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An important problem in engineering is increasing efficiency, especially in photovoltaic
(PV) power generation. The challenge is how to increase PV efficiency and maximize
power globally in various environmental conditions. PV output power depends on many
variables, such as insolation and temperature. Under fast-varying sunlight conditions, the
P-U curve of photovoltaic arrays (PVAs) has several peaks. The Maximum Power Point
Tracking (MPPT) employs the Perturb and Observe (P&O) technique, which, when
selecting a large step, may fail to extract the global point. On the other hand, when
selecting a small step, the result slows down the response to extract MPP. To overcome
these limitations, Fibonacci sequence is proposed to improve the perturbation size of P&O
control algorithm. This proposed way considers a modified algorithm for adjusting the
duty cycle of the boost converter DC-DC and provide a gate pulse to it. The proposed
model stand-alone PV system is simulated using MATLAB SIMULINK R2023b
environment, and the results are then evaluated to ensure the operation within the specified
parameters. The new P&O results show a stable output value is more efficient than the
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classic P&O MPPT with a fixed step.

1. INTRODUCTION

In fact, renewable energy generation using solar
photovoltaic (PV) power, Wind Turbines (WT) energy, and
fuel cells is important in reducing environmental problems and
climate change [1]. These approaches and methods are
becoming more popular as the costs of traditional hydrocarbon
fuels increase and the urgency of minimizing carbon dioxide
CO, pollutants increase. Consequently, more people are
becoming aware of the pollution created by nonrenewable
energy sources [2]. In this context, photovoltaic array systems
(PVAs) are one of the common viable environmentally
friendly sources of energy today's [3].

A number of research publications have tested and
evaluated various methods and algorithms for extracting the
MPP of PV to improve system efficiency [4]. These
techniques are classified according to measured voltage and
current (direct, indirect method), look-up table, fuzzy logic
control, and artificial intelligence-based methods [5, 6]. The
classic indirect technique divides into fixed designer voltage
and Fractional Open Circuit Voltage (FOCV) [7]. On the other
hand, the direct, like the Perturbation and Observation (P&O)
technique, works by adding or subtracting suitable operation
voltage to reach the gradually narrow search range optimal
power point. Furthermore, P&O has been commonly used
because of its simplicity of structure, good performance, and
ease of implementation on inexpensive digital controlling
devices. Incremental Conductance (INC) is similar to the
working principle of P&O algorithm [8]. In contrast,
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researchers are utilizing IoT and Al-based systems to send data
communication and dynamically maximize energy harvesting
by using machine learning techniques that instantly adapt to
change in environmental conditions [9-11].

Artificial Neural Networks (ANNs) are a technology that
works well with computers and DSPs [12]. Several researchers
have developed strategies, such as a deep neural network
approach for predicting optimal power points and training end-
to-end over embedded networks [13]. Additionally, the MPPT
utilizes a new search algorithm based on the improved
Fibonacci search, which is an optimization method for PV and
wind turbine systems [14, 15].

The classical P&O algorithm has two essential drawbacks:
oscillation around the MPP and the difficulty of extracting
global MPP under rapidly changing sunlight conditions. The
oscillation problem around the MPP has been resolved using
various ways to adapt the P&O algorithm with variable steps
[16,17].

Furthermore, various researchers have used different
strategies to modify the perturbation size, which has been
optimized using algorithms such as PSO, Grey Wolf, and
Whale [18-20]. In contrast, a hybrid Neuro-Fuzzy network
technique with variable P&O perturbation size is used to
extract a global MPPT from a PV-array system [21-23].

This work proposes an improved variable-steps P&O-
MPPT algorithm, employing the Fibonacci sequence to adjust
the variable steps to track the global power. The proposed
system supposed to enhance the MPPT response and
efficiency as compared to traditional systems.


https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.580511&domain=pdf

2. MATHEMATICAL MODEL OF PV power operating point. Table 1 presents the properties of the

PV arrays (two module strings) at MPP under various
The electrical characteristics of a PV cell can be determined temperature and solar irradiation examples.
using the ideal equivalent circuit of single-diode model as

depicted in Figure 1. Table 1. The properties of the PV array at MPP

Ideal PV Cell

Conditions test of Voltage at Current Max.
PV module Vmpp. at Impp. Power
(2] A) W)
= 2
Gl atlzlgfé/ o 62.4 8.03 501.072
— 2
G2 2t52?°\(¥/m 61.798 3.988 246.450
— 2
G3 ;)tlzgo\CV/m 58.189 0.799 46.493
. G4=1 KW/m?
Figure 1. Equivalent model of PV cell at 35°C 59.750 8.006 478.358
G5=1 KW/m?
The output of the PV cell includes a voltage in open circuit at 45°C 57.214 8.026 459.199
that is V,, current when output short circuit is Ig., and power
output is also P,y ; the cell conversion can be analyzed as 10} : ' : ' ) ' ' ' |
follows [24]: o+ 1 kW/m |
<
v £ 6f |
I'= Ippoto —Ip =22 Q) E 0.5 kW/m?
Rp 3 4F - 4
o
Vp =V + 1R ) 2r 0.1 kW/m?2 1
vy % 0 2 30 40 80
— Avr — (3) Voltage (V)' '
Ip = Isac(e D (a) I-V characteristics
YD V+IR soor | | l | ' 1:<w1 2 ' ]
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I'=lppoto — Lsae(€4VT — 1) — — 4
Rp §~
< 400 4
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A solar cell gives maximum DC voltage when no current is § _ 3 °,'5L"."l’,’i“f
drawn commonly referred to as the open-circuit voltage V.. A #r T N l
theoretical value for the open-circuit voltage is given: e sl 0.1 kWim* \
"0 10 20 30 40 50 60 70 80
V;C = ART ln(lph—om + 1) (5) Voltage (V)
q Isat

(b) P-V characteristics

A theoretical value for the output maximum current of a

. Figure 2. Effects of sunlight on the properties of PV
solar cell when the terminals of the cell are shorted, known as

short-circuit current Iy, is given: 10 T T T —— = T
8 ]
Isc ~ IPhoto (6) g 6
The output characteristics of the outcome solar cell are non- E I
linear and vary due to the climatic factors, the two factors 3 ¢ [=—45° —35% —as ]
intensity of sunlight, and the cell temperature. The current 2t 1
produced by the PV cell relies on the sunlight and temperature ) ) ) ) ) )
CCH, which can be calculated USil’lg Eq (7) 00 10 20 30 40 50 60 70 80
Voltage (V)
G
I(T' G) = a [Istc + KI (T - Tstc)] (7) 500 . . (a)' -V C'llI'VC . .

H

=

o
T

The non-linear characteristics of the outcome of the solar \ 1
cell in terms of current vs voltage and power vs voltage curve
with the intensity of sunlight, which have been tested at
constant temperature 25°C and intensity of (1KW/m?, e ——— ‘
0.5KW /m?, and 0.1KW /m?), are depicted in Figure 2. On e,
the other hand, the non-linear characteristics of the outcome of \‘
the solar cell in terms of (I-V) and (P-V) with the intensity of 20 a0 20 50 S0 70 20
(1KW /m?) at the cell temperature have been tested in steps Voltage (V)

(45°C, 35°C and 25°C), are depicted in Figure 3. In cases where (b) P-V curve
these two factors change, the MPP also changes. Therefore,
voltage and current must be controlled to achieve the optimal
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Figure 3. Effects of temperature on properties of PV
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3. CONTROL OF BOOST CONVERTER SYSTEM

Figure 4 depicts the proposed block schematic of the
simulated PV test system to extract MPPT algorithms. It is
made up of five major components: the PV module, the boost
DC-DC converter, the algorithm MPPT-P&O, PWM generator,
and the DC-load (battery or resistance). In an MPPT-PV stand-
alone system, a boost converter is positioned among the DC
load and the individual solar array. It adjusts the unregulated
DC voltage level and optimizes MPPT from the PV panel to
the DC-required power.

In general, the boost converter is made up of four
component parts: an inductor, a diode, a power transistor
switch, and a capacitor. The control algorithm provides the
reference voltage signal, and the duty cycle (D value between
0 and 1) is generated by comparing the output of a PI controller
to a sawtooth waveform; the gate pulse to drive the power
transistor is adjusted according to the error signal (Vs —

Vv (act.))s the duty cycle is given by [25-27]:

in

Duty cycle(D) =1 — ®)

out

DC- DC Converter

STTITTTR N
ol A ™~ |
258 | ! a
fm]m] | ¢ = Q
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1l I | | l
|'\'|tmu: L \ S S —— 7
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GMPPT - O Generation
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Figure 4. Block diagram of stand-alone PV systems

Based on the assumption of ideal operational (no losses),
these inductors (L) and capacitor (C) equations can be obtained
as follows [28]:

_ VipXD

Lmin = St ©)
_ dout XD

Cmin - AVout. Xfs (10)

where, AV,,,; is aripple output voltage, Al,,,; is a ripple output
current, and f; is a switch frequency. The MPP input resistance,
Rin(mpp), seen by the source, is computed using the voltage
(Vinpp) and the current (I, ), at the MPP curve.

_ Vinmpp)

Ringnpp) =

(11)

Tin(mpp)

On the other side, the output voltage can be derived,
assuming the system is lossless (P, = Pyyt)

2 2
Vinampp) _ Yout amop)

(12)

Rin(mpp)  Rout(mpp)
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Vin(m
Vi?’t(mpp) _ (M)Z

1-D (13)
Rin(mpp)  Rout(mpp)
_ Rin (mpp)
Rout(mpp) - Z:;;sz (14)
D=1- |fintmen) (15)
Rout(mpp)

Figure 5 depicts the range of optimal output resistance
Rinpp(min) < Rout(opt) < Rmpp(max) » adjusted according to
the error signal for the control boost converter with the MPP-
PV array's at 1000 W /m? and 500 W /m? irradiance levels.
From Eq. (12) can be get:

_ ,Rout(mpp)
Vout(mpp) - Vin(mpp) Rin(mpp) (16)
T T T T T e T
10F Riupp miny = T2
1 kWim? " Ty

. 8F
<
E 6F 174
o _ Vinppz
z 0.5 kW/m? Ylied =T
5 4
o
2
0 )
0 0 20 30 40 5 60 70 8
Voltage (V)

Figure 5. The range of Ry ¢(mpp) for the boost converter with
the MPP

The maximum output voltage V,,; depends on the input
voltage V;,, and duty cycle as seen in Eq. (17).

1% _ Vin(mpp.G)
out (max.G) — (1-Dp)

(17)

4. PROPOSED MPPT ALGORITHM

One important difficulty in the design of PV-MPPT systems
is the requirement to reach global MPPs rather than search for
local MPPs in rapidly changing sunlight conditions. The
performance of classic P&O algorithms suffers due to
oscillation and reduced system efficiency caused by improper
fixed duty ratio D selection and significant perturbation shifts.
The improved P&O algorithm with the Fibonacci sequence is
proposed to find the maximum power and efficiency when
there is no fixed-step. The Fibonacci series F, is the sum of the
two preceding numbers [29]. The Fibonacci series is
represented as follows: F,=F, ,+F, foralln =
2 when taken F, = 1 and F; = 1, where F, is n" generation
Fibonacci number that can be represented in Table 2:

Table 2. Fibonacci sequence number

Index (n) and
Fibonacci
Values (F.)
Index (n) 0 1
Fibonacci (F,) 1 1




where, the dynamic proposed step size AV (k) at each iteration
(k), will be seen in Eq. (18).

AV(k) = M x [Z‘s E’;i] x s(n)

(18)

The expression s(n) represents a fraction of a Fibonacci
number.

_ Fm
s(m) = F(n+1)

(19)
where, n = min([a. |AP(k)| + b],N)

The tuning parameters are: a=0.5, b=2, where N: Max.
Fibonacci index. The scaling factor M tuning controls the
system's performance and is used to regulate the perturbation
size.

However, when solar radiation or temperature changes, the
maximum power output must be adjusted to find the MPP.
Typically, two operational regions are illustrated in Figure 6,
one on the left side and one on the right side of the power
global point in the P-V curve.

The example simulates PV panel ( Py, = 240 W) at
temperature (25°C) conditions, and here are four distinct cases
that can be discussed as follows:

First case at point (1) to reach a point (A): when perturbation
occurs, the operational point shifts from k-1 to k. The power
and voltage increase during the perturbation P(k) > P(k —
1) and V(k) > V(k — 1), presenting that the MPP search is
positioned in the correct path. The search for the MPP
proceeds in the same direction, raising the perturbation size by
k+1 to reach the operational point. After that, a Fibonacci
F(n)
F(n+1)
raise the voltage Viep (k+1) =V, (k) +AV(k) in a
variable step.

Second case at point (1) to reach point (B): when
perturbation occurs, the operational point shifts from k-1 to k.
The power and voltage decrease during the perturbation
P(k) < P(k — 1) and V(k) < V(k — 1), presenting that the
MPP search is positioned in the wrong path. The search for the
MPP proceeds must reverse direction and raising the
perturbation size by k+1 to reach the correct operational point.
The voltage then increases the step size to Vyop (k +1) =
Vyer.(k) + AV (k) in a variable step.

In the third case, at point (2) to reach point (C): when
perturbation occurs, the operational point shifts from k-1 to k.
The power increase during the perturbation P(k) > P(k —
1) and V(k) < V(k — 1), indicating that the MPP search is
positioned in the correct direction. The search for the MPP
proceeds in the same direction, raising the perturbation size by
k+1 to reach the operational point. After that, a Fibonacci
fractional and suitable scaling factor M is used to decrease the
voltage Vy.op (k + 1) = Vyr (k) — AV (k) in a variable step.

In the fourth case, at point (2) to reach point (D): when
perturbation occurs, the operational point shifts from k-1 to k.
The power decreases during the perturbation P(k) < P(k —
1) and V(k) > V(k — 1), presenting that the MPP search is
positioned in the wrong path. The search for the MPP proceeds
must reverse direction, raising the perturbation size by k+1 to
reach the operational point. After that, Fibonacci fractional and
suitable scaling factor M is used to decrease the voltage
Vier.(k +1) = Vyop (k) — AV (k) in a variable step. Figure 7
illustrates a flowchart of proposed improved P&O method.

fractional ( ) and suitable scaling factor M is used to
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Table 3 summarizes the four operational cases with variable
step sizes to extract the MPP.
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Figure 6. A typical P-V curve representing the operational
zone of a PV

Table 3. Summary of the four operational cases

Cases AP AY % Contll"/(;)luzgction
to rlz;«ioggir(li )(A) oot Increase
to ré;fhoggh(li )(B) -0t Increase
to rl:;c};o;’rgiflzt)(C) + - - Decrease
to rﬁioggiﬁ?(n) -t Decrease

I Measure VK, k), Vik-1), T(k-1) I

PlkFEVR*I(K)
P(k-1) =V(k-1) *1(k-1)

Yes

(k) - Pk-1) = ()

Determine dynamic variable step size
AV(k) from Eq. (18) &Eq. (19)

Vref (k+1) =Vref (K}+AV (k) ] | Vref (k+1) =Vref (k) - AV(k) |

S

Figure 7. Flowchart for the proposed P&O algorithm with
varying step sizes




5. RESULTS AND DISCUSSIONS

MATLAB/Simulink R2023b was used to model and
simulate the proposed system. Additionally, the computational
efficiency of the improved P&O and classical P&O algorithms
are compared by simulating each MPPT method under similar
conditions. In the case study, a with solar module (B4, =
250.536 W), the cell operating temperature is set in every
simulation at 25°C. The parameters of a solar PV module are
tabulated in Figure 8.

Parameters  Advanced

Array data

Parallel strings 1

Series-connected modules per string 2

Module data
Module: |User-defined v

Maximum Power (W) 250.536

Cells per module (Ncell}) 60

Open circuit voltage Voc (V) 37.2

Short-circuit current Isc (A) 8.52

Voltage at maximum power point Vmp (V) 31.2

Current at maximum power point Imp (A) 8.03

Temperature coefficient of Voc (%/deg.C) -0.3342

Figure 8. Solar module parameters (Gsrc = 1000 W /m?)

Furthermore, the algorithm must be evaluated at variable
sunlight from 0 s to 0.1 s, with the irradiation set at 1000 W/m?,
and from 0.2 s to 0.3 s, with the irradiation set at 500 W/m?
levels, depicted in Figure 9, to determine the performance
tracking speed and efficiency. Figure 10 shows that the
improved P&O algorithm is more accurate than classical,
capable of finding the maximum power, and more efficient
because there is no fixed step size. An MPPT algorithm's
average efficiency, including improved P&O, can be as
follows:

I PuppTydt

X 100 (20)

navrg.(MPPT) - fP(Rate PV panel)dt

The calculated average MPPT efficiencies for the classical
P&O, INC, and improved P&O algorithms are 94.50%,
97.837%, and 98.1 7%, respectively. Table 4 compares the
MPPT tests with the algorithms proposed in this study. The
fully proposed simulink model was built in MATLAB
SIMULINK as can be seen in Figure 11.

Table 4. Presents a comparison of the three MPPT

algorithms
Type of From Variable
Algorithms Irradiation at (T=25°C) Navrg.(MPPT)
P&O (1000 — 500) W\m? 94.50
MP&O Time simulation from 98.1
INC (0-0.3) sec. 97.837
1200 |
=~ 1000
E
= 800
wn
D
€ 600
S
=}
g 400
200
0 . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (sec)

Figure 9. MATLAB-Simulink operation of the proposed PV
system

Figure 12 shows the simulation results obtained with the
proposed MP&O approach, load voltage, and PV array voltage.
On the other hand, Figure 13 shows the output load current and
PV array current plotted against running time. The simulation
time used in this analysis is 0.3 seconds.

500 I

400 -
350
300
S0}
o
200

150 -

50

T
——MP&O —— P&0 —INC|

0 0.05 0.1

0.15

0.2 0.25 0.3

Time(sec.)

Figure 10. Graphs for changing irradiances with time
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Figure 11. MATLAB-Simulink, operation of the proposed PV system
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6. CONCLUSIONS

This paper concerns the proposed improved P&O that
employs the Fibonacci fraction and uses dynamic steps to
extract the MPP of a PV system. The new method, with
variable step size, decreases the swings around the MPP and
enhances the MPPT's overall efficiency. It can increase the
output efficiency of solar PV by extracting the global MPP
under various sunlight conditions. The simulation showed that
the improved MPPT algorithm, P&O with Fibonacci fraction,
achieved a higher rising time response and MPPT efficiency
than conventional MPP methods. Additionally, the advantages
are as follows: easy algorithm, fast responses, requiring little
calculations (low complexity), and accurate with stable output
values.
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NOMENCLATURE

A% Voltage across the solar cell, (V)

Vp Voltage across the diode, (V)

K Boltz man constant, = 1.380649 X

10723J /K
T Absolute Temperature of p-n junction,
Kelvin (K)

q Electron charge = 1.6 X 10719, (C)

I An output current of the PV cell, (A)

Ip Diode current, (A)

Isae. Diode reverse saturation current, (A)

Lynoto. Photocurrent generated due to light, (A)

Rg Series resistance, ()

Rp Parallel resistance, (Q2)

A Diode ideality factor

K; Temperature coefficient (/g )

G Irradiance sunlight

Standard ~ Test  Condition  (Ggpe =

STC w o

1000 ﬁ), and Tsre = 298 K(25°C)
Vy = % Thermal voltage (=25.6 mv at 25°C)
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