temperature (G = 1,000 W/m?)
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3. DC-DC BOOST CONVERTER

DC-DC boost converter acts as an intermediary between the photovoltaic panel and the resistive
load, facilitating the tracking of the maximum power point regardless of fluctuations in weather conditions.
Its operation is governed by a pulse-width modulation PWM signal, controlled through switch S. The boost
converter can be described as:

oy _ v _ I

a ¢ G (7
dia_ 1oy o

ol 1 d)L+L 8)
Wo _ 1 _ nyi_ Yo

dt_(l d)c RLC ©)

Where i, represents the inductor current, Vo is the voltage at both ends of the load, I, and V,, are
respectively the current and voltage generated by photovoltaic panel, d is duty ratio of PMW input signal
(d € [0 1]), C, is a filter capacitor, R; represent resistive load, C and L are respectively capacitor and indictor
of the converter.

4. DESING OF ADAPTIVE SYNERGETIC MPPT CONTROLLER
An MPPT controller is used to track the MPP generated by the photovoltaic panel during changes in
irradiance levels or temperatures. The proposed approach contains two parts:

a. P&O maximum power current estimator: a P&O algorithm, as depicted in Figure 6, has been designed to
determine the current value at which the photovoltaic panel produces maximum power. This current value
denoted as i,..r used serves as the set point for the synergetic adaptive loop.

b. Synergetic adaptive controller: a controller based on synergetic adaptive estimated by PSO. The
asymptotic stability is verified using Lyapunov function to reduce the error between the current estimated
irey and the inductor current i;. The functionality and design of this controller are illustrated in Figure 7.

EMeasure V(©), I(t)j
l

ECalculate power P(t)j

I(t)=I(t-1)-delta I 1(t)= I(t-1)+delta I 1(t)= I(t-1)-delta I 1)~ I(t-1)+delta T

l I | !

|

Figure 6. P&O algorithm flowchart
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Figure 7. Synergetic adaptive MPPT controller structure

At this stage, the macro-variable of synergetic control is selected as:

W=e= i — iy (10)
Where the dynamic evolution of the macro-variable is defined as:

YT, =0;T,>0 (11)

The derivative of the manifold ¥ can be articulated as follows:

av _ de — d(iyer—ir) — diyer _ ﬂ (12)

at ~ at dt dt dt
Substituting dd—itL from (8) into (12):

av _direr Vo Vo Vpv
= a T Ld L (3)

Incorporate (13) into (11):

direr Vo Vo Vov\ _
W (L Ry ) = (14)

The duty cycle is determined as:

d=—tyyLlllieriq tw (15)
TsVo Vo dt Vo

To enhance the efficacy of the algorithm, an adaptive approach is employed to increase the reaction speed.
Rather than T being a fixed constant, it is adapted to become variable based on the error magnitude.

d=2LyyLiler g Y (16)
Vo Vo dt Vo
With
1
0= (7
and
6=6-0 (18)
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Stability analysis and adaptation law. The Lyapunov function is chosen as:
V=1w24lg7p1g
2 2
Its time derivative is
V=wy44Tp g

With the reminder that g = —é , then (20) can be given as:

V=w(teL_Lh)_grp-ig

Substituting % from (8) into (21):

> diTef _ ﬁ_@ _;\T “15
V—lP(—dt +(1-d)™ L) oTP-19

Then:

Ve=w (Tl _tog D) grpoig
dt L L L

Incorporate (16) into (23)

V= lp[%+%—%(i—jw+viod%+ 1—‘%”) e

V=w(-wd)-6TP 1§
Replacing (18) in (25), V becomes:

V=-w2(0-6)-0"P 14
V=-w+ (w2 -67P1)0
So:

V>0ifV=-¥29

The adaptation law can be written as:

(19)

(20)

@n

(22)

(23)

24

(25)

(26)

@7

(28)

(29

(30)

Asymptotic stability is verified through Barbalat’s lemma. The parameter values of the boost converter,

controller, and load are shown in Table 2.

Table 2. System specifications

Parameter Value
Inductor L 0.225 mH
Capacitor Cr 100 uF
Capacitor C 100 uF
Load Ry 12Q

Adaptive gain P 0.01
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5. SIMULATION RESULTS AND DISCUSSION

This research is concerned with the ongoing challenge of MPP tracking in photovoltaic (PV)
systems. While previous studies have made significant contributions in this area, achieving optimum power
conversion efficiency remains a critical objective in developing photovoltaic systems. To study the results of
the proposed algorithm, a simulation was conducted under standard conditions where the irradiance was 1000
W/m? and the temperature 25 °C. The simulation results are depicted in Figure 8, with several electrical
measurements of the PV system shown in Figure 8(a) and the duty cycle displayed in Figure 8(b).

Figure 8 illustrates changes in power, output voltage, generated voltage, and generated current, in
addition to the duty cycle, where the response time was estimated at 14 ms. A simulation is now being
performed under variable weather conditions where the temperature is kept constant and the irradiance is
varied as shown in Figure 9. Figure 10 displays the simulation outcomes, with Figure 10(a) illustrating the
PV module responses and Figure 10(b) depicting the duty cycle.
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Figure 8. Different responses of the PV module with standard conditions (a) Ppv, Vout, Vpv, Ipv and
(b) duty cycle
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Figure 10. Different responses of the PV module with step irradiance change (a) Ppv, Vout, Vpv, Ipv and
(b) duty cycle

The algorithm's response to the sudden change in irradiance was notably rapid, as illustrated in
Figure 10, where the maximum power point is tracked in record time. Another simulation is now performed
under variable atmospheric conditions where the irradiance is fixed at 1,000 W/m?, and the temperature is
varied as depicted in Figure 11. The simulation results are presented in Figure 12, with Figure 12(a) showing
the various electrical measurements of the PV system, while Figure 12(b) illustrates the duty cycle.
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The effect of temperature change on power conversion was negligible, as the algorithm adeptly tracked
the maximum power point within a mere 1 ms. The outcomes demonstrate the proficiency of the employed
algorithm in monitoring the maximum power point, even with varying weather conditions. A comparative analysis
was performed to validate this effectiveness, contrasting the adopted method with the traditional P&O algorithm.
This comparative analysis between the two controllers focused on three aspects: response time, power oscillation
and maximum efficiency. The latter is deduced from the following equation [26]:

ef ficiency(n) = ZREIImEntpower 4 31)

Actual power

The simulation results of the comparative study under standard atmospheric conditions are
illustrated in Figure 13. The power Ppv, voltage Vpv, current Ipv and output voltage Vout are shown in
Figures 13(a)-(d) respectively, while Figure 13(e) shows the duty cycle.

Following a sudden change in weather conditions, characterized by a sudden change in irradiance
levels (Figure 9) shown in Figure 14, various electrical measurements are presented. These include power
Ppv, voltage Vpv, current Ipv and output voltage Vout shown respectively in Figures 14(a)-14(d), in addition
to Figure 14(e) which represents the duty cycle. Then a sudden change in temperature (Figure 11) shown in
Figure 15 wherein Figures 15(a)-15(d) display the aforementioned electrical parameters: power Ppv, voltage
Vpv, current Ipv, and output voltage Vout, respectively. Figure 15(e) additionally depicts the duty cycle. The
effectiveness of each algorithm was assessed with respect to the speed of tracking the maximum power point.
The features of each algorithm are summarized in Table 3.
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Figure 13. Simulation under standard conditions: (a) Ppv, (b)Vpv, (c) L, (d) Vo, and (e) duty cycle
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Table 3. Performance of the different controllers
MPPT methods  Response time (ms)  Power oscillation (watt) Max efficiency n (%)
P&O 24 1 98.69
SAC 14 0.001 99.66

Through the simulation results during the standard conditions depicted in Figure 13, it is evident
how swift and precise the proposed algorithm is in response, compared to the P&O algorithm. The latter
exhibits oscillations in all electrical measurements such as power Ppv, output voltage Vout, voltage Vpv, and
current Ipv. During the sudden change in irradiance shown in Figure 9, the simulation displayed in Figure 14
demonstrates the reaction speed of the proposed algorithm in tracking the maximum power point compared
to the P&O algorithm, across all electrical measurement responses.

As for Figure 15, it portrays the simulation during the sudden temperature change illustrated in
Figure 11. The response showcases the capability of the algorithm to swiftly return to the maximum power
point compared to the P&O algorithm, across all electrical measurements.

To analyse the results, refer to Table 3, where:

a) The SAC controller exhibits a relatively fast response time of 14 ms compared to 24 ms for the P&O.
b) Negligible power oscillation for the SAC controller at 0.001 W compared to 1 W for the P&O.

c) The efficiency of the SAC controller is higher at 99.66%, compared to 98.69% for the P&O.

The comparative analysis highlighted the superiority of the proposed method in tracking the
maximum power point, as illustrated in Table 3, which reveals discernible differences between the SAC
controller and the P&O controller with respect to response time, power oscillation and efficiency under
changing weather conditions. This study achieved satisfactory results in tracking the maximum power point,
especially under varying weather conditions. However, further research is required to address the issue of
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partial shading. This is particularly important given the abrupt and unexpected nature of the phenomenon.
The results demonstrate the effectiveness of the proposed approach in improving power conversion
efficiency. Future research directions include refining the P&O maximum power current estimator to
accurately predict the value under partial shading. Recent observations confirm that the proposed algorithm
significantly improves energy conversion in photovoltaic systems compared to the P&O algorithm.

6. CONCLUSION

In the current study, a novel MPPT control technique utilizing a synergetic adaptive algorithm has
been highlighted. This method has proven effective in maintaining optimal power output from the
photovoltaic panel across all climatic conditions, including variations in irradiance and temperature. The
photovoltaic system configuration includes a PV panel, a DC-DC boost converter, a resistive load, and a
synergetic adaptive controller. The performance and efficacy of the new algorithm were corroborated by
simulation outcomes in MATLAB/Simulink, reflecting its competent tracking of the maximum power point
under different weather conditions. A comparative analysis with the P&O algorithm was conducted to
illustrate the enhancements in power transfer achieved by this algorithm. The study highlights the superiority
of the proposed algorithm through faster response times, lower power oscillation, and higher efficiency,
indicating significant gains in both efficiency and robustness with the proposed method, which has
contributed to the improvement of power conversion in photovoltaic systems. Future work will focus on
refining the maximum current estimator to enable prediction of partial shading.
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