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The technological, economic, and environmental benefits of photovoltaic (PV) systems have led to their wide-
spread adoption in recent years as a source of electricity generation. However, precisely identifying a PV system’s
maximum power point (MPP) under normal and shaded weather conditions is crucial to conserving the maximum
generated power. One of the biggest concerns with a PV system is the existence of partial shading, which produces
multiple peaks in the P-V characteristic curve. In these circumstances, classical maximum power point tracking
(MPPT) approaches are prone to getting stuck on local peaks and failing to follow the global maximum power point
(GMPP). To overcome such obstacles, a new Lyapunov-based Robust Model Reference Adaptive Controller (LRMRAC)
is designed and implemented to reach GMPP rapidly and ripple-free. The proposed controller also achieves MPP
accurately under slow, abrupt and rapid changes in radiation, temperature and load profile. Simulation and OPAL-RT
real-time simulators in various scenarios are performed to verify the superiority of the proposed approach over the
other state-of-the-art methods, i.e,, ANFIS, INC, VSPO, and P&O. MPP and GMPP are accomplished in less than 3.8 ms
and 10 ms, respectively. Based on the results presented, the LRMRAC controller appears to be a promising technique

Keywords Photovoltaic (PV), MPPT, Partial shading, Lyapunov-based robust model reference adaptive control

1 Introduction

1.1 Aims

The fundamental causes that lead to increase in energy
demand worldwide are the improvement in living stand-
ards, the considerable development in industry, and
substantial population growth. Fossil fuels, e.g., gas, oil,
coal etc., will eventually run out [1]. Therefore, it is cru-
cial that the world focuses on discovering new renewable
and sustainable sources of energy, with no adverse effects
on the environment and guaranteeing a secure future for
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humanity. The usage of solar photovoltaic (PV) energy
has increased dramatically all over the world in recent
years. Researchers are currently working to improve PV
power output by examining all possible environmental
elements that can improve or hamper PV performance
[2]. Solar irradiation and temperature have a significant
impact on PV energy conversion efficiency. Moreover,
harvesting maximum power from a PV system becomes
very challenging under partial shading conditions (PSC),
which can be caused by anything that reduces or stops
the incident radiation from reaching the series modules
at the same level [3]. Under uniform weather patterns,
there is only one peak in the P—V curve when all the PV
modules connected in series get the same amount of solar
radiation. However, with PSC, there may be more than
one peak at which power is at its highest, and this highest
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point is the global maximum power point (GMPP), which
represents the maximum feasible power harvest from the
PV array. High performance can only be achieved if the
PV panel’s operating point aligns with its MPP. There-
fore, it is crucial for a PV system to have MPPT control.
Numerous MPPT algorithms, both conventional and soft
computing, have been proposed [4, 5].

Much research has been done on incremental conduct-
ance (INC) [6] and perturbation and observation (P&O)
[7] approaches, which are two of the more common types
of traditional MPPT algorithms. The key advantages of
these algorithms are their simplicity and low cost, and
ability to follow the MPP in uniform weather. However,
their main downsides include oscillations generated
around the MPP and inefficiency under PSC by restrict-
ing to the closest local maximum power point (LMPP).
To counter these drawbacks, soft computing MPPT algo-
rithms, such as metaheuristic and artificial intelligence
(AI) algorithms, have been presented in the literature.
PV performance under PSC is improved using AI meth-
ods, i.e., fuzzy logic control (FLC) [8, 9], artificial neural
networks (ANN) [10, 11], and metaheuristic MPPT algo-
rithms (e,g., genetic algorithm (GA) [12], particle swarm
optimization (PSO) [13]). However, in addition to the
complexity of hardware implementation, such artificial
intelligence algorithms are expensive, complex, time-
consuming to compute, and require prior knowledge to
handle. Therefore, the primary goal of this paper is to
develop and implement a simple and efficient controller
that can handle unpredictable atmospheric conditions
and overcome the shortcoming of both conventional and
advanced MPPT controllers.

1.2 Status quo on MPPT algorithms in PV systems

There has been much work on developing MPPT
approaches to enhance the responsiveness of PV systems.
We examine some of these in the following. To enhance a
PV system’s tracking ability in a wide variety of climates,
a fuzzy aided integer order proportional integral deriva-
tive with filter (FPIDN)-MPPT approach is proposed.
Both temperature and irradiance are fed as input param-
eters for the FLC. A two-block approach is presented
for implementing the MPPT technique. Each MPP’s ref-
erence voltage is calculated by an adaptive block, while
the controller controls the duty cycle. According to the
results, the proposed technique outperforms adaptive
FLC, P&O, FLC and INC under seven different states
of radiation and temperature conditions. The efficiency
is measured between 99.45 and 99.72%, and it takes
0.048 s to reach MPP. However, frequent optimization is
required for this controller, and it comes at a very high
cost [14]. An improved approach, i.e., steady output and
fast tracking-MPPT (SOFT) is derived from the INC
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and P&O algorithms. This approach is tested under con-
stant weather scenarios because its major purpose is to
guarantee faster tracking of MPP under fluctuations
of radiation and/or temperature, and to give a constant
power output. By reducing power losses, the technique
improves efficiency over the INC and P&O methods.
Although the proposed algorithm has been proven to
be more efficient and capable of handling a wide range
of loads through simulation and experimentation, it is
assessed only in uniform weather conditions, and PSC’s
effect is not considered [15].

For a stand-alone PV system equipped with a single-
ended primary-inductance converter (SEPIC), a load
voltage based MPPT (LVB) method is presented. Instead
of using a fixed step-size in classical MPPT methods, the
suggested method uses adaptive step-size to improve
tracking time. Under varied radiation conditions, the
proposed control scheme outperforms the fixed step
size schemes in the INC and P&O approaches in terms
of convergence speed. Moreover, the suggested scheme’s
resilience is tested under fluctuating load, temperature
and PSC circumstances [16]. An enhanced sliding mode
controller (SMC) is developed to monitor the optimal
MPP position regardless of changes in the sun inclination
or the surrounding temperature. The traditional SMC
chattering problem is addressed in the suggested method
by taking into account the hysteresis quantized input
(QI). When compared to traditional SMC, the QI-SMC
approach effectively eliminates the chattering and exter-
nal disturbances from the system. However, the QI-SMC
performance is assessed only in uniform weather condi-
tions, and PSC’s effect is not considered [17]. A reduced
oscillation P&O (ROP&O) technique is implemented to
eliminate the oscillation, and decrease the risk of track-
ing direction loss when PV is exposed to periodic fluctua-
tions in irradiance. The simulation outcome of the RP&O
technique is compared with INC and P&O in aspects of
ripple, efficiency, tracking time, and error rates. The pro-
posed approach has an efficiency range of 99.06—99.80%,
while the MPP can be captured in about 0.018 s, which is
15 times quicker than INC and 5 times faster than P&O.
Also, the performance of the ROP&O is verified using a
three-phase grid integration condition. Nonetheless, the
controller efficacy is not tested in PSC, simultaneously
changing load, temperature and radiation conditions [7].

A simple coarse and fine control redesigned P&O
method is proposed to maintain simplicity. Besides being
simple, the new algorithm overcomes all the issues in the
classic P&O, such as slow tracking time, low efficiency,
higher oscillation, and power loss. This algorithm con-
tains three distinct control modes, with quick conver-
gence aided by modes 1 and 2, with oscillations in the
steady state being kept under control by mode 3. The
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simulation analysis shows that the suggested approach
provides faster tracking time, lower state oscillation,
minimal power loss, and improved tracking efficiency
compared to drift-free and classical P&O techniques.
However, the controller’s performance under PSC is
not discussed [18]. Complete design of an adaptive
robust fuzzy proportional-integral (ARFPI) controller is
explored for efficient MPPT of PV system. Steady-state
ripple and undershoot are used to evaluate the ARFPI
performance under varying temperature and irradiation.
In addition, it is compared to classic MPPT techniques,
such as INC, PID controller, and P&O to assess its per-
formance. The results show that the ARFPI controller
is better (with lower undershoot and ripple), so it can
be used as an MPPT controller for PV system [19]. An
MPPT approach known as adaptive variable step back-
stepping (VS-BS) is proposed to enhance the PV system
performance. The introduced framework is a hybrid of
two MPPT techniques: the nonlinear BS controller and
the VS-PO approach. The idea behind the combination
of the two separate MPPT methods is to improve track-
ing speed and accuracy while keeping the scheme simple.
The VS-BS approach can capture MPP accurately with no
overshoot and negligible ripple under load, temperature,
and radiation conditions. However, the efficacy of the
proposed controller under PSC is not discussed [20].

To solve the partial shading problem, a new flower
pollination-based MPPT approach is implemented. An
efficient iterative termination technique is suggested to
mitigate the power oscillation once the system has sta-
bilised. The proposed MPPT technique outperforms two
well-known techniques, i.e.,, PSO and P&O, in simula-
tions, demonstrating its ability to quickly and precisely
follow GMPP under PSC. However, the proposed tech-
nique’s efficacy is tested under changing radiation only,
while the shading losses under PSC are not discussed
[21]. MPPT based on Markov decision process (MDP)
is developed for monitoring MPP while it is subjected to
the unavoidable occurrence of PSC. Existing approaches,
i.e., INC and dynamic leader based MPPT techniques,
are analysed and compared to the new method to deter-
mine its efficacy. In contrast to conventional methods,
which do not account for shading uncertainty, the sim-
ulation outcome of MDP reveals a significantly higher
maximum power. However, determining the optimal
policy requires a high level of computing complexity [22].
An adaptive FLC (AFLC)-MPPT method is presented
under four different PSCs. AFLC uses the grey wolf opti-
mization method to improve the membership functions
(MFs), therefore yielding the best duty cycle for MPPT.
The efficacy and reliability of the AFLC are verified and
compared with FLC and P&O on the MATLAB/Sim-
ulink platform. It shows that the AFLC not only improves
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tracking efficiency and speed, but also tracks GMPP in all
considered shading patterns. However, the complexity of
the AFLC is high, while its effectiveness is not validated
under rapidly fluctuating load, radiation and temperature
conditions [9].

The PS-FW approach is implemented to address the
limitations of both the fireworks algorithm (FWA) and
PSO in resolving the GMPPT problem in PSC. Experi-
mental setup and simulation are used to validate the
PS-FW approach’s efficacy in the GMPPT application
over four distinct PSCs. The supremacy of the PS-FW
technique is further validated via comparisons of the
accuracy and tracking speed of the FWA and PSO meth-
ods. Simulation results show that, for one starting pop-
ulation setting, the suggested algorithm improves the
GMPP tracking speed by at least 18.51%, while experi-
mental assessment shows that the PS-FW can out-
perform the GMPP in terms of tracking speed in two
different starting population configurations by a margin
of at least 23.45%. However, the algorithm’s complexity
and computational burden are its main drawbacks [23].
For effective MPP accomplishment, a FLC based on an
improved bat algorithm (IBA) is presented. For the pur-
pose of tuning the FLC’s MFs, IBA is used. The approach
can be used to deal with the randomness in irradiance,
temperature and PSC. The advantages of the proposed
method over more traditional methods, i.e., P&O, FLC,
INC are verified by simulation results in a variety of case
studies. The simulation outcomes show that the proposed
approach can increase the PV system output power by
2-8% in comparison to the traditional approaches in a
variety of temperature and radiation conditions. How-
ever, the controller’s effectiveness is not evaluated under
rapidly varying temperature, radiation, and load profile
[24].

1.3 Proposed methodology and main contributions
From the above review, it can be seen that the perfor-
mance of MPPT controllers has not been rigorously
tested in real-world situations that involve PSC and
simultaneously variations of temperature, radiation, and
load profile. Also, speed of convergence, efficiency, power
loss, and actual power output need further improve-
ments. Thus, a new Lyapunov-based rapid and ripple-
free MPPT using a robust model reference adaptive
controller for solar PV system is designed in this paper.
The goal of the proposed research is to devise an LRM-
RAC control law based on Lyapunov stability theorem for
a second-order PV MPPT system to achieve rapid con-
vergence, higher efficiency, ripple free, less oscillation in
the steady-state, negligible overshoot and undershoot.
The proposed MPPT methodology is based on a
sequential two-level hybrid approach, with the first being
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an MPPT control block and the second an LRMRAC. The
first level is based on the classical P&O approach, which
generates a reference voltage for each MPP. This MPP
voltage is then used as an updated reference voltage and
compared to the varying PV voltage caused by changing
radiation, load and temperature. The error between the
PV voltage and the updated reference voltage is the input
to the LRMRAC controller. The art of the LRMRAC
lies in fitting appropriate controller parameters. This is
accomplished by identifying appropriate adaptive laws.
The error between the reference and plant model is used
to fine-tune the proposed controller parameters during
adaptation. In addition to ensuring closed-loop stability,
the adaptive rules must be able to predict the controller’s
unknown parameters. The Lyapunov stability theorem is
used to achieve this objective. LRMRAC provides a refer-
ence signal for a duty cycle of PWM that is fed into the
boost converter to ensure the PV panel is always being
operated at MPP. MATLAB/Simulink is used for the
design and implementation of the proposed LRMRAC
controller. Probabilistic assessment studies are carried
out using simulation and experimental validation of the
proposed controller through various levels of uncertainty.
At each level, different scenarios are considered and each
scenario is influenced by a real-world situation. The
uncertainty frameworks of the proposed controller to
examine the system robustness are provided at different
levels, i.e., Level-I: Variations of temperature, radiation,
and load resistance; Level-II: Partially-shaded conditions;
and Level-III: OPAL-RT simulator-based experimental
validation. Fast-tracking response, low power fluctua-
tion, minimum loss, lower overshoot and undershoot are
the key advantages of the proposed MPPT approach. The
main contributions of this research are listed below.

1. For the first time, a new LRMRAC controller is pro-
posed for a PV system to achieve efficient MPPT
with simple design, easy implementation, higher
accuracy and fast convergence.

2. The probabilistic assessment is carried out through
three levels of uncertainty to verify the robustness
of the proposed controller. The performance of the
proposed LRMRAC scheme is compared with classi-
cal and advanced MPPT techniques, including P&O,
VSPO, INC, and ANFIS.

3. Level 1 uncertainty: At this level, the robustness of
the proposed approach is tested in three scenarios,
i.e., simultaneously varying load, temperature and
radiation profiles, varying both radiation and tem-
perature, and with a slow variation.

4. Seven different load, temperature and radiation states
are considered under rapidly varying environmental
conditions. The detailed performance comparison of
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the five algorithms with the seven states is discussed
in terms of convergence time, average power output,
tracking efficiency, average actual power, overall effi-
ciency, current and voltage ripple, error rates at find-
ing MPP and time domain parameters.

5. The proposed LRMRAC-MPPT approach conver-
gence time is 3.8 ms, power loss is 0.62% and tracking
efficiency is between 99.07 and 99.96% under simul-
taneously varying load, temperature and radiation
profiles.

6. Level 2 uncertainty: At this level, the robustness of
the proposed approach is tested and compared with
P&O and ANFIS in four different partial shading
conditions, i.e., Pattern 1: 1000, 1000, 1000 W/m?
Pattern 2: 500, 400, 700 W/m? Pattern 3: 100, 100,
200 W/m?; and Pattern 4: 1000, 700, 500 W/m?.

7. The proposed approach harvests the maximum
power with negligible oscillation near GMPP. This
provides minimal shading losses in all four PSCs.

8. Level 3 uncertainty: At this level, the practicality
of the proposed method is demonstrated through
experimental validation using the OPAL-RT real-
time simulator (OP-4510) at varying temperature and
radiation.

A structured methodology is presented in Fig. 1
based on the aforementioned concept to achieve the
robust MPPT controller for the PV system. Section 2
depicts the PV system modelling process, and Sect. 3
explains the background and system description. Sec-
tion 4 provides a concise introduction to the algorithms
that are used for comparison, while Sect. 5 provides the
detailed methodology of the proposed controller. The
findings and analysis from the different levels of uncer-
tainty are presented in Sects. 6 and 7 concludes and
summarizes the paper.

2 PV model

A PV cell can be portrayed as a current source connected
with a diode, a shunt (Rpe) and a series resistance (R,,), as
depicted in Fig. 2. The single-diode PV model is exten-
sively used since it has fewer parameters and equations
than the more complex two-diode model. Hence, a sin-
gle-diode model is chosen for this study and its mathe-
matical equations are provided as [25]:

IR v iR v
ipy =1 — I [exp(p"s‘e/:p") — 1} _ {W}
pe

(1)
where i,, and v,,, denote the PV array output current and
terminal voltage, respectively. The saturation current is I,

and V. is the thermal voltage and is expressed as:
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f where ¢ is the electron charge. 7, K, and n denote tem-

\Ri\ ¢> I 4 R perature, Boltzmann constant, and ideality factor of the
diode, respectively. N, represents the number of cells in a
panel that are connected in series.
- The PV current is related to irradiance and tempera-
ture, as:

Fig. 2 Electrical equivalent circuit of a PV cell
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Fig. 4 PV boost converter system with MPPT controller

I = LG+ K, (T — T,)] 3)
G
I1(G) = 1(Gst> (4)

where T, and T represent ambient absolute and standard
temperatures, respectively. /; denotes photocurrent and
K, is temperature coefficient at 1000 W/m? and 25 °C.
Here, G, =standard irradiance and G=irradiance (W/
m?).

This research uses the “1Soltech 1STH-215-P” solar
module. Environmental conditions affect the electrical
properties of PV arrays. Figure 3 illustrates simulated I-V
and P-V characteristics of the PV array at constant tem-
perature (25 °C) and under various radiation conditions
ranging from 0.3 to 1 kW/m?

As can be observed in Fig. 3, the MPP occurs when the
rate of change of power to the voltage is zero. This is rep-
resented mathematically by:

dp | = 0, at the MPP
< 0, at the right side of the MPP (5)
Dpv | > 0, at the left side of the MPP

3 Background and system description

3.1 MPPT conceptin PV system

Figure 3a depicts the PV system’s I-V curve at various
solar radiation levels. At the “knee” of the I-V curve
(Lyp Vg, MPP occurs, and the maximum power (P,,) is
achieved when either I,; or V), is obtained.

T T T T T T

- 1 kW/m®
s m 4
2
g 12
£ L _0.6kWm _
= 0se
O Iy
0.3 kKW/m’

Voltage (V) Vn
Fig. 6 |-V characteristics with changing R; superimposed over the

graph

Figure 4 depicts a basic PV system with a solar panel
and a dc-dc converter that is interfaced with an MPPT
controller to maximise power output. The MPPT con-
troller converts the measured voltage (v,,) and current
(ipv) from the PV panels into a duty cycle (d) in order to
manage the switch Q. This PV array’s current and volt-
age are composed of ripple and DC components. The
MPPT scheme’s purpose is to extract maximum power
so that i,, and v,, follows I}, and V), as depicted in
Figs. 3 and 6.

The steady-state relationship between
the switch Q can be stated as:

i

v Vpy and d of

Vpy = ipvRO(l - d)2 (6)
with vy, = Vyy 4+ Vpy and iy = Iy +?p,,. 1, & /i\pv are the
PV array DC and ripple currents, respectively, whereas
V,» and Vpy are respectively the PV array DC and ripple
voltages.
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3.2 PV system small-signal modeling
with power-conversion stage

Equation (6) shows the steady-state relationship between
the converter duty cycle and array voltage. The dynam-
ics between array voltage and duty cycle must be consid-
ered in MPPT control to optimise the transient response.
Figure 5 depicts a small signal equivalent to the circuit
in Fig. 4 to simplify the transient response analysis [26].
/i\pv(s), ?pv(s) and R; represent the small signal (SS) PV
array current, voltage and resistance, respectively, as
shown in Fig. 5. The transfer function from v, (s) to d(s)
in small signal operation is now developed around an
operational point, ignoring the battery load. At node (1),
using the KCL method, the relationship between v, (s)
and d(s) is determined in the frequency domain as [27]:

V() | o [ (D)) = Tp(s)
R; + Sva(S)Cz = sLot (7)

where d denotes the SS variation around the duty cycle
D at the operating point, Vy,(s) and d(s) are the Laplace
transforms of vy, (¢) and d(t), respectively. f{D) represents
the correlation between the boost converter steady-state
DC input voltage (V,,) and the operating duty cycle (D).
At operating point D, f(D) is the derivative of f{D) with
regard to the duty cycle.

Rearranging (7) yields:
Vpu(s) f (D)
= = L (8)
dis) LoaCis®+ Rs+1
It is well-known that:
fD) =V =Q1Q-D)Vo 9)

where V,, is the boost converter steady state DC output
voltage. The DC steady state relationship between V;, and
f(D) is assumed to be unaffected by the transient action in
(9). Thus, with respect to (9), there is:

fD)y=-v (10)
Substituting f (D) value from (10) into (8) yields:
~ Vi
Vpv (S) - LmoCi
= = T T (11)
d(s) st + ms + Lo1C;

According to (11), the panel voltage will increase if the
duty ratio decreases as implied by the negative sign. Fig-
ure 5 depicts the linearized representation of the non-
linear system seen in Fig. 4 at a single operational point,
from which the aforementioned transfer function was
calculated. The system operating point changes when the
amount of solar insolation changes, resulting in a change
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in the effective values of (11), particularly R;. The denom-
inator of (11) can be analysed in canonical form to show
the impact of R; on the system, i.e.:

s2 + 28 w,s + wfl (12)

where £ and w, represent the damping ratio and natural
frequency, respectively. Comparing the denominators of
(11) and (12) yields:

£ 1 Lot d 1
= — — and w, =
2R\ C; " VLG

In systems with £ <1, oscillation can be seen in the step
response because the system is underdamped. Control-
ling the plant with an adaptive controller is one method
of preventing under-damped oscillation and other unde-
sirable behaviour. Ideally, £ should approach one such
that the system is critically damped (CDS). It is possible
to alter the value of R; to achieve CDS at a single oper-
ating point, but it is impossible to maintain CDS at all
operating points with fixed R;.

At the three distinct solar insolations, i.e., 0.3, 0.6,
and 1 kW/m?, the I-V characteristics of the PV array
are illustrated again in Fig. 6. The slope tangential to the
system’s operating point can be used to calculate the PV
array’s R; value, i.e.:

(13)

Figure 6 illustrates the MPP for the 0.6 kW/ m? curves,
indicated by the letter A with V), and [,;. According to
(13), one can determine the R; value at point A by meas-
uring the inverse slope’s magnitude on the line tangen-
tial to the location A. It is clear that the value of R; will
change if the operational point is moved from A to B
while maintaining constant solar insolation. In addition,
a different value of R; is produced when moving the oper-
ational point from A to C, which is the MPP for 0.3 kW/
m? solar radiation. Thus, it is impossible to ensure that
if the MPP switches, the operational R, will remain
unchanged. Furthermore, it is not guaranteed that the
operational optimal R; will result in CDS. As a result, a
new LRMRAC technique is proposed in this study to
track MPP. The proposed method can effectively achieve
CDS (¢=1) while also forcing the operating point to be
optimal R; and optimising the converter dynamics.

4 MPPT techniques

This section provides a concise introduction to the algo-
rithms that are used for comparison. The parameter set-
tings of the INC [6] and P&O [7] algorithms used in this
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study have been explained in the literature, so only the
ANFIS and VSPO techniques are briefly explained below.

4.1 VSPO

In order to address the shortcomings of the standard
fixed-step-size P&O approach, a variable-step P&O
(VSPO) method is implemented. The VSPO method has
two distinct step size increments which are changeable.
The approach uses the current variation (di,,) to choose
between these two steps for MPPT. Thus, an increase in
di,, is a result of an increase in the level of solar irradia-
tion, since increased irradiation produces an increased
current. Thereby, the size of each subsequent step
increases, which is accomplished by using (14). However,
if the solar irradiance level drops, the current also drops,
resulting in a smaller step size, and therefore, (15) is used
instead. The flowchart is shown in Fig. 7 [28].

)

N
Stepl = (
ipy

dp
dvpy

(14)
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N
Step2 = <
ipy

dp
Advyy

(15)

)4

where N is the scale factor, A; and A, are the normali-
zation coefficients with A; < 1 < Aj. Here, N, A; and A,
are taken as 0.001, 0.5 and 10, respectively.

4.2 ANFIS

ANTFIS is a type of adaptive network that takes on the
characteristics of a fuzzy and neural inference system.
The adaptive network is devoid of synaptic weights but
contains both non-adaptive and adaptive nodes. The
term "adaptive network" refers to the straightforward
transformation into a neural network structure employ-
ing a standard feedforward topology.

ANFIS is an adaptive network which acts like the adap-
tive network simulator of Takagi—Sugeno’s fuzzy control-
lers, and its operation resembles that of a fuzzy inference
system (FIS). ANFIS adapts its output and input param-
eters using least-squares and back-propagation gradient
descent for the specified output/input data. ANFIS has

Sense v,.(k), i,,(k)

v

Calculate
PE) = vy(k).ip (k)

v

dp = p(k)-p(k-1)
A=V (k)-vy(k-1)
dip, = ipy()-ip(k-1)

Fig. 7 Flowchart of VSPO algorithm

D(K)=D(k-1) || D(k)=D(k-1)| |D(k)=D(k-1)||D(k)=D(k-1)| | D(})=D(k-1)|| D(])=D(k-1)| |Dk)=D(k-1)||D(k)=D(k-1)
+stepl +step2 -step2 -stepl +step2 +stepl -stepl -step2
A 4 l l:‘, Return ‘,4l l l l
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modeled solar [

Controller

Temperaturel—b 184

Fig. 8 Block diagram of ANFIS-MPPT

two parts, i.e., the antecedent part and consequent part
that are connected by rule-based FIS [29].

When ANFIS is being trained, it takes in data about
temperature and radiation, and produces a single output
of voltage, at varying levels of temperature and radiation.
The ANFIS output is used as a reference voltage, which
is then compared to the actual PV voltage to generate an
error. The obtained error is handled by a PI controller to
be turned into the duty cycle. For optimal power harvest-
ing from a solar PV array, a PWM generator provides
the pulse for the DC-DC converter. The overall block
diagram of ANFIS-MPPT is displayed in Fig. 8, and the
parameters used in ANFIS-MPPT are given in Table 1.

Table 1 Simulation parameters
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5 Proposed MPPT methodology

An MPPT control law (P&QO) unit serves as the first level
of control in the proposed MPPT method, as depicted in
Fig. 9. A reference voltage (v,,) is generated by this con-
trol block for each MPP voltage.

In the second stage, the proposed LRMRAC-MPPT
controller is implemented. The PV array and reference
voltages are compared, and the obtained error (v,
v, is then fed into the LRMRAC as an input variable.
To keep the PV panel working at MPP at all times, the
LRMRAC produces a reference signal for the duty cycle
of the switch Q.

5.1 MPPT control block (P&O)

An individual reference voltage (v,,) is computed
for each MPP voltage by this MPPT control block. A
voltage-reference-based P&O approach is developed
to implement the MPPT control scheme. Equation (5)

Parameter Numerical value Parameter Numerical value
Rated current (/;pp) 735A Boost inductor (L) 2mH
Short-circuit current (/,) 7.84 A Boost output capacitor (C,) 100 pF
Rated voltage (Vj,pp) 29V Load value (R,) 200
Open-circuit voltage (V) 363V Output voltage range (V) 112.5-129.1V
Rated power (P4, 213.15W Input voltage range (V) 56.6-60.3 V
R 0.39383 Q) b, 5.75 x 10 V(rad/sec)?
Roe 313.3991 0 b=Vy/lLyx G 645 x 108 V(rad/sec)?
Number of parallel modules 2 fo o 8.17 x 10%(rad/sec)
Number of series module 2 a,=1/RxG 400 (rad/sec)
Cells per module 60 Ay 1.67 x 10’(rad/sec)?
R, 250 a,=1/Lg; x G 1.67 x 107 (rad/sec)?
Boost input capacitor (C) 100 uF Adaptation gain (y) 0.08
Switching frequency (f,) 20 kHz Simulation step time (T,) 1 ysec
Lo

I (M __ o

I &/ +

T gy R

BN e L

I i T Y [TRvMRAC| [3 J :1_ T I:I ghe

T — i Vpy | Controller d(t)

M. | | RS T _

R : ’

PV Panel "“"g' """" “-“»MPPT Control
R »| Law (P&O)

Fig. 9 Representation of the proposed MPPT control architecture for a PV system
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refers to the MPPT control law where maximum power
occurs, and v, of the controller can vary according to
(16), where Av and v, denote a small threshold voltage
and PV array voltage respectively.

d
— Av, va <0 (16)

Figure 10 depicts the flowchart of the proposed MPPT
method for generating the reference voltage.

5.2 Proposed LRMRAC method

In the preceding steps, P&O is used to determine v,
which seeks to deliver the maximum power available in
steady-state conditions. In addition, it is desired that the
system converges to MPP when solar insolation changes
quickly. From (11), it can be seen that the relationship
between the duty cycle and array voltage is a highly
dynamic process. Without adaptive control, the array
voltage may not display critically damped behaviour
because the operating point will fluctuate with changes in

Sense v,,(k),
iplk)
v
Calculate
P(k) = vpu(k).ipu(K)

dp = p(k)-p(k-1)
vy, = vp(k)-v,(k-1)

Uk = v,,v+Av| Vyes = Vp=AV |

Veef = v,,v+Av| Vief = V= AV |

Update:
ipv(k' 1) :i,,.-(k)

Vol k)=,
plk-1)=p(k)

Fig. 10 Flowchart for generating the reference voltage
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solar insolation. The main goal of the LRMRAC design is
thus to maintain the array voltage critically damped.

The core concept behind the LRMRAC is the devel-
opment of an adaptive controller that is independent of
uncertainties or variations in plant parameters, so as to
ensure the plant response is close to the response of the
reference model.

However, most plants, including a PV system with
boost converter, are second-order systems. However, tra-
ditional MRAC tracking performance for second-order
systems is unsatisfactory. The control law for the second
order system along with extension from the first to the
second order of the LRMRAC is derived here. The pro-
posed LRMRAC architecture is seen in Fig. 11. The v,,,
determined in Sect. 5.1 serves as the input (r(%)) to the
entire system. The plant model in Fig. 11 corresponds
to the transfer function in (11). However, to keep things
straightforward, its sign is flipped so that the plant model
has only positive coeficients.

Here, y(¢) and u(¢) denote plant output and input,
respectively.

The time and frequency domain descriptions of the
second order plant model are provided by:

d*y(t dy(t
- Y= e o)+ buto (17)
b
& — (18)

u(s)  s2+ais+a

The desired responses are presented in time and fre-
quency domains by:

d? m (€ Ay, (t

;tz( . —aml ydt( ) Am2Ym(t) + br(t)  (19)
m by
Im($) 00)

r(s) %+ ams + am

where both a
bounded.
The controller is given as:

wp Amo>0 and the reference signal (r(t)) is

u=01r — 6y — 035 =0"¢ (21)

where ¢ is defined as [r,7, 7], and 6 = [0}, 6,,63]" is the
controller parameter estimation vector.
Substituting (21) into (17) yields:

d*y(t) dy(t)
S = (@ b3 = =

— (a2 + bO2)y(t) + borr(¢)
(22)
Comparing the coefficients in (19) and (22) yields:
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b N dt

Adaptation Mechanism

Fig. 11 Controller structure in the proposed LRMRAC

bt = by, (23)
Ay = ay + by (24)
am1 = ay + bos (25)

where 6, 6, and 6, are the control parameters that are
converged as:

by, Am — ay aml — a1
0~ —: 6 ;0 26
L~ =562 5 3 5 (26)
Introduce the error as:
=9~ Ym (27)

Since it seeks to minimise the error, it is reasonable to
derive a differential equation for the error.
Taking the first and second derivatives of the error
equation in (27):
de dy dy,

dt  dr  dt (28)

d’e d’y d%,,

e " de T de

(29)

Substituting (17) and (19) into (29) and replacing u as
in (21) result in:

d’e _dy

) —a(_ﬂl — bO3 + am) + y(—az — bby + app)

de
+ rbb1 — by,) — ﬂml% — aAmae

(30)
If the parameter values are equal to the values in (26),
e(t) becomes zero. To get the appropriate or desired 8,
0, and 6; parameter values, a parameter adjustment
mechanism is designed. As per Lyapunov stability theo-
rem, if there exists a scalar function V(%) which is real,
continuous, and has continuous first partial derivatives
with V(¢) < 0 for all £ # 0, then the system is asymptoti-
cally stable.
Assume by >0 and define the Lyapunov function V for
this purpose as:
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V (6,60, ) =2 (41 D = @)
2 by
RCEL am)”
2 by
1 (b0, — byy)?
2 by

+1 de 2+1 9
= — —dme
A 2

For this function, V=0 when e=0, and the controller
parameters, i.e., 8, 6, 05 are equal to the correct values.
When dV/dt is negative, the function is a Lyapunov one.
The derivative is given as:

dV (ay + bb3 — ay1) <d93 )
_——— | — — ey

dt y dt
(a2 + b0y — am) (dby .
+ ) ( a9 (32)
bo1 — b do
+ 7( ! ) m) <dt1 +ér> —am1é2
If the parameters are updated as:
de
7; = —yré (33)
dos .
. 4
o = Ve (34)
dos .
o e (35)
there is:
av )
E = —amlé€ (36)

Thus, the time derivative of V is negative semidefi-
nite rather than negative definite. Therefore, it implies
V(t) < V(0) and thus, ¢, ¢, 0, 6, and 6; must be bounded.
This concludes that y = e + y,, is also bounded. Now a
necessary condition to prove is V bounded. V is given as:

a*v deé

= —2a,1é—
dr? " gt

—%(m + bb3s — am)
= —2ameq —y(az + by — app) + r(b01 — by,)
—am % — aypne

Since 7 e, and y are bounded, it follows that V is also
bounded. Hence, dV/dt is uniformly continuous. Equa-
tions (33), (34), and (35) are the adaptation rule.
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6 Results and discussion

MATLAB/SIMULINK is used to design the proposed
LRMRAC-MPPT controller. The three primary compo-
nents of the simulation are the PV model, the boost con-
verter model, and the adaptive controller. The proposed
MPPT technique is compared to other well-known tech-
niques such as P&O, VSPO, INC, and ANFIS. Different
uncertainties are identified and probabilistic assessments
are carried out at three levels. Both simulation and exper-
imental studies are undertaken to validate the system
robustness under diverse atmospheric conditions. Table 1
lists all the simulation parameters for the proposed system.
The MPPT scheme tracking efficiency (i) is calculated as
[20]:

-t
_ j ;I”avgdt

(37)
E?Pmaxdt

The algorithm begins tracking at moment ¢; and ends
at time ¢,. The average power produced between ¢; and ¢,
is denoted by pae, and the theoretical maximum power
available is denoted by pj4x. The current and voltage rip-
ples refer to the corresponding peak-to-peak values. The
following equations are used to calculate the errors of the
five different techniques and # is defined as the number
of data points.

RMSE (Root mean square error)

. > (ActualValue — Estimated\/alue)2

(38)
n
MAE (Mean absolute error
DY |EstimtedValue — ActualValue| (39)
- n
MAPE (Mean absolute percentage error)
1 |Actual — Forecasting|
== 100%
n Z( |Actual| ) x 0 (40)

6.1 Level-l uncertainty
6.1.1 Simultaneously changing load, temperature
and radiation

Figures 12a, b and ¢ show the variations in radiation, tem-
perature, and load signal. There are seven possible states
for each signal. State 1 is 1 kW/m?, 25 °C, 150, State 2 is
1 kW/m?, 30 °C, 20Q, etc. The PV system with changing
load resistance causes unpredictable disturbances in the
system. Figure 13 shows the PV array power for the five dif-
ferent MPPT approaches (LRMRAC, ANFIS, VSPO, INC
and P&O) as the load, temperature and radiation all change
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Fig. 13 PV power using the five MPPT algorithms while temperature, irradiance, and load all change at once

at the same time. The ripple around the MPP is the highest
for the INC, VSPO, and P&O methods, but is reduced for
the ANFIS method though at the expense of not being able
to achieve MPP. The proposed method has almost no ripple
near the MPP across all seven states. Table 2 clearly indi-
cates that the proposed controller has, compared to other
methods, lower voltage and current ripples, higher output
power, less convergence time, higher tracking and overall
efficiency, and less error finding the MPP in all seven states.

The relative speeds of the various MPPT methods are
shown in Fig. 14. The novel MPPT approach captures
MPP in 0.0038 s, compared to 0.021 s for ANFIS, 0.16 s
for VSPO, 0.20 s for INC, and 0.20 s for P&O. Thus, the
proposed MPPT method is the quickest at acquiring MPP.

Comparative graphical representations of conver-
gence time, tracking efficiency, tracking power loss,

voltage and current ripples for all the five MPPT
approaches under the seven different states are illus-
trated in Figs. 15 (a)-(d), respectively. The power loss
(P10ss) is measured by [7]:

Dloss = meax(t) - prv(t)
foss meax(t)

where the actual power is denoted by p,,,, and p,,,,, =p,,,,
is the maximum power. ¢ relates to the tracking time
required by various MPPT methods in order to reach
MPP. As shown in Fig. 15(c), as compared to ANFIS, INC,
VSPO and P&O schemes, the proposed MPPT approach
generates the lowest power loss. This means that the pro-
posed technique completely eliminates oscillations and
achieves the highest tracking efficacy in all states.

(41)
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Table 2 Detail comparative analysis of the five approaches with 7 states

MPPT Techniques State 1 State 2 State 3 State 4 State 5 State 6 State 7

Voltage ripple (V)

PRO 3.07 394 357 4.81 4.70 3.88 1.90
VSPO 2.60 342 327 461 4.04 2.70 1.10
INC 2.96 393 356 458 4.50 405 1.50
ANFIS 1.00 02 041 0.31 0.52 147 0.03
LRMRAC 0.1 0.13 0016 0.093 0.068 0.50 0.02
Current ripple (A)
P&O 0.84 1.08 0.86 1.03 0.96 0.70 0.73
VSPO 0.66 095 0.69 1.01 0.71 0.67 040
INC 0.81 1.08 0.85 1.03 0.84 0.71 0.70
ANFIS 0.23 0.056 0.04 0.034 0.061 0.063 0.007
LRMRAC 0.028 0.037 0.022 0.022 0.015 0.028 0.004
Power loss (%)
PRO 350 256 377 246 2.78 340 4.19
VSPO 2.98 248 3.63 233 2.50 3.07 4.10
INC 3.50 2.55 3.78 246 278 341 4.19
ANFIS 062 1.07 255 1.53 141 211 3.14
LRMRAC 0.04 0.07 0.29 0.03 0.50 0.03 0.04
Average actual power (W)
P&O 8222 830.1 6559 664.8 496.9 493.8 816.3
VSPO 826.6 830.8 656.8 665.7 4984 4955 817.0
INC 8222 830.1 655.8 664.8 496.9 4937 816.3
ANFIS 846.7 842.8 664.2 6712 503.9 5004 8252
LRMRAC 851.7 8514 679.6 681.2 508.6 5110 8516
Average power output (W)
PRO 8153 8126 6514 648.6 486.2 4874 8156
VSPO 824.1 821.1 659.1 659.8 4913 4937 823.9
INC 8153 8126 6515 648.5 486.2 4874 815.6
ANFIS 834.8 8333 666.0 663.2 4964 498.8 832.8
LRMRAC 842.5 8422 668.2 669.9 501.5 505.3 841.8
Convergence time (s)
P&O 0.20 0.10 0.10 0.20 0.780 0.10 0.089
VSPO 0.16 0.10 0.10 0.19 0.748 0.10 0.065
INC 0.20 0.10 0.10 0.20 0.758 0.10 0.070
ANFIS 0.021 0.0062 0.04 0.07 0.014 0014 0.0056
LRMRAC 0.0038 0.0053 0.005 0.006 0.0064 0.0081 0.0039
Tracking efficiency (%)
P&O 97.66 97.44 96.13 97.91 97.81 96.60 96.81
VSPO 98.73 98.46 9837 98.16 98.81 98.85 98.79
INC 97.66 9744 97.23 97.91 97.81 97.61 97.81
ANFIS 99.15 99.12 98.85 99.27 99.61 98.79 99.18
LRMRAC 99.96 99.93 99.70 99.78 99.81 99.07 99.88
Overall efficiency (%)
P&O 95.70 95.38 95.58 95.16 95.11 95.36 95.73
VSPO 96.73 96.38 96.70 96.81 96.11 96.58 96.71
INC 95.70 9538 95.59 95.15 95.11 95.36 95.73
ANFIS 97.99 97.81 97.72 97.30 97.11 97.59 97.75

1

LRMRAC 98.89 98.85 98.04 98.29 98.1 98.84 98.81
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Table 2 (continued)
MPPT Techniques State 1 State 2 State 3 State 4 State 5 State 6 State 7
RMSE error
PRO 0.0039 0.0221 0.0258 00172 0.0131 0.0175 0.0361
VSPO 0.0037 0.0220 0.0249 0.0168 0.0121 0.0168 0.0357
INC 0.0039 0.0221 0.0259 00172 0.0131 00174 0.0361
ANFIS 0.0006 0.0177 0.0234 0.0156 0.0091 0.0159 0.0312
LRMRAC 0.0003 0.0166 0.0215 0.0146 0.0031 0.0140 0.0251
MAE Error
P&O 0.0031 0.0218 0.0257 0.0172 0.0131 0.0173 0.0357
VSPO 0.0028 0.0218 0.0248 0.0167 0.0121 0.0157 0.0341
INC 0.0031 0.0218 0.0258 0.0171 0.0131 0.0172 0.0357
ANFIS 0.0005 0.0177 0.0233 0.0156 0.0091 0.0149 0.0252
LRMRAC 0.0003 0.0156 0.0124 0.0135 0.0031 0.0120 0.0141
MAPE error (%)
P&O 0.3591 2.562 3772 2519 2.563 3382 4193
VSPO 0.3215 2552 3.644 2476 2.543 3.079 4.100
INC 0.3610 2.565 3.784 2516 2.563 3.375 4.188
ANFIS 0.0564 2076 3.172 2376 2.163 2015 3138
LRMRAC 0.0203 1.052 2.299 1575 1.568 1.635 2122
1.5 P&O(0.20 S
...................................................................... RO 7 T =T EAN
...................................................................... ,‘.).C..(?;Z_Q.%L-.-"_‘.;.--.--,-:-,
...................................................................... e eeeeeeeeaapen YSPO (0165 |
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0 0.005 0.01 0.015 0.02 0.025
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Fig. 14 Speed of the different MPPT algorithms while temperature, irradiance, and load all change at once

6.1.2 Simultaneously changing radiation and temperature
The radiation and temperature patterns are displayed in
Figs. 12a and b, respectively. All the states mentioned are
based on possible daily changes in environmental con-
ditions. Figure 16 shows the PV array power for the five
different MPPT approaches when temperature and irra-
diation change simultaneously. On the basis of Fig. 17, it
can be deduced that P&O takes the longest time to track
MPP in 0.1 s, followed by INC in 0.07 s, VSPO in 0.05 s,
ANFIS in 0.007 s, while the proposed method takes only
0.0037 s. In all seven states, MPP is rapidly tracked using
the LRMRAC technique.

The INC, VSPO and P&O approaches have substan-
tial ripples, while ANFIS has fewer and the proposed
technique has negligible ripple. While analyzing the
convergence time the values are 0.1 s, 0.043 s, 0.03 s,
0.037 s, 0.016 s, 0.01 s and 0.042 s in states 1-7 respec-
tively for the P&O scheme. In case of INC, convergence
times are 0.07 s, 0.034 s, 0.025 s, 0.029 5, 0.015s,0.011 s
and 0.034 s in states 1-7, respectively. For VSPO,
convergence times are 0.05 s, 0.03 s, 0.023 s, 0.026 s,
0.014 s, 0.02 s and 0.015 s in states 1 to 7, respec-
tively. In case of ANFIS convergence times are 0.007 s,
0.004 s, 0.008 s, 0.0089 s, 0.005 s, 0.0042 s and 0.0058 s
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Fig. 16 PV power using the five MPPT algorithms while temperature and radiation change at once

in states 1-7, respectively. While considering the pro-  95.81-98.66% for VSPO, 96.05-99.66% for ANFIS, and
posed LRMRAC technique, the speed in following the = 97.10-99.96% for the proposed technique. Comparative
MPP are very fast and the times are 0.0037 s, 0.0033 s,  analysis of the proposed controller with other state-
0.004 s, 0.0054 s, 0.003 s, 0.003 s and 0.0037 s in states 1~ of-the-art MPPT techniques is displayed through a
to 7, respectively. The tracking efficiencies are between  web diagram as shown in Fig. 18. Visual representation
95.81 and 98.48% for P&O, 95.83-98.46% for INC, clearly illustrates the superiority of the proposed MPPT
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Fig. 17 Speed of the different MPPT algorithms while temperature, and radiation change at once
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Fig. 18 Visualization demonstrating the merits of the suggested
method a convergence time b current ripple c tracking efficiency d
voltage ripple

algorithm in terms of convergence time, tracking time,
and voltage and current ripple.

Time domain analysis is carried out to confirm the
effectiveness of the proposed controller using param-
eters such as settling time, overshoot, rise time and peak
time. The rise time of the system is the time necessary to
respond to rising from 10 to 90% of final value for an over-
damped system, and from 0 to 100% for an underdamped
system. The peak time is the length of time needed for
the response to reach its first peak, also known as its first
peak overshoot. Peak overshoot is defined as the differ-
ence between the first-time peak and steady output. The

settling time is the length of time needed to attain and
maintain its position within the permissible range (2—5%)
of its ultimate value. Table 3 compares and summarises
the performances of each algorithm in different time
domain parameters. From the comparative analysis in all
seven states, it is concluded that settling time, rise time,
peak time and overshoot of the proposed controller are
less than other state-of-the-art techniques. Hence, it is
further proved that the proposed controller has a lower
convergence time.

6.1.3 Slow variations in radiation, temperature, and load
profile

In this scenario, the solar radiation, temperature and load
profiles are simultaneously changed, and slow variations
are considered. The radiation profile starts from 800 W/
m? for 1 s and then decreases slowly to 400 W/m? over
the next second. Likewise, the temperature profile initi-
ates at 25 °C within 1 s and then increases to 30 °C for the
remaining second. At the same time, the load value starts
from 20 Q for 1 s for state 1 and increases to 25 Q for
1 s in state 2. Figure 19 depicts the behaviour of the five
MPPT approaches during the slow variations in atmos-
pheric conditions in terms of PV power.

Based on Fig. 19 and its corresponding zoom view, the
ripple around the MPP is the highest for the INC, VSPO,
and P&O methods, and is reduced for the ANFIS method
though at the expense of not being able to achieve MPP.
The ripple contents of P&O, INC, VSPO, and ANFIS are
14.8 W, 15.2 W, 20.3 W, and 2.6 W, respectively, whereas
the proposed LRMRAC is ripple-free near the MPP
across the two states. It can be concluded that P&O,
VSPO, and INC take the longest time to follow the MPP,
at nearly 0.35 s. For comparison, ANFIS takes 0.02 s
while the proposed method takes only 3.2 ms during
slow variations. The average power for P&O, VSPO, INC,
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Table 3 Time domain analysis of the five approaches in seven states using various parameters
MPPT Techniques State 1 State 2 State 3 State 4 State 5 State 6 State 7
Settling time (ms)
P&O 100 43 30 37 16 10 42
VSPO 50 30 23 26 14 20 15
INC 70 34 25 29 15 11 34
ANFIS 07 04 08 89 05 42 58
LRMRAC 3.7 33 04 54 03 3 3.7
Overshoot (kW)
P&O 0.542 0.465 0.465 0428 0.396 0.402 0.430
VSPO 0.541 0464 0463 0404 0.391 0.399 0420
INC 0.542 0.465 0.465 0427 0.396 0.402 0430
ANFIS 0.121 0.137 0.020 0.176 0.124 0.111 0.102
LRMRAC 0.108 0114 0.012 0.017 0.094 0.081 0.090
Peak time (ms)
P&O 1.782 1727 1767 1.820 4253 4358 1.772
VSPO 1.779 1.726 1.727 1.818 4.100 4.242 1.676
INC 1.792 1.728 1.767 1.820 4.107 4262 1.772
ANFIS 0.627 0.585 1.385 1437 2.388 2443 1.964
LRMRAC 0.504 0.509 0.874 1.003 1.281 1.903 1.364
Rise time (ms)
P&O 0.900 0915 0.810 0.670 2.770 2.770 1.006
VSPO 0.895 0913 0.808 0.668 2.760 2.730 0.814
INC 0.898 0918 03811 0.670 2.770 2770 0910
ANFIS 0435 0312 0.621 0.762 1.815 1.668 0.751
LRMRAC 0.295 0.272 0.310 0.402 0.268 0.268 0.295
T T T T T T T T
0.8 —
State 2:
0.6 400 W/m?, 30°C, 25Q .
0.4 g j .
5 02} .
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Fig. 19 PV power behaviours of the five MPPT controllers under slow variations of radiation, temperature and load profile

and ANFIS are 648.7 W, 649.1 W, 648.7 W, and 670.7 W,
respectively, while the proposed controller generated
680.7 W in state 1.

Hence, the outcomes demonstrate the superiority,
robustness, and speed of response of the proposed con-
troller, even with slow variations in temperature, radia-
tion, and load.

6.2 Level-ll uncertainty

6.2.1 Partial shading conditions

The suggested MPPT scheme is used for a standalone PV
system to track the maximum possible power under PSC
in MATLAB/Simulink. Under four distinct shading pat-
terns, the proposed controller’s performance is compared
to those of P&O and ANFIS controllers. The performance
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of the proposed method is assessed and compared to that
existing methods, using performance indicators includ-
ing GMPP tracking and shading losses.

In spite of advances in PV technology, partial shading
has a negative impact on the system and results in power
loss. Shading loss is the term used to describe the power
loss caused by shading, which is defined as the difference
in power between total maximum power obtained under
PSC ([9 and under STC (pmpp,without shading) [30]’
as:

mpp,shading)

Pmpp, shading loss = Pmpp,without shading — Pmpp,shading
(42)

The three PV modules in the proposed system are
linked in series in the present study, resulting in a max-
imum power output of 1.05 kW. To create varied shade
patterns, the modules are excited at different amounts of
radiation. Figure 20a—d show the different shading possi-
bilities with their irradiation levels as patterns 1, 2, 3 and
4, respectively.

The P-V characteristics under various shading patterns
are displayed in Fig. 21a, while Fig. 21b illustrates the
PV power for P&O, ANFIS, and LRMRAC approaches
under various shading patterns. Table 4 shows the LMPP
and GMPP rates under different shading arrangements.
The detailed steady-state responses of different MPPT
approaches are given in Table 5, and the associated

iy Ipy
Pl >
A A
1000 W/m> A =
‘/“ vll
1000 W/m? A 400 W/m? A
A A
1000 W/m? 700 W/m?
A\ 2 V_V
(a) Pattern 1 (b) Pattern 2

Fig. 20 PV module shading patterns for the proposed scheme
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shading losses are shown in Table 6. The considered cases
are discussed in detail in the following paragraphs.

Pattern 1 In this pattern, the LRMRAC algorithm
tracks the highest maximum power of 998 W, with no
oscillation around GMPP, and the least amount of power
is lost through shading, i.e., 51 W. ANFIS tracks 930.5W,
while classical P&O MPPT records only 842.3 W, which
is the lowest power tracking and its shading losses are the
highest at 206.7 W.

Pattern 2 The proposed LRMRAC-based MPPT
method captures the highest maximum power of 448.1
W and the lowest shading losses of 600.9 W when com-
pared to other MPPT techniques. In addition, the LRM-
RAC-MPPT approach tracks power more efficiently than
other algorithms in this pattern.

Pattern 3 The proposed approach harvests 115.77 W
maximum power, and there is no oscillation around
GMPP. The least amount of power is lost because of shad-
ing, i.e., 933.23 W. It is noted that ANFIS tracks 59.73 W
of power, whereas the classical P&O MPPT algorithm
tracks 45.21 W, making it the least effective with the larg-
est shading power losses of 1003.79 W.

Pattern 4 The LRMRAC algorithm generates a high-
est possible power of 540.3 W, and detects no oscillation
around GMPP. The shading losses of 508.7 W are also
the lowest. In contrast, ANFIS tracks 490.9 W of power,

I v I.P\:

> 1
»
>

1000 W/m?

700 W/m>

200 W/m®

(c) Pattern 3 (d) Pattern 4
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Fig. 21 a P-V curve b The PV power for P&O, ANFIS, and LRMRAC scheme in various shading patterns

Table 4 Power at GMPP and LMPP under the four different
shading patterns

Pattern 1 Pattern 2 Pattern 3 Pattern 4
GMPP (W) 1049 4533 124.1 5764
LMPP (W) - 366.1, 236 65 516.5,338.2

whereas the classical P&O MPPT algorithm tracks 340.8
W with the largest shading losses of 708.2 W.

Tables 5 and 6 clearly show that the proposed technique
harvests the maximum power and has the least amount
of shading losses under all considered conditions. The

traditional P&O approach harvests the least amount of
maximum power with the highest shading losses in all
four patterns. Comparative analysis of tracked power and
shading losses for the three approaches under the four
patterns are illustrated in Figs. 22 and 23, respectively.

6.3 Level-lll uncertainty

6.3.1 Validation of proposed scheme using OP4510 real-time
simulator

The performance of the LRMRAC is tested in the lab

using an OPAL-RT real-time simulator (OP-4510), as

shown in Fig. 24. The proposed method is first simu-

lated on the host-PC running the RT-LAB software
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Table 5 Steady-state response of different MPPT approaches under study

Shading Pattern Technique Power at MPP (W) Voltage at MPP (V) Current at
MPP (A)
Pattern 1 PO 8423 112.00 7.52
(1000,1000,1000 W/m?) ANFIS 9305 11403 816
LRMRAC (Proposed) 998.0 119.37 8.36
Pattern 2 P&O 3344 68.10 491
2
(500, 400, 700 W/m’) ANFIS 4099 80.37 5.10
LRMRAC (Proposed) 4481 83.60 536
Pattern 3 P&O 4521 26.24 1.72
2
(100,100, 200 W/m’) ANFIS 59.73 3331 179
LRMRAC (Proposed) 115.77 67.31 1.72
Pattern 4 PO 340.8 39.17 8.70
(1000, 700, 500 W/m?) ANFIS 490.9 58.86 834
LRMRAC (Proposed) 540.3 6341 852
Table 6 Shading loss (W) in various MPPT approaches under SHADING LOSS (W)
study )
@ a8
Pattern-1 Pattern-2 Pattern-3 Pattern-4 E 2w
© RS o
<+ T e 0
PRO 206.7 W 7146 W 1003.79W 7082 W = % = R o b
wy
ANFIS 1185W 639.1 W 989.27 W 558.1 W . © o g
LRMRAC (Pro- 51W 6009 W 933.23W 508.7 W g v
posed) = =
s
PATTERN 1 PATTERN 2 PATTERN 3 PATTERN 4
mP&O mANFIS mLRMRAC
Tracked power (W) Fig. 23 Comparative analysis of shading loss
& 1000 ~ prsr
- ‘ Pm]::liﬂ;fo:ﬂol using DSO (MDO-3014)
E T
E 500
& A
0
Pattern 1 Pattern 2 Pattern 3 Pattern 4
HP&O W ANFIS " LRMRAC
OP5330 DAC Module 8

Fig. 22 Comparative analysis of tracked power

of the OPAL-RT simulator. Then an oscilloscope and
OP5330 DAC are used to record the real-time results
from the OP4510 simulator. On DSO, the signals
including v,,, i, and p are observed and recorded in
three different weather situations. Figure 25 shows the
experimental results under varied radiation, Fig. 26
depicts the experimental outcomes under changing
temperature and fixed radiation (1000 W/m?), while
Fig. 27 depicts the results with simultaneously varying

Fig. 24 Laboratory based experimental setup

radiation and temperature levels. As seen, low-oscilla-
tion tracking of the MPP is achieved using the proposed
control approach. In addition, the MPP is accurately
monitored despite a sudden increase in radiation from
500 to 1000 W/m? and an increase in temperature from
25 to 35 °C.
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Fig. 26 PV voltage, power and current response for the proposed
method in the presence of changing temperature
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Initializing a radar chart makes comparisons easier,
while evaluating controller performance is conducted on
five key criteria, i.e., efficiency, complexity, steady-state
oscillation, tracking time, and PSC operating capabil-
ity. Figure 28 shows the radar chart diagrams of ten dif-
ferent MPPT approaches. The radar diagram contour is
normalised on a scale of 1 (minimum) to 4 (maximum).
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A method’s strength can be seen in the maximum sale,
while its weakness can be seen on the minimum scale.
Slow and very fast tracking times signify minimum and
maximum scales, respectively. When it comes to steady-
state oscillation, higher and lower oscillations represent
the minimum and maximum scales. For algorithm com-
plexity, easy represents the maximum scale, whereas very
difficult represents the minimum scale. The lower and
higher efficiencies represent the minimum and maxi-
mum scales, while if the algorithm is robust under PSC, it
gets the maximum scale. Otherwise, it gets the minimum
scale.

A case study is offered here in order to better compre-
hend the performance assessment process. There are four
different categories for tracking speed: slow, medium,
fast, and very fast for (>1 s), (0.1-1 s), (0.1-0.01 s), and
(0.01-0.001 s), respectively. Efficiency is classified as very
high, high, medium, and low for the ranges of (>99.50%),
(99-99.5%), (98—99%), and (<98%), respectively. On the
spider graph, the large contour area outperforms the
small contour area. The complexity, efficiency, speed,
accuracy, and environmental impact of the proposed
LRMRAC-MPPT scheme have all been proven to be bet-
ter than the existing methods.

7 Conclusion

A new adaptive method known as Lyapunov-based
robust model reference adaptive control (LRMRAC) is
presented for MPPT under partially shaded, and slowly
and rapidly fluctuating atmospheric conditions. The
LRMRAC controller is developed to accomplish the fol-
lowing goals: (i) have simple design and be easy to imple-
ment; (ii) reduced oscillation near MPP; (iii) adaptability
towards fluctuating atmospheric circumstances; and (iv)
exhibit fast tracking response. Probabilistic assessments
are carried out using simulation and experimental vali-
dation of the proposed controller through various levels
of uncertainty. In addition, the LRMRAC controller per-
formance is compared to the cutting edge schemes, i.e.,
P&O, ANFIS, INC, and VSPO controllers. The LRM-
RAC-MPPT tracking efficiency ranges from 99.07 to
99.96% for all the considered states, compared to 96.60—
97.81% for P&O, 98.16-98.79% for VSPO, 97.23-97.91%
for INC, and 98.79-99.27% for ANFIS. The proposed
MPPT technique has the lowest tracking power losses of
all approaches and negligible oscillation around MPP. In
addition, the proposed MPPT technique takes 3.8 ms to
reach the MPP, which is about 52 times faster than the
classical P&O and INC techniques, 42 times faster than
VSPO, and 6 times faster than ANFIS. The LRMRAC-
MPPT scheme also has the fewest errors at the MPP. In
PSC, the proposed controller performance is compared
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with P&O and ANFIS with four different shading pat-
terns. GMPP is accomplished in under 10 ms which is
the quickest among all MPPT techniques. In each pat-
tern, the proposed controller has the minimum shading
losses whereas P&O and ANFIS have significantly higher
power losses. Also, it harvests the maximum power rap-
idly and is ripple-free. Finally, the practicality of the pro-
posed method is demonstrated by real-time validation
utilising the OPAL-RT simulator (OP-4510). Thus, the
above results validate the consistency of the proposed
LRMRAC-MPPT scheme under different environmental
uncertainty.

Abbreviations

GMPPT Global maximum power point tracking

ANFIS Adaptive neuro fuzzy inference system

VSPO Variable step perturbation and observation

PSC Partial shading condition

FPIDN Fuzzy aided integer order proportional integral derivative with
filter

SOFT Steady output and fast tracking

LVB Load voltage based MPPT

ROP&O Reduced oscillation P&O

ARFPI Adaptive robust fuzzy proportional-integral

VS-BS Variable step backstepping

PS-FW Particle swarm-fireworks

IBA Improved bat algorithm

P-V Power-voltage

PV Photovoltaic
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