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ARTICLE INFO ABSTRACT
Keywords: The efficient operation of PV systems relies heavily on maximum power point tracking (MPPT).
PV Additionally, such systems demonstrate complex behavior under partial shading conditions
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(PSC), with the presence of multiple maximum power points (MPP). Among the existing MPPT
algorithms, the conventional perturb and observe, and incremental conductance stand out for
their high simplicity. However, they are specialized in single MPP problems. Thus, due to the
existence of multiple MPPs under PSC, they fail to track the global MPP. Compared with the
conventional schemes, the modified conventional algorithms, and several existing MPPT variants
introduce a trade-off between complexity and performance. To enhance the simplicity of the PV
system, it is crucial to adapt the operation of the simple conventional algorithm to scenarios
under PSC. To achieve such an adaptation, the power-voltage curve that conventionally admits
multiple MPPs under PSC must be converted to an equivalent curve having only a single MPP. To
address such a requirement, this paper introduces a novel approach to the fast determination of
the MPP. A consistent methodology for reducing the complex multiple MPP problem of PV sys-
tems under PSC, to a single MPP objective, is put forward. Thus such reduction enhances the
tracking environment for simple conventional MPPT algorithms under partial shading. Studies of
the PV array behavior for 735 partial shading patterns revealed an interesting possibility of
reducing the classical PV curve to 8.2620% of its actual area. The newly established area is an
optimum power region that accommodates a single MPP. To arrive at such a reduction, an
intelligent neural network-based predictor, incorporating a cost-effective and reliable solar irra-
diance estimator is put forward. Unlike existing methods, the approach is free from the direct and
expensive measurement of solar irradiance. The predictor relies on the PV array current and
voltage only to precisely determine the optimum power region of the PV system.

1. Introduction

Increasing energy demands and growing environmental concerns have sparked a great deal of interest in nonconventional energy
sources, such as solar. The use of photovoltaic (PV) cells allows the easy conversion of solar energy into electrical energy. The
materialization of PV sources presents several key benefits including low maintenance cost, green energy conversion, and little or no
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presence of rotating components. Despite these benefits, the high initial cost of energy production remains a crucial impediment to
their effective application [1]. Thus maximizing their operating efficiency stand out as a viable option for moderating their cost.
Additionally, the operation of PV systems features some level of nonlinearity, which makes it difficult to track their maximum power
point (MPP). Furthermore, the variations in environmental irradiance and temperature cause more fluctuations in the MPP. Faced with
such continuous variation, it is crucial to continuously track the MPP. Consequently, a series of maximum power point tracking (MPPT)
algorithms have been reported in different scientific literature MPP [2-6]. As revealed by the literature, the classical conventional
algorithm such as perturb and observe (P&O0), and incremental conductance algorithm (INC) stand out as the simplest and most
popular approaches. Under partial shading scenarios (non-uniform irradiance), the power-voltage (PV) curve of the PV system con-
tains several MPPs. The global maximum power point (GMPP) is the MPP with the highest power, while the local maximum power
point (LMPP) is the MPP with the lowest power. Classically, the conventional MPPT algorithm cannot distinguish between the LMPPs
and the unique GMPP consequently, they get stuck at the former. Thus, partial shading is a crucial issue for PV systems as it can result
in a tremendous loss of power. The results of the findings conducted in Ref. [7] revealed a drop of efficiency by up to 99.98% recorded
during different critical partial shading scenarios. Thus partial shading conditions (PSC) is an undesired phenomenon in the operation
of PV systems. Its adverse effect can lead to the long-term deterioration of the PV module performance [8]. Over the last few years,
numerous researchers have focused important attention on the efficiency concerns of PV systems under PSC. Global maximum power
point tracking (GMPPT) is one of the most important outcomes of recent research outcomes.

To surmount the challenges of the PV systems under partial shading conditions [9], combined a variable step-size P&O, and an
inspection algorithm to track the GMPP. The method features a good performance with a noticeable increase in PV systems efficiency
as compared with the conventional MPPT algorithm. However, slow tracking convergence and oscillations around the GMPP are the
main shortcomings of the latter work. To effectively tackle the shortcomings of the conventional MPPT algorithms with PSC, several
modified schemes have been established [10-12]. Most of these modified conventional algorithms introduce a trade-off between
complexity and performance. The modified INC presented in Ref. [10] can track the GMPPT under extreme environmental conditions
as well as under load variation scenarios. However, the slow tracking process is the main shortcoming of the approach, which comes
from the sequential comparison of the power at different peaks in order to effectively track the GMPP. To effectively track the GMPP,
special consideration must be integrated regarding the power-voltage (P-V) search space area of the PV system. The moderate per-
formance of several GMPPT algorithms is a potential consequence of large search space. Under such consideration, a reduction of the
GMPPT algorithm’s search space is expected to leverage the PV system’s performance. In light of search space reduction [13], confined
the tracking region to 10% of the initial P-V curve. Furthermore, the work shows that there is a consistent improvement in the P&O
algorithm’s performance. Although the latter approach is an important opening toward effective search space reduction, it does not
provide a structured methodology for precisely determining the limits of this search space. Furthermore, the study is limited to PV
systems operating under uniform irradiance conditions.

In a systematic review [14], showed that intelligent optimization algorithms, especially the nature-inspired swarm search
mechanisms play a major role in MPPT, especially for PV systems under PSC [15]. on the other hand, proposed a swarm-inspired
algorithm based on hybrid particle swam optimization (PSO) and Fireworks algorithm (FWA). The combined approach targets the
problem of balancing between exploration and explosion sparks operators, which is effectively addressed by the PSO velocity operator
and the FWA mutation and explosion sparks operator. The method achieves significantly better efficiency and tracking speed as
compared to the singular PSO and FWA. Also inspired by nature-based optimization solutions [16], proposes a two-stage MPPT
controller using a combined artificial bee colony (ABC) and simultaneous heat transfer search (SHTS) algorithm. The hybrid ABC-SHTS
algorithm targets effective balancing between exploration and exploitation in search for the global maximum power point and archives
better performance MPPT performance than numerous other optimization-based algorithms.

As revealed by the literature it is evident that optimization algorithms are successful in tracking the MPP under PSC. Their strong
affinity for the GMPP specializes them in PV systems under PSC. However, they only provide moderate performance with regard to
tracking speed, which limits the overall PV system’s efficiency. Furthermore, faced with a large search space, they present a slow
response with respect to the tracking process. Moreover, the complexity of such algorithms makes them not feasible for practical
implementation. Therefore, search space reduction represents a fruitful direction for improving the performance of such algorithms.

In this work, by incorporating optimal power region identification and global reduced search space, we aim to establish a simple yet
powerful approach to leveraging the performance of PV systems under PSC. We investigate the behavior of the PV system under diverse
partial shading patterns and consistently establish that it is possible to reduce the complex multiple MPP problem of the PV array under
the partial shading scenario, to a single MPP objective, with significantly reduced search space. As a consequence, the overall system
gains a significant reduction of the tracking search space. Additionally, the GMPP is precisely identified within such a reduced search
region, thus ensuring a favorable tracking environment for the simple conventional MPPT algorithms. The key advantage of this
approach lies in the fact that the simple conventional MPPT algorithm can be effectively integrated within the PV system for tracking
the GMPP under partial shading scenarios without facing problems of local convergence at the local MPP. Thus this work completely
leverages the complexity of the PV system under non-uniform irradiance conditions. The remainder of this paper is structured as
follows: A detailed modeling of the PV system is provided in section 2. A systematic methodology for estimating the solar irradiance on
PV modules under partial shading is put forward in section 3. In section 4, a consistent methodology for localizing optimal power
regions in PV systems under partial shading is presented. In section 5, the result and discussion of this paper’s findings are consistently
illustrated. Furthermore, the relevance of this study is highlighted in section 6. Finally, this paper is concluded in section 7.
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2. PV modelling and characterization under PSC
2.1. Single diode model

The existing works of literature report several techniques for modeling solar panels [17]. The single-diode model has been
consistently adopted for several PV studies due to its simplicity and satisfactory accuracy [17].

As seen in Fig. 1, the model is constituted around a Photocurrent source, responding to solar irradiance (G) through the flow of
electric current I;. Additionally, the model features a nonlinear component, semiconductor-diode D, with current Ip. Parasitic re-
sistances R,, R; makes the model more practical. Thus they carry the currents I, and I, respectively. The mathematic model relating the
PV current I, and voltage V), is presented as:

q(Vow + NJR,.)) B 1] Vo IR, (1)

1, =1,, — I |ex

o =lph =% { P ( NonkT R,

Thus from the above relation, the parameters q,n, k, T, I;, and N, represent the charge constant, diode ideality factor, Boltzmann
constant, cell operating temperature, diode saturation current, and the number of series-connected cells. From the same equation, the
parameters I, and I; depend heavily on environmental conditions. Thus, it is obvious to write I, as I,y (G, T) and I as I;(T) to capture
the sense of reliance on environmental G and T. These parameters can be formulated mathematically as illustrated in Egs. (2) and (3):

G
Iph(G7 T) = G (Iph—ref + Ki (T - Trcf) (2)
ref
L(T) =Ly [ eap 2B (L] 3)
s =lsref \ 77| €XP | T
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More so, the shunt resistance depends on the cell irradiance, and can be written as follows:
G
R, =Ry, —ref <§) (C))

The terms R,_,, and G, in Eq. (4) denote the reference values of the parallel and shunt resistance and irradiance respectively.
2.2. Description of PV system considering partial shading

APV array is an assembly of parallel or/and series-connected solar panels [10]. As a consequence, the electrical power produced by
the array is an arithmetic combination of respective power produced from the individual modules. In the series connected configu-
ration, non-uniform irradiance results in different output power on solar modules. Under this condition, the shaded module is con-
strained to operate in reverse bias mode, hence behaving as a load instead of a PV source [10]. This results in power dissipation and
induces hotspots or self-heating that can irreversibly deteriorate the shaded module. In order to mitigate such a problem, Bypass diodes
as seen in Fig. 2 (b), are introduced in the array to avoid hotspots during shading scenarios. However, the protection offered by these
diodes introduces complexity in the current-voltage (I-V) and P-V characteristics of the PV module, as they lead to the generation of
multiple peak power points. On the other hand, under uniform irradiance as seen in Fig. 2(a), the blocking diodes are reversed bias and
have no impact on the PV array. Moreover, as seen in Fig. 2, Blocking diodes are often connected in series with the PV array line to
prevent the backflow of the current into the PV.

Considering the simple configuration in Fig. 2, made of three modules in the string. The first array as seen in Fig. 2(a) is under
uniform irradiance conditions (UIC) while the second array in Fig. 2(b) is under PSC. Under PSC, the first two modules in Fig. 2(b) are
subjected to a solar irradiance of 1000 W/m?, while the last module on the string receives 500 W/m?2. By so doing, we subject the array
under non-uniform irradiance. Ideally, for series connected array, the array voltage, V,,_qrqy is the sum of the module voltages (V,,),
such that the electric current flowing through them is ideally the same.

Itisillustrated in Fig. 3, that the I-V and P-V of the PV array under UIC demonstrate the presence of a single maximum power point.
This point occurs at (181.3V, 51.48W) MPP-UIC. Conversely, under the specified PSC, the operation of the array reveals a local

L, R
P= M\
Ip v [
Lo b
= va
D =R,

Fig. 1. Single diode model of the PV.
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Fig. 3. Characteristics of the PV array under UIC and PSC (Descriptive example).

maximum power point (LMPP-PSC) and a global maximum power point (GMPP-PSC). It is further seen in Fig. 3, that the array power at
the (GMPP-PSC) is greater than that at the (LMPP-PSC). Furthermore, it is evident that the maximum power available from the array
under UIC (181.3W) is greater than the global maximum power under PSC. Thus this clearly shows the adverse power deterioration
effect of partial shading on the PV system. Faced with such a scenario, it becomes imperative to ensure that the PV array operates at the
GMPP-PSC. Generally, patterns of PSC are not fixed, making it very difficult to precisely identify the position of the GMPP-PSC. This
suggests that proper identification of the GMPP region under PSC can enhance the maximum power tracking potential of simple
conventional MPPT algorithms. Numerous GMPPT algorithms often fail to track the GMPP because of improper identification of the
regions containing the GMPP, this is the case with all the conventional MPPT algorithms in the literature.

In this paper, we propose to accurately locate the optimal regions in the PV array. The optimal power region contains a single
maximum power point. To carry out this study we are going to resort to estimating the solar irradiance of partially shaded modules.

All the investigations in this paper are based on the solar module with specifications illustrated in Table 1. It is worth noting that the
complete model of this solar panel is fully available and implemented in MATLAB/Simulink. The three main parameters of the model
that is [n, R Rp] are [1.6, 0.2039, 993.9] as specified in the table. The module can be combined to form an array of any specific size. In
this paper, we reconsider an array, made of solar panels connected in a series configuration
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Table 1
Characteristics of the PV module.
Parameter Value
Maximum power voltage (Vipp) 17.14V
Maximum power current (Inp,) 3.5248A
Voltage at open circuit (Vo) 21.1V
Current at short circuit (Iy.) 3.8V
Temperature coefficient of V. (Ay) —80mV/°C
Maximum power (Pp.x) 60.4281 W
Temperature coefficient of Iy (K;) 0.065%/°C
Number of series cells (N;) [n,R; Ry 36 [ 1.6, 0.2039, 993.9]

3. Solar irradiance estimation under PSC

Solar irradiance measurement and estimation have always been an issue of concern in the context of PV systems research. In
numerous PV studies, the measurement or good estimate of solar irradiance is indispensable. A series of techniques have been proposed
in existing literature to estimate solar irradiance. These techniques vary according to the PV context and application. In generalized
applications, solar irradiance can be measured directly using a Pyranometer instrument. The Pyranometer is very expensive and
therefore not a cost-effective approach to getting informed on solar irradiance. The method presented in Ref. [18] exploits the
short-circuit current of the solar panel to indirectly compute the solar irradiance. This approach is cost-effective and simple but can
only provide moderate accuracy. The method presented in Ref. [19] exploits the environmental dynamics of the equivalent circuit of
the PV module to compute the solar irradiance. The accuracy of the method is conditioned by the PV operation at the maximum power
point. As a consequence, if the PV is not effectively operating at the MPP the approach will fail to estimate the solar irradiance.
Moreover, the method is limited to PV systems under uniform irradiance conditions. A similar method in Ref. [20] estimates the solar
irradiance and module temperature for PV systems under single maximum power point operations. The work in Ref. [21] presents a
very accurate estimator of solar irradiance. The strength of the latter estimator lies in the fact that it requires only the PV voltage and
current sensors to provide an estimate of the irradiance with guaranteed stability. Though the work is exceptional in performance, it is
not applied to PV systems under partial shading scenarios.

To the best of our knowledge, the estimation of the solar irradiance under PSC, especially in the context of maximum power point
tracking has not received attention. All the papers that we came across are limited to solar irradiance estimation under UIC. Infor-
mation related to the irradiance on individual modules could serve as a guide to locating the global maximum power point in PV
conversion systems. Thus in this study, we synthesize a simple estimator of solar irradiance for solar panels under partial shading
scenarios.

The proposed estimator exploits the array of electric current and output voltage to indirectly compute solar irradiance on the
respective modules. The synoptic diagram of the estimator is presented in Fig. 4. Therefore, exploiting the nonlinear behavior of the PV

oo
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Fig. 4. Solar irradiance Estimator under PSC.
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module, one can reparametrize the nonlinear equation presented in Eq. (1) to seek the estimate of the actual irradiance to which the
shaded modules respond.

We are going to design the irradiance estimator for one PV module and generalize it for any number of modules under PSC. By
combining Eq. (1) and Eq. (5) with a simple rearrangement we have:

Grep (Vi + IR
q(Vy + NJIR,) ref (Vv + Iy )

1, =1,(G,T)—I N T o2 &
b =1(G,T) =1 [ex” < NonkT GR, )

Further simplification of Eq. (5) results in Eq. (6):
A

Ly=14(G,T) + F(Ly,Vy,, T) — EU (Vi + A1) (6)
Where A, = Rffrfef, Ay =R, and F(I,y, Vpy, T) defined as:

F(I, Vo, T) = —1, | ex w 1 @

pvs Y pvsy s P N,.nkT

To design the estimator, we reparametrize the current-voltage characteristics such that it exhibits a monotonic behavior. With
measurements of the PV current I, (t), voltage V,,(t), and operating temperature T(t). On any shaded module, a measurable signal
based on Eq. (7) can be introduced as illustrated in Eq. (8):

¥(0) =L (1) = F (L (1), Voo (1), T(1)) (8)
The signal y(t) can adopt the following nonlinear structure:
Y1) =8(G,1) ©

Where, (G, t) is obtained as:

Ao

Q(G,1)=1,(G,T) — G

(‘//)V+AII[JV) (10)
Given that V},,(t), I, (t), and T(t) are readily available for measurements, we can recall the Immersion and Invariance (I&I) synthesis
[21-23], to design the estimator law as

G=kly—Q(C)],k>0 an

Where, G is the estimate of the actual irradiance and k is the parameter of the estimator.
As proved in Appendix. A, the function 2(G, t) exhibit a strict monotonous behavior, which warrants that limG(t) = G, hence the
t—o0

estimate of the irradiance G converges to the actual irradiance. Furthermore, the Lyapunov proof shows that the system is asymp-
totically stable (see Appendix. A).

G = k[ (t) = F (L (1), Vpo(0), T(0)) — Lo (G.T) — (A1 Vp + Aol 12)

Generally, the irradiance estimator law for the respective PV module under PSC can be written as in Eq. (12). The constant k is a
design parameter, which affects the dynamic response of the estimator, hence has to be properly designed according to specific dy-
namic objectives.

As illustrated by Eq. (12) the proposed estimator of solar irradiance requires just the measurement of current I, and voltage V},,. In
conformity to Ref. [24] the high-precision hybrid voltage-current INA160 sensor which measures up to 15A cost less than 10$.
Conversely, the deployment of solar irradiance meters (Pyranometer) is an accurate but very expensive alternative. According to
Ref. [25], the popular silicon cells Pyranometer cost in the range of 200$-500$. Although comparatively less expensive than other
classes of Pyranometers, they present weak sensitivity to all wavelengths. They are only sensitive within 350 nm to 1100 nm of
wavelength, which results in spectral errors for changing and unsteady solar spectrum [25]

Alternatively, first and second-class Pyranometers have the advantages of high sensitivity and minimum spectral error but at a
higher cost. According to Ref. [25], their price varies between 500% and 2,1008$. It is therefore evident than the proposed estimator of
solar irradiance is a more cost-effective strategy for getting informed on solar irradiance.

4. Localization of the optimal power region

The accurate localization of optimal power regions requires a broad study of the array under diverse patterns of partial shading
conditions (PSC). In this paper, we consider an array made up of a single string of three series-connected solar panels. The charac-
teristics of the PV module is illustrated in Table 1. Furthermore, we consider 735 different patterns of solar irradiance (G1, Gz, G3) for
the three PV modules as seen in Fig. 5. For every pattern of PSC, we computed and extracted the optimal parameters data that is the
GMPP power and voltage.
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Fig. 5. 735 different patterns of PSC for three PV modules.

The GMPP for the 735 PSC patterns is presented in Fig. 6. About 550 GMPP appear in the same positions. It can be seen that the
GMPPT can be confined between three optimal regions, namely regions 1,2, and 3. Hence each optimal region can be considered to
have a minimum and maximum optimal voltage level. This implies that there exist three optimal minimum voltage levels and three
optimal maximum voltage levels as seen in Table 2. The minimum and maximum voltage level in optimal region 1 was found to be
16.67V and 17.14V respectively. The voltage levels for region 2 and region 3 can be seen in Table 2.

Using the information in Table .2, an optimal voltage predictor can be constructed. Therefore, we train an ANN with a dataset made
of 400 PSC patterns. The ANN receives as inputs, the estimate of solar irradiance from the three PV modules under PSC and outputs a
minimum and maximum voltage level according to Table 2. The ANN was trained using a Bayesian Regularization training algorithm
for better generalization, with a simple setting of one hidden layer and 10 neurons. As illustrated in Fig. 7 the training process smoothly
converges after the 999th iteration with the best mean square error found to be 0.11469, which is quite small for a PV array. Therefore,
with the irradiance estimator and the ANN power network, we can build an optimal power region predictor. The proposed predictor
system is illustrated in Fig. 8. It consists of a PV array under PSC, estimators for each PV module, and an ANN model for predicting the
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Fig. 6. Distribution of the GMPP for 735 PSC patterns.
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Table 2
Optimal power areas.

Optimal regions Vin(V) Vinax (V)

Region 1 16.67 17.14

Region 2 33.34 35.68

Region 3 50.11 54.37
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Fig. 7. Convergence of the mean square error during the training process.
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Fig. 8. Synoptic structure of the proposed system.

lower and upper bounds of the optimal power region. Each estimator receives two inputs, that is, the voltage across the specific solar
panel and the array current.

5. Main results and discussions

Several experiments were performed in MATLAB/Simulink to assess the proposed optimal power localization scheme. The
MATLAB/Simulink design for the overall system is presented in Fig. 9. PSC investigations are often carried out with temperatures held
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Fig. 9. Implementation of the proposed system in Simulink/MATLAB.

constant [10]. In our experiments, the temperature was fixed at 25 °C for all the modules as seen in Fig. 9. Furthermore, a resistive load
of value 10042 and a data sampling time of 0.001s, was considered for all the experiments.

To proceed with the investigations, we choose the suitable value of the estimator design parameter (k) which offered a satisfactory
response. To carry out this experiment, the three modules were exposed to uniform irradiance (1000 W/m?) and coupled with their
estimators. The dynamic response of the estimator for varying values of k is presented in Fig. 10. It can be confirmed that the settling
time of the estimator reduces with the magnitude of k. By so doing the estimator can be designed with a settling time goal. In this work,
we desire a settling time (t;) objective of 40 ms. Therefore, the parameter of the estimator (k) was fined tuned till the goal was attained.
It can be seen in Fig. 10 that the objective was obtained at the value of k = 50000. Therefore, this value of k was adopted for all
investigations under PSC. To further our investigations under PSC, we adopted three main patterns as presented in Table 3. The
patterns were chosen to cover all the possible forms of appearance of the GMPP. According to Ref. [10], GMPP can appear in three
possible ways; at the extreme right of the curve, the extreme left of the PV curve, and between two local maxima.

In the first experiment, the array was exposed to PSC governed by Pattern-B as shown in Table 3. It can be seen in Fig. 11 that three
estimators rapidly converge and track the actual solar irradiance with zero steady-state error. The estimator of the solar panel 1
converges to 400 W/m?. Estimator 2 converge to the actual solar irradiance of 1000 W/m, while estimator three converged to 600 W/
m?. Furthermore, is evident that the proposed system identified the optimal power area as region-3. The lower voltage bound of the
predictor converged to 50.11V, while the upper voltage bound converged to 54.37V. These two voltage levels conform with the voltage
level for the said region as presented in Table 2. This is further justified by the fact that the optimal power point (GMPP) falls within
these two voltage levels as seen in Fig. 12. Hence the optimal voltage region for the PV array under PSC-B was accurately localized. The
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Fig. 10. Dynamic response of the estimator for different values of the estimator design parameter (k).
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Table 3
PSC pattern used to assess the proposed system.
No Gl G2 G3 New Area of the P-V curve
B 400 900 600 9.9%
C 500 300 600 5.36%
D 200 100 700 1.627%
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localized area is quite small. Its main importance lies in the fact that; it is void of any local maxima. Hence by applying the proposed
localization scheme, the multiple power point problems can be reduced to a single power point problem which suggests that a con-
ventional single maximum power point tracking algorithm could be deployed within this area to fast-track the optimal power point
(GMPP). The new area of the P-V curve running from the lower bound to the upper bound of the optimal region was found to cover just

9.9% of the actual P-V curve.

During the second experiment, the array was subjected to PSC-C. Under this shading condition, as seen in Fig. 14, the GMPPT
appears between two local maxima. It is noteworthy appreciating the noticeable response of the three estimators as seen in Fig. 13. The
estimators rapidly converged to the actual values of actual solar irradiance under the partially shaded modules. Also, it is illustrated
that the proposed system identified the optimal power area belonging to region-2. The lower voltage bound of the predictor rapidly
converged to 33.34V, while the upper voltage bound converged to 35.68V. These two voltage levels conform with the voltage level for

Fig. 12. Localization of the optimal power region under PSC-B
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Fig. 14. Localization of the optimal power region under PSC-C

the said region as presented in Table 2. This is supported by the fact that the optimal power point (GMPP) falls within these two voltage
levels as seen in Fig. 14. Hence the optimal voltage region for the PV array under PSC-C was accurately localized. The new area of the
P-V curve running from the lower bound to the upper bound of the optimal region was found to cover just 5.36% of the actual P-V
curve, which is small. It can be confirmed by inspection that the said areas are lower than the area under PSC-B.

In the third experiment, the PV array was subjected to PSC-D. Under this shading condition, as seen in Fig. 16 the GMPPT appears at
the extreme left of the local maxima. The good dynamic response of the estimators as revealed by Fig. 15 can be exalted as they rapidly
converge to the actual value of the solar irradiance. Estimator-1, which was coupled with PV module 1 converged to the expected
irradiance of 200 W/m?. The estimator in PV module 2 converged to the expected irradiance value of 100 W/m?. While the estimator
related to the third PV panel converged to the desired 700 W/m?. One can confirm that all the estimators satisfied the settling time
objective of (40 ms). This suggests the good robustness of the estimators.

It can be further seen in Fig. 16 that the proposed system identified the optimal power area to belong to region-1. The lower voltage
bound of the predictor rapidly converged to 16.67V, while the upper voltage bound converged to 17.14V. These two voltage levels
conform with the voltage level for the said region as presented in Table 2. This is supported by the fact that the optimal power point
(GMPP) falls within these two voltage levels as seen in Fig. 16. Hence the optimal voltage region for the PV array under PSC-D was
accurately localized. The new area of the P-V curve running from the lower bound to the upper bound of the optimal region was found

11
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Fig. 16. Localization of the optimal power region under PSC-D.

to cover just 1.627% of the actual P-V curve, which is the smallest among the three PSC conditions. This very small area suggests that
the estimator almost tracks the optimal power point.

The above investigations assumed that the partial shading profile under the PV array is constant. In practice, the array could be
subjected to variations in partial shading patterns. Hence a fourth experiment was performed, which involves the assessment of the
proposed system under varying PSC patterns. The variations constitute the systematic change of patterns from PSC-B to PSC-C and
finally to PSC-D. These variations were introduced at the time instants of 0.3s and 0.6s respectively.

The estimation response of the estimator under varying PSC patterns is presented in Fig. 17, while the dynamic voltage response of
the different optimal voltage predictors for the different PV panels is illustrated in Fig. 18. It can be seen that they all rapidly converge
to the actual value of irradiance on the different partially shaded modules. This further confirms the good robustness of the estimator
even under changing environmental conditions. Furthermore, the dynamic response of the optimal voltage level is presented in Fig. 18.
It can be seen that when the array was under PSC-B during the time range of 0 to 0.3s, the lower voltage bound of the optimal power
region was found to be 50.11V, while the optimal voltage bound was recorded to be 54.37V, which is in exact conformity with the
expected voltage level for region 3 as shown in Table .2. At the time 0.3s when the PSC pattern was rapidly changed to PSC-C, we
observed a small transient phenomenon (overshoot) in the response of the voltage level. However, the convergence of the voltage to
the desired level was satisfactory. A similar condition can be observed for the change of pattern from PSC B to PSC-D. A small transient

12
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Fig. 18. Dynamic response of the lower and upper voltage bound for the optimal power regions.

phenomenon was observed then the lower and upper voltage levels converged to 16.67V, and 17.14V respectively, which conforms to
the expected voltage level in optimal region 1. Finally, to validate the proposed optimal power region localization scheme, the system
was subjected to 700 partial shading conditions and the newly established area of the P-V curve set by the lower and upper voltage
levels was computed. The distribution of the area of the new P-V curve is presented in Fig. 19.

As seen in Fig. 19, the maximum area of the new P-V curve covers just 12.0615% of the original P-V curve under PSC. This area is
extremely small and suggests a very good accuracy of the proposed localization scheme. The maximum area occurred at the partial
shading pattern corresponding to an irradiance set of [500, 500, 600] W/m? for the three modules respectively. Also, the minimum
area as seen in the scatter distribution covers 1.0875%, which was traced and found to occur at the partial shading pattern corre-
sponding to [300, 200, 700] W/m?. Averagely we see that the area distribution is concentrated around 8%. Hence the mean area of the

New Area of the P-V curve(%)

Fig. 19. Distribution of the new area of the P-V curve evaluated from the PV array using 700 PSC patterns.
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new P-V curve was precisely found to be 8.262%. These important results suggest that by locating the optimal power point as proposed
in this paper, we can reduce the actual P-V curve to up to 8.262%.

6. Relevance of the proposed localization scheme

Numerous MPPT algorithms fail to effectively track the maximum power point under PSC due to the lack of knowledge to
distinguish between the LMPP and the GMPP or optimum power point. The conventional algorithms simply get stuck at the LMPP. So
many modifications to the simple conventional algorithms have been reported in existing literature. Most of these modifications
introduce a trade-off between performance and complexity. To consolidate simplicity within the context of maximum power point
tracking, it is important to get back to the simple conventional algorithms such as the INC and the P&O. But the main problem is that
these algorithms are specialized for single maximum power problems that are under uniform irradiance conditions.

The proposed localization scheme of the optimal power regions resulted in a conversion of the multiple power point P-V curve to a
single maximum power point P-V curve under PSC. It was demonstrated that by locating the optimal power regions, we directly get rid
of the local maxima. Recalling the case of the PV array under PSC-B, we see in Fig. 20, that the resulting P-V curve after locating the
optimal power region does not contain a local maximum. It embeds only a single maximum power point, which is the GMPP of the PV
system. By so doing, the MPPT problem is converted to a single maximum power point exercise. Hence the simple conventional MPPT
algorithms whose specialty is the single MPP problem can be deployed within these regions to fast-track the global maximum power
point. Furthermore, we found out that the new single MPP curve covers an average of 8.2620% of the original P-V curve under PSC.
This reduced region signifies that the final maximum power point could be fast-tracked by the conventional algorithms without facing
the problems of local convergence or steady-state inaccuracy.

7. Conclusion

There is a noticeable amount of power lost when PV systems are subject to partial shading conditions (PSC). Therefore, to optimize
such systems, it is imperative to ensure that they operate at the global maximum power point (GMPP) irrespective of environmental
constraints. This paper presented a new study aimed at providing a novel avenue for improving the performance of simple MPPT
algorithms. The complex issues of multiple power points in PV systems under PSC were reduced to a single MPP task. By so doing the
conventional MPPT algorithms which provide simple implementation solutions could be deployed to finalize the search for the
maximum power point. The proposed system is quite simple and feasible in terms of realization. It incorporates a simple current-
voltage sensor-based estimator of solar irradiance on partially shaded modules and a constructed neural network for precise deter-
mination of the optimal power areas of the PV array. We found that the optimal area of the PV system under PSC could be precisely
determined under a broad spectrum of different partial shading patterns. By locating these regions, we directly reduced the MPPT
problem to a single MPP task. Studies with 735 patterns of solar irradiance revealed that the new area of the PV curve was reduced to
8.2620% of its original P-V curve. This new region from an MPPT search point of view, represents an extremely reduced search space.
This new study is paving the way for the improvement of maximum power point tracking under partial shading. Future works of this
study will be directed toward the practical prototype and realization of the proposed system and its actual deployment in MPPT
algorithms.
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Fig. 20. Conversion of the multiple power point P-V curve to a single maximum power point P-V curve under PSC.
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Appendix A

Proof of the Immersion & Invariance Estimator of solar irradiance
In the realm of immersion and invariance, to show that the estimate of solar irradiance will converge to is actual value that is

tlima(t) = G, we have to establish that the mapping G—£(G, .) has strict monotonicity feature with respect to G.
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Figure. Al: Trajectory of £ Q(G,t) for different values of irradiance
We proceed by recalling the definition of 2(G,t), that is:

A
Q(G,1)=1,(G,T) — EO (Voo + A1) (A1)

For the nonlinear differentiable regressor function £(G, t), strict monotonicity can be confirmed from the monotonicity of its
gradient with respect to G. In different words, the function (G, t) admit a monotonically increasing behavior if the following condition
holds:

lé}
%Q(G, 1) >0,Vi>0 (A2)

And the function is monotonically decreasing ifIn this vein, the partial derivative of Q(G, t) with respect to G, yields:

iQ(GJ):MJFﬂ

G y = (Vo +AL,) (A3)

But we recall that I, (G, T) was defined in Eq. (2) as Lx(G, T) = Gif(lph—mf + Ki(T — Try), with this information, Eq. (A3) can be

simplified as follows:

7} 1 Ag
aQ(G 1) :?W<Iph—r'€f +K:(T —Ty) +a (Vo + A1) (A4)

Proposition 1. The PV array does not operate in a faulty regime such that V,,, I, are always greater than zero.
Therefore, by inspection of the above Eq. (A4) with the satisfaction of Proposition.1, we can infer that the middle term K; (T —Tg) is
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small as compared to the other terms, leading to the deduction that £ Q(G,t) > 0. Hence, Q(G, 1) is strictly monotonically decreasing.
Fig. A1 shows £ Q(G,t) as a function of irradiance (G). This figure verifies that £Q(G,t) < 0.

Furthermore, the function satisfies:

(G(1) = G)[R(G(1),1) — (G, 1)] >0,YG() £ G (A5)
The following quadratic Lyapunov candidate is put forward:
—(G-G) (A6)
Its derivative, along the trajectory of Eqs. 8-11 is given as.

V=—{(CG(t)—G)[R(C,1) —Q(G,1)] <O,YG(1) # G (A7)

[\
=~

Where the bound follows immediately from Eq. (A5), which guarantees the global asymptotic convergence of the system (Lyapunov second
stability theorem)
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