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Abstract- Given the urgent need for continuous development 
in solar cell systems to increase their efficiency, in this study, a 
developed IoT technique was built to monitor the solar irradiance 
fluctuation around the solar cell systems, and a Perturbation and 
observation algorithm (P&O) was developed to increase the 
output power from the PV systems. In order to save energy, the 
IoT technique has been supported with a light-dependent resistor 
to operate and shut down with sunlight. The whole IoT technique 
was fed from the PV system to save energy and avoid a power 
outage. The measured solar irradiance profile was displayed 
online on the ubidots. Then, the measured solar power irradiance 
through IoT was introduced to the MATLAB simulation 
program to study the performance of the proposed P&O 
maximum power point tracking (P&O-MPPT) algorithm. The 
P&O-MPPT algorithm was used to control the voltage and 
current by continuous adjustments in the duty cycle to improve 
the output power of the studied solar system. The obtained results 
showed the efficiency of the monitoring system based on IoT in 
recording changes in solar radiation and the improvement in the 
output power as a result of the developed P&O-MPPT system.   

Keywords- PV plant, IoT technique, P&O algorithm. 

I. INTRODUCTION 

Photovoltaic power plants are one of the sustainable and 
green energy sources whose use has increased recently [1-2]. 
However, the PV systems face many challenges, such as the 
rapid monitoring of the environmental fluctuation and the 
reduction in their output power [3-4]. The rapid monitoring of 
the surrounding environmental parameters of PV systems, 
such as solar irradiance, temperature, and humidity, and 
quickly taking appropriate measures to overcome the problems 
and respond to the resulting changes is the basic foundation for 
ensuring the effective production of electrical energy [5-6]. 
The Internet of Things is considered one of the very effective 
technologies in monitoring changes surrounding solar cell 
systems and the speed of transferring fluctuation in PV output 
data (voltage, current, and power), which has recently become 
popular in this field [7-8]. On the other hand, artificial 
intelligence algorithms such as P&O considered one of the 
effective means to enhance the output power of the PV-
systems [9-11]. The high flexibility and performance of the 
P&O algorithm make it a famous AI algorithm for conducting 
the purpose required. It is also one of the AI algorithms that 
provide highly efficient solutions to improve the performance 
of systems in general and solar cell systems in particular [12-
13]. N. Priyadarshi et al. used in 2014 a PSO artificial 
intelligence algorithm supported by IoT technique to reach the 
maximum output power. They showed that the efficiency of 

the PV system enhanced significantly as a result of using PSO-
IoT embedded system. In 2023, Amor Hamied et al 
constructed a low-cost monitoring system based on IoT for an 
off-grid photovoltaic (PV) system. The authors created a web 
page to visualize the measured data. The total cost of the built 
system was 73 euros and consumed 13.5 Wh daily. They 
concluded that their implemented system able to identify the 
examined defects accurately [15]. D. D. Prasanna Rani et al in 
2023 proposed a cost-effective technique inclusion of IoT for 
remotely monitoring a solar plant performance. The authors 
concluded that their implemented IoT monitoring system can 
assist in the solar power stations real-time monitoring, 
diagnostics, and maintenance [16]. 

Hence, based on the above and with the aim of improving 
the efficiency of solar cells, in this study, an integrated system 
based on the Internet of Things and the P&O algorithm was 
built to monitor and improve the output power. A solar 
irradiance of a PV system was measured during a solar day, 7 
am to 6 pm. The measured solar power irradiance was included 
in the MATLAB simulation to control of the output volage and 
current using P&O-MPPT to enhance the output power. Many 
adjustments in duty cycle of the P&O algorithm were carried 
out to reach a high maximum power output. 

II. PROBLEM STATEMENT 

The monitoring systems of solar cell power stations are 
exposed to many difficulties and challenges, foremost of 
which is the delay in obtaining the surrounding circumstances 
of the cells, on which all procedures to be taken to repair any 
defect are based. The solar system output power is directly 
affected by the shadow, temperature, and humidity. 

 

A. Solar Radiation and Shadow Effect 

Although the solar power radiation that is received by the 
solar panel approaches 1000W/m2, the unexpected shaded 
conditions are negatively effect on that amount, which reflects 
directly on the solar system performance. Under shaded 
conditions, the solar cells are forced to carry the current in the 
reverse bias, causing an appearance of negative volts, which 
results in an increase in the reverse current. The current 
multiplication I effect is estimated directly through modeling 
shaded PV cells by the equation [1] 

𝐼 = 𝐼!" − 𝐼# $𝑒
$%!&'("%#

) − 1' −
𝑉* + 𝐼𝑅+
𝑅!

$1 + 𝑘 ,
𝑉* + 𝐼𝑅+
𝑉,

-
-.

'				(1) 
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where, Rs and RP are the series resistance associated with 
conductive losses and shunt resistance associated with 
distributed losses inside of the p-n material. The  𝑉! is the 

thermal voltage, which calculated through 𝑉! =
𝑘"

𝑇𝑞& 	( 𝑘" 

and q are Boltzmann’s constant and the electron charge). The 
𝑉# and 𝑉$ are the breakdown and PV-cell voltage, Io and Iph are 
the inverse saturation current and the photo-generated current, 
k is the fraction of current involved in avalanche breakdown, 
and n is the avalanche breakdown exponent. The augmentation 
of the solar irradiance and the environmental temperature 
strongly increase the module temperature, which in turn effects 
on the I-V characteristics. The increase of the module 
temperature strongly reduces the PV-cell volage causing a 
reduction in fill factor and the PV efficiency. On the other 
hand, due the negative impact of the breakdown voltage on the 
output power, the reducing of the breakdown voltage reduces 
the dissipated power leading to an enhancement in the output 
power of the PV system.  

The photo-generated current calculated based on the 
following relation  

				𝐼%& = )𝐼'$_)*+ + +𝐶*,(𝑇$ − 𝑇)*+)01
𝐺,
𝐺)*+

,									(2) 

where, Gi, CTi, and Tc, are the incident irradiance, the 
thermal current coefficient, and the cell temperature 
respectively. Isc_STC, TSTC, and GSTC are the short-circuit 
current, the cell temperature, and the incident irradiance for 
Standard Test Conditions (25 ◦C and 1000 W/m2), respectively.  

  
B. Temperature Effect 
 

Several parameters directly affect the solar cell temperature 
Tc, which are the variables of the weather [ambient 
temperature, local wind speed, solar radiation I(t)], materials, 
and system (glassing cover-transmittance 𝜏 and plate 
absorbance 𝛼). The temperature influence on the solar cell 
performance obtained using [18-19] 

																											𝑃-./ = 𝐼-./𝑉-./ = (𝐹𝐹)𝐼'$𝑉0$								(3) 

where, FF, Isc, and Voc are fill factor, short circuit current, 
and open circuit voltage. 

Due to both open circuit voltage and the fill factor decrease 
strongly with temperature, and short-circuit current increases 
slightly, the net effect leads to a following linear relation 
between solar cell temperature Tc and its efficiency [18-19] 

		η$ = 	η*123)1 − 𝛽123+𝑇$ − 𝑇1230 + 𝛾 log45 𝐼(𝑡)1			(4) 

where, 𝜂*123 is the PV module efficiency at the reference 
temperature 𝑇123 (at solar power 1000W/m2), 𝛽123 = 0.004	K-

1 is the temperature coefficient, and 𝛾 = 0.12 is the solar 
irradiance coefficients. The value 𝛾 log 𝐼(𝑡) take as zero, hence 
equation 4 reduce to be 

			η$ = 	η*123)1 − 𝛽123+𝑇$ − 𝑇12301									(5) 

C. Humidity Effect 

Humidity, which refers to the accumulation of tiny water 
droplets on the solar panels' surfaces side by side with the 
water evaporation, is one of the most critical factors that 
directly affects the output of solar cells and requires regular 
cleaning. The layer of water droplets on the solar panels 
reflects, refracts, and deflects the solar irradiance, reducing the 
intensity of the radiation reaching the solar cell. On the other 
hand, continuous exposure to moisture causes corrosion in 
solar cell panels, and the possibility of this corrosion increases 
with the increase in temperature on the surfaces of the cells 
[20-21]. The impact of moisture on the solar cell efficiency 
depends on the area of the solar collector (𝐴$), average incident 
solar radiation (𝐼'), total amount of water to be removed (𝑀6), 
latent heat of vaporization of water (𝐿&), power consumed by 
the fan (𝑃3), and power requirement of mobile alert system 
(𝑃-) according to the equation 6 [22]. 

	(%)	𝜂 =
𝑀6 × 𝐿&

(𝐼' × 𝐴$) + 𝑃3 + 𝑃-
× 100																		(6) 

III. METHODOLOGY OF THE PROPOSED SYSTEM  

Embedded system of smart monitoring IoT system and 
P&O-MPPT artificial intelligence algorithm were designed 
and constructed, as shown in Fig. 1. The constructed integrated 
system consisted of a LDR starter, relay, solar irradiance, Node 
MCU ESP8266 (ESP-12E), PV array, DC-DC converter, and 
P&O-MPPT.  

 
Figure 1. The block diagram of the proposed IoT and P&O system. 

A. IoT System  

The main description of the block diagram of the smart IoT 
system, the feeding system, and the flow chart are shown in 
Fig. 2. An integrated system of the radiation sensor LDR was 
connected to the Node MCU ESP8266 (ESP-12E) kit was built 
and fed through a PV to save energy and protect from outages. 
The Node MCU ESP8266 was programed to sense the solar 
irradiance (lux) and convert it to the solar power irradiance 
(W/m2) according to the illustrated conde in Fig. 3. 
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Fig. 2. The proposed IoT block diagram and flow chart. 

 
Figure 3. The programming code of the considered system. 

 
The Node MCU ESP8266 (ESP-12E) kit has been connected 
to router by TCP/IP protocol stacks, which gives the 
microcontroller access to the WiFi network. Finally, using 
HTTP protocol, an account was conducted on the ubidots to 
accelerate the data receiving and displaying online on a live 
profile.  
The constructed hardware of the IoT prototype is shown in Fig. 
4. A solar panel, charger controller, PV battery, LM7805CT 
regulator, smart operating system, Node MCU ESP8266 (ESP-
12E), and LDR sensor. In the smart operating system, the LDR 
starter was connected to the 5V relay driven by the BC547BP 

transistor. The smart operating system automatically controls 
the feeding power of the monitoring system depending on the 
solar LDR starter through the relay. The PV-battery output is 
linked to the regulator, which in turn is linked to the smart 
operating system and the Node MCU ESP8266 (ESP-12E). 
The radiation sensor directly feeds from the Node MCU, while 
the router feeds directly from the PV system to avoid the loss 
of transferred data due to power outages. 
 

 
Figure 4. The implemented IoT prototype a) The installed PV panel, 

LDR starter, and solar irradiance sensor and b) The practical control 
system, 1) LDR starter jumper, 2) 5V from regulator, 3) Operational 
amplifier, 4) Transistor BC547BP, 5) 5V Relay, 6) 5V to Node MCU, 7) 2 
jumpers from solar radiation sensor to 3.3V of Node MCU and analog 
pins A0, 8)Usb cable, 9) Node MCU ESP8266, 10) Regulator LM7805CT 
and diode 1N4007, 11) Solar charger controller (12V, 10A), 12) 
Rechargeable PV battery (12V, 7.2A), 13) Router, 14) Laptop, 15) Mobile  
phone. 

B. Artificial Intelligence Simulation  

To enhance the output power of PV systems through 
controlling the duty cycle of P&O, a PV-array linked to DC-
DC boost converter was built on MATLAB/ Simulink, as 
illustrated in Fig. 5. The PV array and DC-DC boost converter 
parameters are tabulated in Table 1. The constructed PV 
system was supplied by the measured solar power irradiance 
data, which were measured using the smart IoT technique. The 
output PV voltage and current are sensed by the P&O-MPPT 
algorithm. The P&O-MPPT controller algorithm modify the 
duty ratio and generating a PWM, which in turn transfer to the 
switch of the DC-DC boost converter. The proposed 
MATLAB/Simulink PV array model was built through three 
series PV modules in one string. The PV array for the studied 
system and fed by variable solar power irradiance at 25 ⁰C as 
shown in Fig. 5.  

 
Figure 5. The PV source linked with DC-DC boost converter. 
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Table I. The PV array and DC-DC converter characteristics. 

PV-array DC-DC converter 
Parallel strings 1 Inductor 10mH 

Series-connected 
modules per string 

3 Capacitor 500µF 

Module 1Soltech 
1STH-215-P 

Switching 
frequency  

50kHz 

Maximum Power 
(W)/ module 

213.15   

By properly adjusting the duty cycle, the maximum power 
output can be achieved. Here, P&O-MPPT algorithm was used 
to control the duty adjustment. Generally, the P&O-MPPT 
controller based on the voltage pulses perturbation, growth and 
reduction, around its initial value. The perturbation is the main 
factor affecting the duty cycle of PWM, which controls the 
DC-DC converter output [22].  The MPP is obtained through 
P&O by realizing the following condition 

∆𝑃%7∆𝑉%7 = 0																				(7) 

Hence, to improve the P&O output voltage, a changing in 
duty cycle D was carried out to tune the variable value of the 
perturbation through the factor ∆𝐷 as shown in Fig. 6. The 
fluctuation of the output value around MPP was controlled and 
minimized using reducing the step size. Step size makes a large 
change in the duty cycle if the operating point is far from MPP 
and reduces the change when the operating point is close to 
MPP. 

 

Figure 6. The improved P&O flowchart. 

The Simulink block diagram model of the P&O-MPPT 
algorithm is shown in Fig. 7. 

 
Figure 7. The block diagram of P&O MPPT controller. 

IV. RESULTS AND DISCUSSION 

Fig. 8 shows the measured solar profile of the building smart 
IoT system. The profile is displayed online live, moment by 
moment, through ubidots platform in several different 
graphical forms, as shown in Fig. 8. The ubidots platform is 
accessed directly through any device connected to the Internet, 
such as a mobile phone or laptop. 

 
Figure 8. The ubidots live visualization of the measured solar power 

irradiance using the proposed IoT system. 

The obtained simulation results of current, voltage, and 
maximum generated power waveforms of the conventional 
P&O and improved P&O under different solar irradiance 
conditions are shown in Fig. 9. First, it was found that both the 
current and voltage are dramatically influenced by irradiance 
changes.  It was observed from Fig. 9, the output voltage of the 
improved P&O is the highest due to the permanent control in 
the duty allowing tracking of the maximum power output. 
Consequently, the output power of the system based on the 
improved P&O outperforms that the conventional P&O for 
each value of solar irradiance.  
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Figure 9. The output current, voltage, and maximum output power of 

the conventional and improved P&O. 

V.  CONCLUSION 

A smart IoT technique depending on an integrated system of 
Node MCU ESP8266 (ESP-12E) was implemented to monitor 
the PV systems and the receive the solar power irradiance data 
quickly. On the other hand, a P&O-MPPT artificial 
intelligence algorithm was used to control the output voltage 
and current to enhance the output power of PV systems. The 
implemented IoT technique monitor, transfer, and lively 

display the solar power irradiance data successfully. The 
improved P&O-MPPT has a faster-reaching speed to MPP 
than conventional one. Hence, the produced smart IoT 
prototype can be used in the continuous monitoring of PV 
systems aiming to rapidly intervene to solve any encountering 
operating problems, which is positively affect the improving 
of the PV systems performance. On the other hand, the carried 
out modification on the P&O-MPPT enhanced the PV systems' 
ability to harvest maximum power output for a longer period. 
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