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Abstract: The share of photovoltaic (PV) power generation in the energy mix is increasing at a rapid
pace with dramatically increasing capacity addition through utility-scale PV power plants globally.
As PV plants are forecasted to be a major energy generator in the future, their reliable operation
remains of primary concern due to a possibility of faults in a tremendously huge number of PV panels
involved in power generation in larger plants. The precise detection of nature and the location of
the faults along with a prompt remedial mechanism is deemed crucial for smoother power plant
operation. The existing fault diagnostic methodologies based on thermal imaging of the panels
as well as electrical parameters through inverter possess certain limitations. The current article
deals with a novel fault diagnostic technique based on PV panel electrical parameters and junction
temperatures that can precisely locate and categorize the faults. The proposed scheme has been tested
on a 1.6 kW photovoltaic system for short circuit, open circuit, grounding, and partial shading faults.
The proposed method showed improved accuracy compared to thermal imaging on panel scale fault
detection, offering a possibility to adapt to the PV plant scale.

Keywords: photovoltaic system; fault detection; fault diagnostic; short circuit; open circuit; shaded faults;
ground faults; thermal signatures

1. Introduction

The current trends of market penetration of renewable energy sources are predicted to minimize
the reliance on conventional energy generation systems with annual capacity growth of 7.9% in 2018,
as shown in Figure 1 [1]. Photovoltaic (PV) is the second leading candidate amongst all renewables
and non-renewable resources with the highest new installations and a current installed capacity
of 486 GW [1,2].

Although PV systems showed tremendous market compatibility and scalability, yet they face
serious challenges in terms of maintaining a smooth power supply when applied to the utility-scale.
One of the main challenges facing PV plants is the diversity, location, and clearance time of panel faults
occurring frequently in the PV plants [3]. The PV generators are prone to faults on the generation side,
so-called direct current (DC), and on-grid integration side, so-called alternating current (AC), connected
through an inverter. The nature of faults frequently reported on the DC side include mismatch [4],
interconnection and connection [5], earth [6], arc [7], line to line [8], bypass diode [9], short circuit
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(5C) and open circuit (OC) [10], maximum power point tracking (MPPT) [11], and degradation [12].
The rate of fault occurrences increases as the panels degrade over time, reaching up to 0.8% per year
in the worst case [13]. Since the PV produces constantly varying electrical power depending on the
weather conditions, the associated electrical and thermal parameters constantly keep varying that
renders an enormous complexity to determine the nature of faults [14]. Additionally, with several
panels being connected in series as strings while the strings are connected in parallel as arrays that
feeds to an inverter, it is impossible to detect faults in individual panels based on string parameters [15].
Although the inverter can predict a fault in the string and get disconnected, it requires a manual
inspection to find out the origin of the fault at a panel level, which consumes a tremendous amount
of time, delaying the fault clearance [16]. To assure the efficient and reliable power supply, the fault
should be diagnosed and cleared with a minimum time delay.
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Figure 1. Renewable energy capacity growth [1].

Several fault monitoring methodologies ranging from manual observation to fully automated
diagnosis are currently being practiced. Generally, these techniques rely on the difference between
simulated and measured PV parameters to predict the fault. However, these monitoring methods are
unable to identify fault nature [17,18]. The power factor-based fault detection technique is utilized
to minimize the system cost, but unable to localize the faults at the modular level [19]. A sensor
network-based (online diagnostic) method is adopted to predict the fault at the module level. Although
the modular faults were detected efficiently, however, the system cost is the main constraint due to the
inclusion of several sensors [20]. A low coast web-based fault monitoring approach is studied in [21]
for a stand-alone PV system using the internet of things (IoT). Though several faults are localized
and classified, the technique implementation to the plant-scale solar power plant still needs to be
investigated. Artificial neural networks (ANN) based fault diagnostic approach is discussed in [22].
The PV system parameters are estimated to rely on the historical data by considering the irradiance
and temperature as input while power as output. Although a set of faults is detected effectively,
the established model is limited for a specific type of fault, and fault response time poses a serious
challenge to the PV system. In [23], thermal image analysis in conjunction with the convolutional
neural network-based structure are described to monitor the hotspots in PV modules. The limitation
of the technique is the non-uniform irradiance and environmental factors, e.g., soiling, shading
which can affect the efficiency of the method. A thermal parameters-based technique is introduced
in [24], which relies on the front and junction box temperature to reflect the fault at the module
level. The drawback of this monitoring technique is fault localization and its ability to detect a
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limited number of faults. Furthermore, the front surface thermal value can be affected by various
constraints, e.g., irradiance, dirt/dust, shading, and high ambient temperature as described in [25].
An efficient online hybrid (electrical and thermal) parameter fault monitoring approach is discussed
in [26]. Though the technique effectively helped localize and distinguish the faults with reasonable
cost employing fewer sensors, its applicability is only for fewer faults.

Recapitulating, an efficient and accurate online fault monitoring technique is necessary that could
localize and distinguish the faults on the module level. The cost factor should be minimized and
can be integrated without affecting solar module energy generation capacity. In this research work,
an online thermal parameters-based monitoring technique is studied. A number of fault conditions,
short circuit, open circuit, ground, and partial shading, are investigated. The validation and comparison
of the proposed technique is done through the thermography. The employed technique showed
promising and improved results in comparison with the currently used methods in terms of localization,
classification, reliability, and fault response time.

This paper is categorized as follows. Section 1 discusses the previously employed techniques
from manual observation to most advanced fault monitoring methods, their working principles,
and limitations. Section 2 describes the experimental setup methodology along with the required
sensors and cameras for sensing through imaging purposes. Section 3 discusses the results of various
fault conditions and their validation through thermal image analysis. Section 4 involves the discussion
of results achieved through the proposed scheme and its comparison with the currently employed
fault monitoring methods. Section 5 presents the overall investigation results and future enhancement
in the purposed research work.

2. Experimental Methodology

A 1.6 kW PV system is designed and installed at the Renewable Energy laboratory at the United
Arab Emirates University as shown in Figure 2 to evaluate the effectiveness of the proposed fault
monitoring technique. The system comprises of 10 polycrystalline PV panels from ReGen Power
having I-V characteristics summarized in Table 1 with a peak power capacity of 160 watts each. The PV
panels are arranged in two parallel arrays with a peak power capacity of 0.83 kilowatts comprised
of five PV panels in each array connected in series. The maximum voltage of 213.6 volts is achieved
through the module series connection, and output current maximization of 9.18 ampere is attained
through the array’s parallel connection.

Figure 2. Installed PV Array.
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Table 1. PV (photovoltaic) module IV characteristics.

Pmax 160 +3%

Vmax 36.20
Imax 4.59
Voc 43.32
Tsc 5.05

Where Pmax, Vimax, Imax, Voo, and Is. represent maximum output power, voltage, current at the
maximum power point, open-circuit voltage, and short circuit current, respectively. The generated PV
system power is dissipated through a 2 kW DC load employing 20 power resistors with a dissipation
capacity of 100 W each.

An on-site weather station (Devis Vantage Pro 2) was installed to monitor weather parameters of
solar radiation intensity, ambient temperature, and wind speed as shown in Figure 3b. The weather
data was measured to compare the experimentally measured parameters with the predicted model
parameters to confirm the effect of the fault on the panel parameters.

a b

Figure 3. (a) FLIR E-63900 Infrared Camera. (b) DEVIS Vantage Pro 2 Weather Station.

Initially, each module is individually calibrated at standard test conditions for the power
and temperature to confirm their state of health. The fault is induced randomly in the PV
modules and the response is recorded in terms of produced PV thermal parameters (temperature).
The temperature is measured at the PV front surface, rare surface, and junction box through a
k-type thermocouple. The measured data is recorded in the NI based data acquisition system
(NI-cDAQ™-9178) employing thermocouple module NI9213 and current/voltage module NI9229
interfaced with LABVIEW (LABVIEW 2014). Simultaneously, the array was tested through thermal
imaging employing FLIR-E63900 as shown in Figure 3a to compare the efficacy of the proposed
technique with an established technique in practice. The specifications of the measurement tools are
detailed in Table 2.
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Table 2. Fault diagnostic system specifications.

Parameter Measurement Device Model hs:laj:;:;?leg:t Resolution
Data logging National Instrument NI-cDAQ™-9178 +0.02%
Surface Temperature Logging National Instrument NI-analogue module 9213 —75to 250 °C +1%
Voltage Measurement National Instrument NI-analogue Module 9229 —75t0 250 °C +1%
Rear Surface Temperature measurement RS Components Ltd. K-types Thermocouple +1.5%
Front Surface Temperature FLIR FLIR-E63900 —-20 °C to +250 °C

The data acquisition time ranged from 08:00 a.m. to 04:00 p.m. in an attempt to monitor the full
day effect.

An algorithm is developed and tested to declare the fault on the host computer to confirm the
validity of the proposed method as shown in Figure 4.

Initialize
Diagnosis
Process

NO
NO Healthy NO NO

Conditions

Th-Tjz4 Th=-Tj<3 Ti-Th<4-6 Ti-Th26
Healthy Panel

Open Circuit Partial
Fault Shading Fault

Short Circuit

Monitoring Ground Fault Fault

Unit

Figure 4. Flow diagram of the PV fault diagnostic system.

Where Th indicates the healthy module temperature and Tj represents faulty module thermal
values. The measurement method for the fault monitoring process is shown in Figure 5. As shown in
Figure 5, sensors are connected to the PV modules. Module rear and front surfaces temperature are
represented by red and green discontinued lines while junction box temperature values are indicated by
blue lines, respectively. Sensors are interfaced with the data logger, which is linked to the monitoring
computer through the LABVIEW program. A fault is induced in one of the PV modules, and its
response is analyzed through the measurement of thermal values of the front surface, back surface,
and junction box. These temperature measurements are then compared to the pre-defined healthy
solar module thermal measurements under standard test conditions. The resulting deviation in the
thermal behavior between the healthy and faulty modules is declared as a fault. The fault classification
is indicated according to pre-set thermal ranges as defined in the flow diagram in Figure 4.

Furthermore, the technique is validated through thermal imaging by scanning the solar module
front surface thermal behavior through a thermal imaging camera as shown in Figure 3a. Through the
thermal imaging camera, the hotspot in the solar module is detected, and these measurements are
compared to the developed novel two-layered technique.
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Figure 5. Data flow for PV fault diagnostic system.
3. Results

In this proposed two-layered thermal signature-based method, several fault conditions, SC, OC,
grounded, and partial shading, are investigated. All the measurements are carried out through
thermocouples and validation of the technique is performed by employing the thermal imaging camera.
The developed scheme is implemented in the renewable energy laboratory at United Arab Emirates
University, United Arab Emirates.

3.1. Short Circuit Faults

The thermal behavior of the healthy and faulty (SC) PV module is shown in Figure 6. In Figure 6,
the red dotted line indicates the junction box temperature values while blue, green, and purple
represent the front and back surface temperature measurements, respectively. SC fault is induced
in one of the PV modules in the array, and its thermal behavior is studied and the fault is classified,
as explained in the flow diagram in Figure 4. Under normal operating conditions, the junction box
thermal characteristics of the healthy module (HM) and faulty module (FM) are similar. The variation
in thermal behavior arises as the short circuit is induced in one of the modules, as shown in Figure 5.
The solar module cells operate near maximum power point tracking (MPPT), where the magnitude of
dl/dV is higher. The difference in junction temperature is due to the difference between the cell SC
current (Igc ce1) with individual solar cell current, Is. moq. The cells that have a higher value of Iy ¢ are
operated at positive voltage indicators to minimize the current, while lower value I ]l might operate
as a negative voltage indicator to enhance the current. The accumulative sum of all the voltage is zero,
in response to which the output power flow from the module is zero. The generated power of each
cell is dissipated at the negative ones [14,27]. The reason for this variability is much evident near I,
the magnitude of dI/dV is small. Consequently, a greater voltage difference is necessary to minimize
the smaller difference in I . A higher voltage gap produced a greater power difference, and as a
result, higher thermal reading is recorded at the junction box of the solar module.
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Figure 6. PV module junction, front and back surface temperatures comparison under Short Circuit
fault conditions.

3.2. Short Circuit Faults Validation through Thermography

The technique is validated through the thermography by measuring the thermal behavior of the
PV panel front surface [28]. The front surface temperature readings of healthy and faulty modules are
recorded through the thermal camera as shown in Figure 7.

Figure 7. (a) Healthy PV module thermal characteristics; (b) PV module thermal characteristics under
Short Circuit Fault Condition.

Results in Figure 7a,b indicates the temperature reading of the healthy and faulty PV modules,
with an average difference in the temperature value of Tj-Th >5 °C. The higher temperature value is
due to the higher power flow in the external circuitry.

3.3. Ground Faults

A ground fault is induced in one of the PV arrays, and its thermal behavior is monitored through
the front, back, and junction box values according to the developed novel technique as shown in
Figure 8. Results indicate the difference in the junction box temperature between the healthy and
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grounded modules is due to the excessive power flow provided by the shorter path. The healthy
module exhibits similar thermal characteristics as explained in the case of the short circuit, but the
grounded module showed higher thermal behavior. The recorded average temperature difference is in
the range of Tj-Th <3 °C, while in the case of a short circuit, the average temperature difference was
between the Tj-Th >5 °C.
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Figure 8. PV module junction, front and back surface temperatures comparison under Ground
fault conditions.

3.4. Ground Faults Validation through Thermography

The technique is validated through the thermography of the solar module front surfaces as shown
in Figure 9. Figure 9a,b represents the healthy and faulty module’s front surface thermal characteristics,
respectively. The grounded panel shows higher thermal values due to the higher current flow through
the available shorter path as discussed in the case of short circuit fault.

Figure 9. (a) Healthy PV module thermal characteristics; (b) PV module thermal characteristics under
Ground Fault Condition.

3.5. Open Circuit Faults

An OC fault is induced in the array and its thermal effects are studied. The healthy and faulty
module’s thermal behavior is shown in Figure 10. As indicated in Figure 10, the thermal behavior of
the healthy module is identical, but the faulty (OC) module junction temperature shows the lower
temperature readings. The reason being the panels are connected in series, so by disconnecting the
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panel, there is no output power flow. The fault is monitored according to the flow diagram as shown
in Figure 4. The average difference in thermal value between the healthy and faulty PV modules is
Th-Tj 24 °C.
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Figure 10. PV module junction, front and back surface temperatures comparison under Open Circuit
fault conditions.

3.6. Open Circuit Circuit Faults Validation through Thermography

The technique is validated through the thermal imaging of the healthy and faulty (OC) module as
shown in Figure 11. Figure 11a,b exhibit the thermal measurements of the healthy and faulty module,
respectively. Results indicate that the faulty and healthy modules showed similar temperature values
due to the disconnection of a module in the array, and the fault is not detected through thermography,
which demonstrates that the proposed technique is effective compared to thermography in this
particular fault.

Figure 11. (a) Healthy PV module thermal characteristics; (b) PV module thermal characteristics under
Open Circuit Fault Conditions.
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3.7. Partial Shading Faults

The partially shaded fault is induced by covering one of the modules, and thermal readings are
monitored. Results in Figure 12 indicate that shaded module junction box temperature values are less
than healthy module temperature value. By shading the module, the module cell’s output decreases
proportionally by the amount of shading. Consequently, the output power flow was restricted to
a lower value, which resulted in the lower thermal readings, as explained in Figure 4. The fault is
detected through the average difference of temperature measurements between the healthy and faulty
panel, and it is in the range of Th-Tj <3.

80
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Figure 12. PV module junction, front and back surface temperatures comparison under partial shading
fault conditions.

All the faults and their respective temperature measurements through thermography and
developed novel thermal signature techniques are summarized in Table 3.

Table 3. Summary of the faults in the PV system, temperature differences, and monitoring methods.

Temperature Difference Fault Fault Monitorine by Thermal
No Type of Fault (Healthy and Faulty) in the Thermography  Monitoring by Sienature chh}rlli ue
Thermal Signature Technique Thermography 8 !
1 Short Circuit >5 47 v v
2 Grounded <4-5 22 v v
3 Open Circuit >4 0.9 No v
4 Partial Shading <3 No v

4. Discussion

Several fault conditions including short circuits, open circuit, grounding, and partial shading are
investigated through the solar module thermal signatures and validated by thermography. Solar module
front and back surfaces, and junction box temperature measurements are recorded through the data
logger on the computer. Faults are monitored and localized based upon the pre-defined thermal ranges
for individual faults types as described in Table 3. Through this technique, the faults are precisely and
efficiently diagnosed on the panel level with much faster fault diagnostic response time as compared to
the currently employed monitoring techniques, e.g., analytical and thermography [29,30]. It is evident
from Table 3 that the thermal behavior recorded through the developed monitoring method is more
precise than the thermography, as discussed in [28]. For instance, short circuit thermal values the
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temperature difference in more than 5 °C, while in the thermography it was 4.7 °C. Ground fault
exhibits a temperature difference of 4-5 °C, but thermal measurements recorded through thermography
show a deviation of 2.2 °C from healthy solar modules. In the open-circuit case, the fluctuations in
the thermal behavior between the healthy and fault modules are 4 °C and 0.9 °C in the case of novel
two-layered thermal signature technique and thermography, respectively. The deviation in recorded
temperature values in thermography can be attributed to many real-time constraints, e.g., irradiance,
dirt/dust, shading, and high ambient temperature, as discussed in [25]. The fault is not detected in the
open circuit scenario through the thermography while it showed promising results in the case of the
proposed two-layered thermal signature monitoring technique.

5. Conclusions

An online novel cost-effective thermal signature-based scheme was introduced for fault study in
the PV system. The scheme was implemented on a 1.6 kW PV system and based upon the comparison
of the thermal signatures between the healthy and faulty modules. National Instrument data collection
system interface with the LABVIEW program was employed along with the weather data vintage Pro
2. Various fault conditions were considered, e.g., open and short circuit, ground fault, and partially
shaded faults. The proposed scheme showed promising results for fault monitoring and diagnostic.
The validation of the thermal-based scheme was done through the thermography. Results indicated
that the developed technique is more effective than thermal imaging, which cannot monitor the open
circuit fault.

Furthermore, in the future, an automatic fault monitoring system will be introduced based
upon the thermal parameters which can diagnose and disconnect the faulty modules automatically
if required.
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Nomenclature

Abbreviations

AC Alternating Current

DC Direct Current

M Faulty Module

GF Ground Fault

HM Healthy Module

MPPT Maximum Power Point Tracking
oC Open Current

PV Photovoltaic

SC Short Circuit

Subscripts

Ipm Current at Maximum Power
Isc Short Circuit Current

Lsc,cell Cell Short Circuit Current
Peent Cell Output Power

Prax Maximum Output Power
Teell Cell Temperature

Vpm Voltage at Maximum Power
Voc Open Circuit Voltage

Veell Cell Voltage
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