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Abstract: Solar energy, an available and renewable resource, can be efficiently transformed into electrical energy through the use of photovoltaic
(PV) cells. The primary emphasis lies in the significance of maximising power output for economic considerations. In terms of optimising
power generation, the implementation of maximum power point tracking (MPPT) techniques is imperative. A range of approaches,
such as super twisting (ST) control and modified extremum seeking control (ESC-mod), are explored for their potential in enhancing
the efficiency of power-generation systems. The novelty is a combination of these methods; the modified ESC has the role of finding
the optimum voltage value of the global maximum power point (MPP) during the partial shading, while the super-twisting improves the
performance of the system. The efficacy of the MPPT algorithm is assessed across diverse conditions, encompassing scenarios with
load variations and fluctuating irradiances (uniform and non-uniform). The experimental setup involves essential components such as
a PV generator, a boost converter and a resistive load. This comprehensive testing aims to evaluate the algorithm’s performance under
varying circumstances, providing insights into its adaptability and effectiveness across different operational conditions. The system is
modelled, simulated using Matlab—Simulink and implemented using a dSPACE 1104 card. Simulation results indicate that ST control is
faster in reaching the permanent regime, but ESC-mod provides smoother performance in the permanent regime. The integration of both
ST control and ESC-mod methods proves advantageous by diminishing the response time in the seeking process while concurrently
ensuring a consistent and smooth operation in the permanent regime. This combined approach has undergone practical implementation
and testing across diverse conditions, encompassing both optimal, healthy states and shaded environments. The results affirm the
method’s ability to deliver efficient and stable performance across a spectrum of operating conditions.

Keywords: PV panel * MPPT = modified ESC ¢ ST-ESC modified ¢ Global MPP

Nomenclature

o: sliding surface Rsh: array shunt resistance (Q)

o: chopper duty cycle ST: super twisting

E: actual insolation (W/m?) ST-ESC mod: super twisting-extremum seeking control modified
ESC mod: modified extremum seeking control Ve actual DC link voltage (V)

l,: inverse saturation current (A) V... PV open circuit voltage (V)

I,: photovoltaic array current (A) V.- photovoltaic array voltage (V)

.- photovoltaic short circuit current V, thermal voltage (V)

R,: array series resistance (Q)
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1. Introduction

Enormous research has been conducted to replace fossil fuel resources with renewable energy sources (RESs)
to guarantee energy supply, diversify the energy mix and achieve short- and long-term sustainable development
goals. According to the International Energy Agency (IEA), the worldwide capacity installation of RES is predicted to
increase from 2,516 GW in 2018, to 6,369 GW in 2030 (Haddad et al., 2021). Algeria has taken the lead in promoting
green energy by launching an ambitious plan to utilise renewable energy and improve energy efficiency. The plan
aims to achieve a renewable energy generating capacity of 22,000 megawatts by 2030, including 12,000 MW for
local end users and 10,000 MW for exports (Ahmad et al., 2019).

Photovoltaic (PV) systems are important renewable energy resources due to their free and clean nature.
However, they have not become fully attractive as an alternative option for electricity users. Since the power
generated by solar arrays depends on factors such as insolation, temperature and array voltage (Hyder et al.,
2018), it is necessary to control the operating points in order to extract the maximum power from the solar array.

The tracking mechanism in this system, referred to as the maximum power point tracking (MPPT) method,
is essential for searching the maximum power point (MPP) as the innate function of PV varies non-linearly with
irradiance, temperature and load (Ahmad et al., 2019). A DC-DC or DC-AC converter is commonly used with
an algorithm that controls the MPPT; this algorithm is known as the maximum power point tracker (Lashab et al.,
2017). The most well-known and commonly used MPPT algorithm in practice is the perturb and observe (P&O)
algorithm, chosen for its operational simplicity (Ali et al., 2018) (Ahmed and Salam., 2015). However, this algorithm
suffers from high oscillations during steady-state operation and does not converge to the true maximum power point
(Youssef et al., 2018; Harrag and Messalti., 2015).

Other algorithms, such as incremental conductance (INC) and incremental resistance, use slope regulation to
detect a null derivative, as reaching the maximum value of a function requires such detection (Sera et al., 2013).
These algorithms introduce disturbances into the system to evaluate the derivative of power and determine the
control action. However, the need to compute derivatives in these algorithms limits their performance due to the
presence of noise and singularities in numerical operations, which demonstrates that these methods and P&O have
equivalent performance (Lopez-Santos et al., 2018; Xu et al., 2014).

In the literature, many classical MPPT algorithms have been proposed, such as the fractional short-circuit
current and fractional open-circuit voltage (Lashab et al., 2017; Subudhi and Pradhan, 2012), but these methods
also do not converge to the true MPP. Several research studies have been carried out to improve the performance
of these techniques (Loukriz et al., 2016; Tey and Mekhilef, 2014; Soon and Mekhilef., 2014). As a result, recently,
other adaptive algorithms, such as the sliding mode control (SMC) (Menadi et al., 2015), super twisting (ST) control
(Hadj Salah et al., 2023) and extremum seeking control (ESC), have been proposed (Krsti¢, 2000; Leyva et al.,
2006). ESC and its applications have been extensively studied, including the MPPT for the PV generators (Malek
et al.,, 2012). One popular technique in ESC is the sliding mode-based method (Her-Terng et al., 2013; Oliveira
et al., 2011; Fu and Ozginer., 2011). A developed method called SM-ESC has optimised the output of dynamic
systems (Her-Terng et al., 2013).

The rest of the paper is structured as follows: Section 2 presents the modelling of the PV system components
(PV generator and boost converter). Section 3 discusses the application of the hybrid MPPT algorithm (modified
extremum seeking control [ESC-mod] combined with ST), while Section 4 presents the assessment of this control
via simulation and implementation results. Finally, Section 5 concludes the work.

The objective of this study is to provide a real-time implementation of a hybrid ESC strategy. The purpose is to
maximise the solar power produced under partial shade situations. The main focus is on overcoming the obstacles
related to suboptimal power production when partial shading is present. Partial shadowing of solar panels may result
in non-uniform power allocation and diminished efficiency, where several local minimums are present. The main
focus of this combination is to suggest alternative control techniques to overcome the drawbacks of conventional
extremum laws; used in MPPT-based control, these last methods stag in local minima and do not allow tracking the
global optimum point in case of shading effects. The proposed control law gathers the skills of both the modified
ESC and the STC methods to fasten the convergence mode and smooth the point in steady state. The study’s
implementation in real-time offers a viable and efficient way to validate the present insight, and consequently allows
the feasibility of this technique in large-scale systems.
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2. System Description and Modelling

The synoptic schematic of the studied system is shown in Figure 1. It consists of a PV array and a boost DC-DC
converter that feeds a variable resistive load.

2.1. PV array modelling

PV arrays do not behave like traditional voltage or current sources. Instead, as depicted in Figure 2, they can be
represented as voltage-controlled current sources, where their 1-V characteristic can be described through an
implicit equation (Betka and Attali, 2010).

Iy, :[yc_lo{exp(WJ_l} (D
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Where:
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Fig. 1. Synoptic of the variable load connected PV system. The variables E and T denote the values of irradiance and temperature, respectively. MPPT,
maximum power point tracking; PV, photovoltaic.

Isc CT) Diode SZ Vpv

Fig. 2. PV panel equivalent circuit. PV, photovoltaic.
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The use of Eq. (1) in variable irradiance levels can be handled via the following expressions:

Al = ﬂ[g]AT + [5 1)@ )
AV,, =yAT =R Al,, (5)
Vey =V, + AV, (6)
Loy =1, + AL, ™

2.2. DC/DC boost modelling

Power converters are often analysed using state-space models to assess control strategies for continuous dynamic
systems. Figure 1 illustrates the derivation of the continuous dynamic model of the DC—DC boost converter. This is
achieved by merging the state-space models for each switching mode with the ideal switch.

When the boost switch is off, S = 0, the following expressions are deduced for the storage elements L and C:

di
LTtL =V =V ®)
CdVDC :iL_h (9)
dt R,

For S = 1, these differential equations are expressed as:

di, 1
Ly
a L (10)
Ve 1
- 11
dt  RC "™ (an

RL denotes the system’s equivalent load at the DC side.
The average state-space model of the converter is obtained by combining the two equation sets (8, 9) and (10,
11) with the duty ratio a (Betka and Attali, 2010):

i o = [
1 1
{VJ_ lea 1 UL (12)
c RC

2.3. Control approaches

The proposed MPPT control is illustrated in Figure 3 and is based on the combination of ST with the modified ESC.
The general structure of the modified ESC method is derived from the conventional ESC (Boukahil et al., 2022).
However, the ESC method often exhibits relatively slow transient performance.

The modified ESC algorithm has been proposed, aimed at reducing the convergence time for all MPPs.
This enhancement is crucial to increase the energy yield in PV systems, particularly during abrupt changes in
atmospheric conditions. The mathematical model of this modified ESC algorithm is as follows (Guay and Dochain,
2015; Tchouani Njomo et al., 2020):

ESC applied to PV systems involves a dynamic optimisation process to continually track and adjust the operating
conditions for maximum power output. The classic ESC method iteratively perturbs the system'’s operating point
and observes the resulting change in power output. Using this feedback, the control system adaptively adjusts the
operating conditions, seeking to converge towards the optimal point on the power—voltage curve known as the MPP.
This iterative and adaptive nature allows the PV system to effectively respond to variations in environmental factors
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Fig. 3. Block diagram of the proposed ST-ESC modified control. ESC, extremum seeking control; ST, super twisting.

such as solar irradiance and temperature, ultimately enhancing the energy-harvesting efficiency by ensuring the
system operates near its peak performance level.

dg

dt

dv

Lok
a ke

:a),(y—n)sin(a)pt)—a)lgg (13)

dn
— =0,y
dt Y W7l

V;v = f(v + Bk, sin(a)pt))

Where: a = pk;: is the amplitude of the dither signal.

w: the frequency of the dither signal.

w,: the cutoff frequency of the high-pass filter.

w,: the cutoff frequency of the first low-pass filter.

w,,: the cutoff frequency of the second low-pass filter.

k: the gradient update gain.

k,: the control gain.

V;v: the voltage reference obtained by the modified ESC.

The ST control applied to a PV system involves the design of a control law to regulate the system’s state
variables, typically the voltage and current, to achieve a specific control objective, such as the MPPT (Kayisli, 2023).
While the specific mathematical representation of the control law can vary based on the system’s dynamics and
desired objectives, the general form of ST control includes a sliding surface and a super-twisting algorithm.

Figure 3 depicts the proposed MPPT algorithm, which combines ST control with the modified ESC for PV
systems. The approach’s concept can be initiated by choosing the ST surface o, which is defined as the condition
for INC to capture the maximum power extraction.

o=

*

=Vt (14)

pv

The PV system achieves the MPP when the sliding surface equals zero (c = 0). To ensure this over the entire

1
operating range, it is necessary for the time derivative of the quadratic Lyapunov function (V = 502) to be negative,

as shown in the following equation:

V=0x5<0 (15)
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The ST structure comprises two components: «,, and «,. The former handles the equivalent control quantity,
while the latter contributes to the stabilisation aspect.

a=a,ta, (16)

The value of «,, is obtained from the condition ¢ = 0, which yields the conventional duty-cycle in the steady state
(Rekioua et al., 2013):

a, =1--"" (17)

VDC

The ST law is given by:

a, :—/11|0'|0'5 sign(o)— [ A,sign(o)dt (18)
where the parameters of the super-twisting A, and A, are positive to fulfil system convergence.

2.4. Simulation and experimental results

The simulation of the control strategy used in this article is done using the MATLAB 2013b-Simulink software.
The results obtained are presented in the following figures. Figure 4 presents the P-V characteristics of the PV
generator, which includes two cases. The first case, called healthy case, is represented by the blue curve with an
irradiance of 950 W/m?2. The second case is taken under shading conditions, and it is presented by the three other
curves. As shown, these plots demonstrate the influence of shading on the P-V characteristic, with each curve
containing two MPPs (global point global maximum power point [GMPP] and a local one LMPP).

Figures 5 and 6, respectively, represent the GPV power curve and the static error of the previously mentioned
strategies. The PV power takes only 0.006 s to achieve its optimum value using the hybrid method (super-twisting
-extremum seeking modified control), while the super-twisting and modified ESC control take 0.009 s and 0.05 s,
respectively, and remain stable in the steady state (STC).

Furthermore, Figure 6 confirms the efficiency of the hybrid method (a combination of super-twisting with modified
ESC control). It demonstrates that the control accurately tracks the MPP, with an accuracy of around 0.027. The
hybrid method outperforms the super-twisting approach.
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Fig. 4. Simulation of the GPV characteristics curves under shading irradiance. GMPP, global maximum power point.
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Fig. 5. Simulation of the proposed strategies under STC. ESC, extremum seeking control; PV, photovoltaic.
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Fig. 6. Static accuracy of the proposed MPPTs. ESC, extremum seeking control; MPPT, maximum power point tracking.
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Fig. 7. Simulation of the algorithms for GPV power under shading irradiance. ESC, extremum seeking control; PV, photovoltaic.

Figures 7 and 8 are taken under shading conditions by applying 800 W/m? on 50% of the PV generator surface.
In Figure 7, it is evident that the hybrid method exhibits the fastest response in the transient regime and accurately
follows the maximum global power during the shading condition. At 0.2 s, when shading is applied, whereas, the
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Fig. 8. Simulation of the accuracy curve under shading condition. ESC, extremum seeking control.
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Fig. 9. Experimental test bench. MPPT, maximum power point tracking.

super-twisting goes to the local MPP (58 W), while the modified ESC and the hybrid method take 0.012 s and
0.003 s, respectively, to track the global MPP.

To implement and validate the super-twisting-ESC modified strategy developed in this paper, an experimental
test bench, shown in Figure 9, was constructed in the electrical engineering laboratory of Biskra (LGEB) in Algeria.
The test bench primarily comprises a 170 Wp PV generator and a boost chopper consisting of an IGBT module
switch, where the parameters of the test bench and of the proposed MPPT are mentioned in the Appendix. The
control algorithm is implemented using a dSPACE 1104 single card from Texas instruments with a TMS32F240
DSP, utilising the Matlab—Simulink package. An interface card connects the dSPACE card and the boost chopper,
adapting the control signal levels. LA25NP and LV25P hall sensors ensure the different currents and voltages
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sensing, respectively. This implementation aims to assess the robustness of the proposed MPPT regulation under
both uniform and non-uniform conditions. The experimental results were obtained on a clear day with an irradiance
value of 950 W/m?2.

To test the efficiency of the super-twisting-ESC modified MPPT in real-time, several tests were conducted. The
first case involved uniform condition with variations in the load values, as shown in Figure 10. Additionally, more
tests were performed under non-uniform condition, where shading was applied to 50% of the GPV surface with
different irradiance levels, as depicted in Figures 12 and 14, respectively.

Figure 10 illustrates the GPV power and the load power behaviour. The system remained offline until the
point (A) when it was turned on. The GPV’s power reached its maximum point at 150 W (E = 950 W/m?) in
tr = 0.1 s. The generator’s power remained stable until point (B), where a change was made in the load values
of 2 Q (from 6.5 Q to 8.5 Q). The power decreased with a slight variation and quickly resumed its maximum
value in <3 ms.

The accuracy presented in Figure 11 confirms the effectiveness and reliability of the super-twisting-ESC modified
MPPT in uniform conditions, including load changes. It is evident that the accuracy oscillates around 0.05, even
after the load variation, which proves that the controller effectively tracks the optimum power.

To ensure the effectiveness of the super-twisting-ESC modified control, more tests were applied on the system.
The shading tests are presented in the following figures, wherein the system was set in real-time at the point A, and
three cases of shading were applied at point C with a difference in irradiance values.

GRINSTEK I ] ] (Ster )

- [ —E—

C : : € Ss 0.000s J[

Fig. 10. Experimental curve for the GPV power in STC with load variation.
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Fig. 11. Experimental curve of the accuracy.
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Fig. 12. Experimental curve of the GPV power under shading condition (900 W/m?).
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Fig. 13. Experimental accuracy of GPV system under shading (900 W/m?).

Case 1:

The first case of shading is represented in Figure 12. The generator’s power reaches its maximum point value
after loading the proposed controller on the dSPACE card, where the irradiance is set at 950 W/m?2. At point
(C), a shadow was applied at the GPV surface, where 50% was covered with 900 W/m? irradiance causing the
GPV power to decreases to 137 W, which corresponds to the GMPP according to Figure 4. It stabilises within
just 0.4 s.

a, .
Where the accuracy is the surface around the MPP, ¢ = de* Ve ¥ 1,

Furthermore, the accuracy presented in Figure 13 demorﬁstrates the robustness of the super-twisting-ESC
modified strategy. During the first test, the accuracy remains stable around 0.05 in the steady state.

Case 2:

In this case, another test is presented in Figures 14 and 15 to confirm the performances of the hybrid MPPT. This
test was conducted by covering the same area of the PV generator with a different irradiance value, specifically
800 W/m?. The steps taken to measure the PV power output were the same, and at point (C), the authors introduced
shading to the GPV. As shown, the output power immediately reaches to the GMPP and stabilises within <0.2 s in
the steady state, with no losses in the load’s power.
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Fig. 15. Experimental accuracy curve for partial shading (800 W/m?).

3. Conclusion

This paper discusses the tracking of the MPP in PV systems. An ESM-ST MPPT controller has been developed and
verified using a simulated PV system under various atmospheric conditions in the Matlab—Simulink environment.
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Subsequently, the ESM-ST controller has been implemented in real-time at the LGEB laboratory to confirm the

effectiveness and robustness of the proposed controller.

The results obtained through Matlab—Simulink show a perfect extraction of the maximum PV power and excellent
performance during STC and partial shading. The response time tr is almost 0.004 s, and the static error is <0.05,
comparing it to the super-twisting and ESM controllers, especially in the partial shading tests.

The experimental results confirm the effectiveness of the hybrid MPPT algorithm and show a smooth curve of
the load power with no shattering during abrupt changes in atmospheric conditions.
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Appendix

a) Data of the PV array at STC conditions:
P,=170W, I =52A,V, =22V, =4T77A,V, =179V
b) Passive elements
L=3 mH, C=1100 pF, R=10 Q.
c) Switching frequency: f = 5 kHz.
d) Controllers’ parameters
- Super-twisting: A, = 0.005, A, = 10.
- Modified ESC:
wp = 1000, wh =10, wl =100, wl1 =100, k =5, k, =0.007.
- Hybrid controller: A, = 0.08, A, = 18, wp = 1000, wh =15, wl = 220, wl1 = 220, k =1, k, = 0.03.
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