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Abstract: Photovoltaic (PV) energy is increasingly recognized as an environmentally 
friendly source of renewable energy. Integrating PV systems into power grids involves 
power electronic inverters, adding complexity and evolving traditional grids into smarter 
systems. Ensuring the reliability of decentralized PV generation is crucial, particularly as 
PV systems are often exposed to extreme weather conditions. This study investigates the 
impact of temperature and solar radiation on the performance of a PV array, focusing on 
key characteristics such as open-circuit voltage (VOC), short-circuit current (ISC), and 
maximum power (PMAX). Using PSCAD/EMTDC simulations, the study analyses these 
characteristics under varying temperatures (5°C to 45°C) and radiation levels (200 W/m² 
to 1200 W/m²). Results indicate that VOC increases with higher irradiance but decreases 
with higher temperatures. ISC increases with both higher radiation and temperature, while 
PMAX is optimized at high irradiance and low temperatures. The impulse withstand 
voltage (Vimp), a critical factor for PV system reliability, is assessed according to the PD 
CLC/TS 50539-12 standard. Findings reveal that at low temperatures and high radiation, 
the Vimp requirement is highest, emphasizing the need for robust voltage protection in 
PV systems. These insights underscore the importance of considering local climate 
conditions and implementing effective thermal management to enhance the performance 
and reliability of PV systems. 
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1 Introduction 

HOTOVOLTAIC (PV) energy is widely regarded as 
one of the most environmentally friendly sources of 

renewable energy available, gaining widespread 
popularity due to government incentives globally and 
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growing steadily [1]. PV systems interface with power 
electronic inverters for integration into power grids, 
making traditional power systems increasingly complex 
and evolving into smarter grids. As decentralized 
generation via PV plants becomes more common, 
ensuring system reliability is crucial, especially since PV 
systems are often installed in large outdoor areas like 
rooftops or solar farms, exposing them to extreme 
weather conditions [2]. 

Extreme weather is anticipated to have significant 
global impacts, such as rising temperatures year by year 
[3]. The Intergovernmental Panel on Climate Change 
indicates that from 2013 to 2022, global surface and land 
temperatures were 1.15°C and 1.65°C higher than in 
1850-1900 in Sixth Assessment Report [4]. Malaysia, 
situated in the equatorial region, experiences 
consistently hot and sunny weather, receiving 400 – 600 
MJ/m2 of solar irradiation monthly, with an estimated 
maximum energy output of 6,500 MW, making it a 
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viable solar energy source [5].  
Solar systems predominantly use photovoltaic 

technology to convert solar radiation into direct current 
electricity. However, in hot climates like Malaysia, 
elevated ambient temperatures cause the surface of PV 
cells to overheat during operation. Climate change 
exacerbates this issue, potentially doubling the 
degradation rate of PV modules for every 10°C increase 
in surface temperature [6]. 

Many researchers have examined the impact of 
temperature and radiation on the output characteristics of 
solar cells [7-9]. However, the findings of these earlier 
studies and those of subsequent researchers [10-13] have 
often been inconsistent. For instance, study [9] found a 
0.05% efficiency drop at 60°C for polycrystalline PV 
modules, while study [13] reported a 15.5% efficiency 
gain in a photovoltaic thermal system using aluminium 
oxide nanofluid cooling, which reduced panel 
temperature by 22.83%. The uncooled system, however, 
reached 75.5°C with 12.156% efficiency. 

Generally, as temperature and radiation levels increase, 
the open-circuit voltage drops quickly, while the short-
circuit current increases gradually. However, the 
characteristics observed differ widely with varying 
temperatures or radiation among studies due to the 
design differences of the intricate solar PV system.  

Additionally, PV systems are increasingly vulnerable 
to lightning strikes due to their large, exposed 
installations. Lightning can cause overvoltage, 
disrupting operations and potentially damaging 
electronic components [14]. Such disruptions not only 
affect system functionality but also have significant 
economic impacts, hindering return on investment [15, 
16].  

Zaini et al., [17] emphasized the likelihood of 
lightning strikes on solar PV systems, analysing their 
effects and highlighting the importance of lightning 
protection to mitigate overvoltage and protect the 
system. Therefore, ensuring the reliable operation of 
grid-connected solar PV systems is essential, addressing 
safety and reliable interconnection challenges in a smart 
grid environment. Standards or guidelines for grid-
connected PV systems are crucial to safeguard against 
overvoltage and outages due to extreme weather. 

This paper analyses key characteristics such as open-
circuit voltage (VOC), short-circuit current (ISC), and 
maximum power (PMAX) of the PV array under varying 
temperatures and solar radiation. These characteristics 
are essential for determining the impulse withstand 
voltage of solar PV systems. 

2 Methodology 

A PV array is conducted to obtain the system 
characteristics such as open-circuit voltage, short-circuit 

current and maximum power under different 
temperatures and radiation. The open-circuit voltage 
obtained is compared to the impulse withstand voltage 
according to the standard PD CLC/TS 50539-12. 

2.1 PV Array Setup 
A solar PV array circuit was created to measure key 

characteristic quantities, specifically open-circuit voltage 
(VOC), short-circuit current (ISC), and maximum power 
(PMAX) of the PV array. The circuit used for these 
measurements is illustrated in Figure 1. To determine 
these quantities, the resistance (R) in the circuit is 
adjusted dynamically, ranging from almost zero (0.001 
Ω, simulating a short circuit) to a very high value 
(simulating an open circuit) over the simulation period 
(TIME), as depicted in Figure 1. Consequently, the 
terminal voltage (VPV) and current (IPV) of the PV 
array vary in response to changes in resistance (R). 

 
Fig. 1 PV array for measurement of open-circuit voltage, short 

circuit-current, and maximum power. 

The PV array setup involves configuring the PV 
modules, cells, irradiation, and temperature settings to 
simulate different environmental conditions. This setup 
allows for the precise adjustment of the PV array's 
parameters to study their effects on the array's 
performance. Double-clicking on the PV array in the 
simulation environment enables modification of these 
parameters, as illustrated in Figure 2. 

 
Fig. 2 PV array parameters. 
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The PSCAD/EMTDC simulation software was used to 
model the PV array's behaviour under varying 
temperatures and irradiance levels. The simulation was 
run for a duration of 2 seconds, with a solution time step 
of 10 μs and a channel plot step of 10 μs. This high-
resolution simulation allows for accurate capture of the 
dynamic responses of the PV array to changing 
resistance, temperature, and irradiance conditions. 

2.2 Impulse Withstand Voltage (Vimp) for Solar PV 
System 

There are a variety of situations that can lead to 
overvoltage issues in hybrid solar PV systems. These 
include direct lightning strikes on the external lightning 
protection system, lightning-induced currents travelling 
through the electrical network, and switching events in 
the distribution network [18]. Impulse withstand voltage 
(Vimp) is a crucial factor to consider when evaluating the 
reliability and performance of electronic components 
used in solar photovoltaic (PV) systems. This parameter 
refers to the maximum voltage that a component can 
withstand without experiencing damage or failure when 
subjected to an impulse or surge.  

The CLC/TS 61643-12 standard recommends 
maintaining a safety margin of at least 20% between the 
equipment's impulse withstand voltage and the 
protection voltage [18]. In solar PV systems, where 
components are exposed to various environmental issues 
and potential electrical disturbances [19], ensuring that 
the components have a high impulse withstand voltage is 
essential for protecting equipment, preventing 
downtime, reducing maintenance costs, and prolonging 
the lifespan of the system. By selecting components with 
a sufficient Vimp rating, system designers and installers 
can enhance the overall resilience and efficiency of the 
solar PV system, ultimately leading to improved 
performance and long-term reliability. 

Based on PD CLC/TS 50539-12 standard, Table 1 
details the impulse withstand voltage for equipment 
positioned on the DC side of the solar PV system such as 
solar PV array and inverters. This study compares the 
open-circuit voltage under different temperatures 
ranging from 5°C to 45°C and radiation ranging from 
200 W/m2 to 1200 W/m2 with the maximum open circuit 
voltage in Table 1, the impulse withstand voltage for a 
PV generator is focused and analysed. 

In this study, the impulse withstand voltage was 
determined for the PV array by comparing the measured 
VOC under different environmental conditions to the 
maximum open-circuit voltage specified in the PD 
CLC/TS 50539-12 standard. The results were used to 
assess the adequacy of the PV array's design in terms of 
voltage protection and to identify any potential 
vulnerabilities to overvoltage conditions. 

Table 1 Impulse withstand voltage for equipment of solar PV 
system [18] 

Maximum 
Open Circuit 

Voltage, 
VOC_MAX (V) 

  

Impulse Withstand Voltage (V) 

PV Generator Inverter Other 
Equipment 

100 800 2500 
(minimum 

requirement) 

800 
150 1500 1500 
300 2500 2500 
424 4000 4000 
600 4000 

4000 
4000 

800 5000 5000 
849 6000 6000 

1000 6000 6000 6000 
1500 8000 8000 8000 

3 Result 

In the PSCAD/EMTDC simulation, 2 s duration of run, 
10 μs solution time step, and 10 μs channel plot step were 
used. Figure 3 illustrates the changes in resistance (R) 
throughout the simulation period at a temperature of 25°C 
and an irradiance of 1000 W/m2, along with the 
corresponding variations in terminal voltage (VPV) and 
current (IPV). The open-circuit voltage, short-circuit 
current and maximum power for temperature of 25°C and 
an irradiance of 1000 W/m2 can be observed from Figure 
3, the system's maximum power reaches approximately 
254.18 kW, with an open-circuit voltage of 1.017 kV and 
a short-circuit current of 0.325 kA. 

 
Fig. 3 Variation of the resistance (R) in the circuit at 25°C and 
1000 W/m2 and the consequence variations in current, voltage 

and power. 

The open-circuit voltage, short-circuit current and 
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45°C and radiation ranging from 200 W/m2 to 1200 W/m2 
are tabulated in Table 2, Table 3 and Table 4 respectively.  

As radiation increases from 200 W/m² to 1200 W/m², 
the open-circuit voltage (VOC) generally increases across 
all temperatures. This is expected since higher irradiance 
levels generate more charge carriers, leading to higher 
voltage. As temperature increases from 5°C to 45°C, the 
VOC decreases for each radiation level. This is because 
higher temperatures increase the intrinsic carrier 
concentration in the semiconductor material, which 
reduces the bandgap energy and thus the open-circuit 
voltage. At 1200 W/m² and 5°C, the VOC reaches a 
significantly higher value of 1804.79 V compared to other 
temperatures, indicating that low temperatures combined 
with high irradiance levels optimize the open-circuit 
voltage. 

The short-circuit current (ISC) increases almost linearly 
with radiation levels for all temperatures. This is because 
the number of photons incident on the PV cells increases 
with higher radiation, generating more electron-hole pairs 
and thereby increasing the current. ISC slightly increases 
with temperature at each radiation level. Higher 
temperatures increase the mobility of charge carriers, 
contributing to a minor rise in current. At 1200 W/m² and 
45°C, the ISC reaches its highest value of 397.79 A, 
indicating that the current is most significantly affected by 
high irradiance, with temperature playing a secondary 
role. 

The maximum power output (PMAX) increases with 
radiation across all temperatures, as more sunlight directly 
translates to more power generation. PMAX decreases as 
temperature increases at each radiation level. This is due 
to the combined effects of reduced VOC and marginally 
increased ISC, leading to an overall decline in efficiency 
and maximum power. At 1200 W/m² and 5°C, the PMAX is 

highest reaching 312.43 kW, illustrating the optimal 
condition for power output with high irradiance and low 
temperature. 

The trends observed in the data are consistent with the 
theoretical expectations for photovoltaic systems. Higher 
irradiance levels enhance both the voltage and current, 
thus increasing power output. However, elevated 
temperatures negatively impact the voltage more 
significantly than they boost the current, resulting in 
decreased overall efficiency. The negative impact of 
temperature on VOC is more pronounced than the positive 
impact on ISC. This results in a lower maximum power 
output as the temperature increases, even though the 
current slightly rises.  

The best performance in terms of maximum power 
output is achieved under conditions of high irradiance and 
low temperature. For example, at 1200 W/m² and 5°C, the 
system achieves its highest power output of 312.43 kW. 
For optimal performance of solar PV systems, it is crucial 
to consider the local climate conditions. Systems installed 
in regions with high irradiance but moderate temperatures 
are likely to perform better. Additionally, thermal 
management strategies can be implemented to mitigate the 
adverse effects of high temperatures on PV systems. 

The data highlights the significant influence of both 
irradiance and temperature on the performance of solar 
PV systems. To maximize efficiency and power output, 
solar PV installations should ideally be situated in 
locations with high sunlight exposure and managed to 
maintain lower operating temperatures. This analysis 
underscores the importance of comprehensive 
environmental assessments and effective thermal 
management in the design and deployment of 
photovoltaic systems. 

 
Table 2 Open-circuit voltage of PV system under different temperatures and radiations 

Open circuit voltage (V) Radiation (W/m2) Temp. (°C) 200 400 600 800 1000 1200 
VOC 967.08 1003.7 1023.46 1037.07 1634.64 1804.79 5 
VOC 949.45 987.16 1007.57 1021.63 1032.36 1041.05 15 
VOC 931.7 970.49 991.54 1006.06 1017.15 1026.13 25 
VOC 913.84 953.69 975.39 990.36 1001.81 1011.07 35 
VOC 895.86 936.77 959.11 974.54 986.34 995.9 45 

                 
Table 3 Short-circuit current on PV system under different temperatures and radiations 

Short-circuit current (A) Radiation (W/m2) Temp. (°C) 200 400 600 800 1000 1200 
ISC 63.7 127.4 191.1 254.79 318.49 382.19 5 
ISC 64.35 128.7 193.05 257.39 321.74 386.09 15 
ISC 65 130 195 259.99 324.99 389.99 25 
ISC 65.65 131.3 196.95 262.59 328.24 393.89 35 
ISC 66.3 132.6 198.9 265.19 331.49 397.79 45 
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Table 4 Max power output of PV system under different temperatures and radiations 

Max power output (kW) 
Radiation (W/m2) 

Temp. (°C) 200 400 600 800 1000 1200 
PMAX 50.67 103.74 156.82 209.44 261.35 312.43 5 
PMAX 49.83 102.18 154.59 206.55 257.82 308.26 15 
PMAX 48.95 100.57 152.29 203.57 254.18 303.96 25 
PMAX 48.05 98.91 149.95 200.5 250.42 299.51 35 
PMAX 47.12 97.2 147.46 197.32 246.54 294.93 45 

 
After comparing the open-circuit voltage in Table 2 for 

each temperature and radiation with the Maximum Open 
Circuit Voltage in Table 1, the corresponding withstand 
voltage for the PV array is obtained and recorded in 
Table 5. After comparing the open-circuit voltage in 
Table 2 for each temperature and radiation with the 
Maximum Open Circuit Voltage in Table 1, the 
corresponding withstand voltage for the PV array is 
obtained and recorded in Table 5.  

At 5°C and lower radiation levels (200-800 W/m²), the 
impulse withstand voltage is recorded as 6000 V. For 
higher radiation levels (1000-1200 W/m²), the impulse 
withstand voltage increases to 8000 V. This increase 
corresponds to the higher open-circuit voltages observed 
in Table 2 at these conditions, indicating the PV system 
needs to withstand higher transients. 

Across all temperatures from 15°C to 45°C, the 
impulse withstand voltage remains constant at 6000 V 
regardless of the radiation level. This suggests that 
beyond a certain threshold, the impulse withstand 
voltage stabilizes, aligning with the fact that maximum 
open-circuit voltages do not exceed 1000 V significantly 
across these temperatures.  

The trend indicates that radiation has a more 
substantial impact on the impulse withstand voltage at 
lower temperatures. As the temperature rises, the effect 
of radiation on impulse withstand voltage becomes less 
pronounced. This implies that at higher temperatures, the 
PV system's capacity to handle voltage transients 
remains relatively constant, whereas, at lower 
temperatures, high radiation levels pose a greater risk of 
voltage spikes, requiring higher withstand voltages. 

The comparison between the open-circuit voltage and 
the maximum withstand voltage highlights the need for 
higher impulse withstand voltage ratings in PV arrays, 
particularly at low temperatures and high radiation 
levels. This ensures the PV system can handle higher 
transient voltages without damage. Therefore, designing 
PV systems with appropriate withstand voltage 
specifications is crucial for enhancing reliability and 

protecting against voltage spikes, especially under 
varying environmental conditions. It is also noted that 
transient voltages can cause degradation of electronic 
components that are not directly damaged by high 
voltage and current caused by lightning strikes [20]. 

4 Conclusion 

This study comprehensively analyses the influence of 
temperature and solar radiation on the key performance 
characteristics of PV arrays, including open-circuit 
voltage (VOC), short-circuit current (ISC), and maximum 
power (PMAX). The findings indicate that VOC increases 
with higher irradiance but decreases with rising 
temperatures. ISC shows a linear increase with both 
higher radiation and temperature, while PMAX achieves 
its highest values under conditions of high irradiance and 
low temperatures. 

One of the critical insights from this study is the 
importance of the impulse withstand voltage (Vimp) for 
PV systems, especially when exposed to extreme 
weather conditions. The analysis, based on the PD 
CLC/TS 50539-12 standard, reveals that PV systems 
require higher Vimp ratings at lower temperatures 
combined with high radiation levels to effectively handle 
transient voltage spikes. This is particularly crucial for 
ensuring the durability and reliability of PV systems 
installed in regions susceptible to extreme weather 
events. 
The study underscores the necessity of incorporating 
robust voltage protection mechanisms and effective 
thermal management strategies in the design and 
deployment of PV systems. Proper thermal management 
can mitigate the adverse effects of high temperatures on 
VOC and PMAX, thereby enhancing the overall efficiency 
and longevity of the PV systems. Additionally, selecting 
components with appropriate Vimp ratings is essential for 
protecting the system against overvoltage and ensuring 
continuous, reliable operation. 
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Table 5 Impulse withstand voltage of PV array under different temperatures and radiations 

Impulse withstand voltage 
(kV) 

Radiation (W/m2) 
Temp. (°C) 

200 400 600 800 1000 1200 
Vimp 6000 6000 6000 6000 8000 8000 5 
Vimp 6000 6000 6000 6000 6000 6000 15 
Vimp 6000 6000 6000 6000 6000 6000 25 
Vimp 6000 6000 6000 6000 6000 6000 35 
Vimp 6000 6000 6000 6000 6000 6000 45 

 
In conclusion, the performance of PV systems is 

significantly influenced by environmental factors such as 
temperature and irradiance. To maximize efficiency and 
reliability, PV installations should be tailored to local 
climatic conditions, and robust protective measures 
should be implemented. This approach will not only 
improve system performance but also safeguard against 
potential damage caused by extreme weather, ultimately 
leading to more sustainable and resilient solar energy 
solutions. 
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