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Abstract: Solar energy is the most promising renewable resource with an unbounded energy source,
capable of meeting all human energy requirements. Solar Photovoltaic (SPV) is an effective approach
to convert sunlight into electricity, and it has a promising future with consistently rising energy
demand. In this work, we propose a smart solution of outdoor performance characterization of
the SPV module utilizing a robust, lightweight, portable, and economical Outdoor Test Facility
(OTF) with the Internet of Things (IoT) capability. This approach is focused on the capacitive load-
based method, which offers improved accuracy and cost-effective data logging using Raspberry
Pi and enables the OTF to sweep during the characterization of the SPV module automatically. A
demonstration using an experimental setup is also provided in the paper to validate the proposed OTF.
This paper further discusses the advantages of using the capacitive load approach over the resistive
load approach. IoT’s inherent benefits empower the proposed OTF method on the backgrounds of
real-time tracking, data acquisition, and analysis for outdoor output performance characterization by
capturing Current–Voltage (I–V) and Power–Voltage (P–V) curves of the SPV module.

Keywords: internet of things; capacitive load; solar photovoltaic; performance characterization

1. Introduction

Energy production has a vitally significant effect on human development, and the
power demand has grown dramatically in the last two decades [1,2]. The energy is primarily
generated using fossil resources; however, the use of these non-renewable energy sources
is restricted by the production of ozone-depleting pollutants into the atmosphere and
their limited availability. [3,4]. These sources are rapidly exhausting, and their ongoing
usage has a considerable impact on the Earth. Renewable Energy (RE) is an alternative
approach to overcome these challenges, and solar is the most promising renewable resource
with an unbounded source of energy. Solar Photovoltaic (SPV)-based power generation
is an effective approach to converting sunlight into electricity. It has several advantages:
low emissions, lower operating costs, and an inexhaustible energy source over other RE
sources [5–9]. This eventually implies that sunlight is ensured in the future. Every day the
Earth much more energy from the Sun than the combined fossil fuel energy utilization.

In electricity production, there is an emerging development of power systems with a
Grid-Connected Photovoltaic System (GCPS) [10]. Current evidence indicates that excellent
outcomes are being accomplished in SPV based systems [11,12]. Harvesting of solar energy
for various applications leads to significant progress in RE research, which demonstrates the
future direction of research in this field [13–16]. SPV cell technology has a promising future
with consistently rising energy demand [17]. The installed capacity of all photovoltaic (PV)
systems worldwide is currently higher than that of all other renewable energy systems,
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amounting to 125 GW in 2020 [18]. Several approaches for monitoring SPV performance
and measuring device degradation trends in outdoor data have been suggested [19–22].
The Outdoor Test Facility (OTF) is one of the practical and widely used methods, which
is also suggested by the National Renewable Energy Laboratory (NREL) [23]. OTF is
significant in evaluating the on-field long-term performance, reliability, and failures of the
photovoltaic (PV) system and its components. By analyzing logged time-series data, the
long-term degradation rate and factors affecting them are quickly evaluated.

This research aims to quantify degradation and the reasons behind the failure in the
field [24]. In this study, short-term performance analysis of SPV modules installed at the
outdoor location is logged and analyzed using developed OTF. It is also demonstrated that
the non-linear degradation rates for silicon modules are typically less than 1%/year [25,26].
The choice of a suitable geographical location for the construction of solar power plants
also plays a vital role in designing an effective PV-based power project [27]. The effects
of incident light intensity, incident angle, and atmospheric temperature on the energy
harvesting output and Maximum Power Point (MPP) estimation of SPV modules have a
significant influence on the overall efficiency of the system [28,29]. This research proposes
the use of the Internet of things (IoT) for the outdoor performance characterization of SPV
string, which demonstrates cost-effective data acquisition, interrelated computing, and
power generator management. IoT eases the data collection and data transfers with the
wireless network to gain the Enhanced Monitoring and Control (EMC) of SPV generator.

This research comprises a Super Capacitor load-based approach over other conven-
tionally used methods to gain the advantage of auto-sweep. In this study, the time-series
data of solar photovoltaic is analyzed using tools represented by a set of Python scripts.
These tools have been established to put together the best practices and years of research on
the degradation analysis of SPV. In the SPV array field adjacent to the OTF, several electrical
data points are logged with important real-time meteorological data. This work primarily
focuses on continuous and periodic measurements of the I–V and P–V curves of SPV
modules. These captured data are managed in a local and remote database with automated
standardized calculations for quality assurance and performance determination. The data
are analyzed in more detail for better data visualization. Over the period, researchers have
explored the advantages of the capacitive load based method. In this paper, we propose
the use of super capacitive load-based smart OTF using IoT because it facilitates auto
sweep feature. The benefit of using the super capacitive load-based method is that it offers
high-resolution data capturing with sufficient scan time to sweep the characteristic curve.
The integration of IoT with super capacitive load-based method provides an advantage of
remote database logging with automated standardized calculations for quality assurance
and performance determination. In this section, a brief introduction of SPV technology
with the need of smart OTF for the performance monitoring and output characterization
of high power rated SPV module in the RE industry is discussed. In Section 2, the details
about the capacitive load-based approach for developed OTF using block diagram and
step-wise integration of hardware with the program’s progress flowchart are discussed.
Section 3 demonstrates the experimental validation of the proposed OTF and the capacitive
load-based method’s outcomes, which is followed by the conclusion in Section 4.

2. Proposed Methods, Tools, and Technique for OTF

SPV generator outdoor performance characterization is typically checked under vary-
ing load conditions. The impedance of load varies from Isc to Voc and vice versa within a
very short period of time to capture characteristic curves. Sweeping the curves in a rapidly
evolving environment and the atmosphere is a challenge [30,31]. SPV module is an active
energy generating device, and the OTF serves as a load that utilizes internal load circuitry
to the sweep characteristic curve. SPV module is connected directly to the supercapacitor
using an electromagnetic relay switch controlled by a Python script. This tends to vary
capacitor charge current to capture curve trace from no resistance to infinite resistance
path by emulating as a variable resistance. The primary building blocks for the proposed
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OTF are SPV array, Sensors, Electrical load Unit, and Data Acquisition and Computation
(DAQC) Unit. The SPV array acts as Device Under Test (DUT). The sensor unit comprises
different sensors, namely Voltage Divider Circuit (VDC), ADS712, SP-110-SS pyranometer,
and DS18B20 for voltage, current, light irradiance, and module temperature measurement,
respectively. The load unit consists of Super capacitor-based electrical load and discharge
circuitry. Raspberry Pi 3B model works as DAQC Unit, used for data acquisition, data
logging, data processing, and computation. Figure 1 illustrates the detailed block diagram
of the proposed OTF.

Figure 1. Detailed block diagram of proposed OTF.

2.1. SPV Array

Two crystalline silicon SPV modules of 260 Wp each were installed on the SPV labora-
tory’s terrace for OTF research. These modules are connected in series, offering the total
maximum output power of 520 Wp. For this experiment’s validation purpose, only one
module has been considered from the modules mounted on the rooftop (Figure 2). The
geographical location information along with the electrical and mechanical specification of
the Standard Test Condition (STC) are shown in Table 1.
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Figure 2. IB60-24V-260W mounted on rooftop.

Table 1. On-site mounted SPV module specification.

On-Site Location Details

Plant Location SIT, Pune, India
Module Make Integrated Batteries India Pvt. Ltd.

Model IB60-24V-260W
Type of Module Mono-crystalline
Module Wattage 260 Wp

Tilt Angle 18◦

Azimuth 180◦ (Facing South)
Installation Type Roof Top Mount

Latitude 18◦32′27.9′′ N
Longitude 73◦43′43.2′′ E

Electrical Data at STC

Vmp 30.72 V
Imp 8.48 A
Voc 37.50 V
Isc 8.97 A
Pm 260 Wp

Efficiency 16.01 (%)

Temperature Coefficients

β −0.31 (◦C)
α 0.0402 (◦C)
γ −0.426 (◦C)

Mechanical Data

Dimension (L ×W × H) mm 1335 × 987 × 40
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2.2. Sensors
2.2.1. Voltage Measurement

Measurement of SPV output DC voltage usually requires a handheld Digital Multi-
meter (DMM) with high voltage measuring capability. However, in this study, the simple
resistor based high-voltage divider circuit is used for logging SPV output DC voltage data
points. This output voltage is logged automatically using a microprocessor or microcon-
troller along with the necessary safety measures. This guarantees voltage isolation and
prevents other circuits from high voltage surges. The combination of 1 and 10 kΩ metal
film resistors is used as a voltage divider to step down DC output voltage to below 5 V.
This analog DC voltage is then converted to equivalent digital value using ADS1015, an
external 12-bit Analog to Digital Converter (ADC). This digital value is then recorded for
further processing by the Raspberry Pi minicomputer device.

2.2.2. Current Measurement

The SPV module’s DC output current can be measured using various current sensors
such as small shunt resistor, ADS712, and DC current transducer manufactured LEM [32].
Here, an economical and readily available hall-effect based bidirectional ACS712 current
sensor module is used to measure the SPV output DC current data points accurately. The
ACS712 provides an output of 2.5 V with a 5 V supply voltage without a load connected
to the SPV system. As current flows, a magnetic field is produced, which is sensed by the
Hall-effect sensor. This magnetic field then transforms into a related voltage. The output
DC current equivalent voltage is converted to a digital value using external ADC ADS1015
and recorded with the Raspberry Pi minicomputer. This enables the system input and
output to be fully isolated.

2.2.3. Light Irradiance (G) Measurement

Sensors that measures global short-wave radiation are known as pyranometers. The
Apogee SP series are silicon-cell calibrated pyranometers, which are only responsive to the
portion of the solar spectrum, between 350 and 1100 nm. Here, the apogee self-powered
SP-110-SS pyranometer is used to measure light irradiance (G), which has a sensitivity of a
0.2 mV/Wm−2. This pyranometer consists of a cast acrylic diffuser (filter), a photosensor,
and a signal processing device assembled in a cast aluminum case. This module is linked to
the external ADC port, which converts the analog voltage to a digital equivalent and logs
into a data logger. For proper alignment of the pyranometer sensor, the structure of the SPV
module is mounted to test the planer surface irradiance (does not have to be horizontal)
in outdoor conditions, where the radiation emanates from all angles of a hemisphere,
as shown in Figure 3. The sensor’s analog voltage signal is directly proportional to the
intensity of sunlight on a flat surface.

Figure 3. Mounted Apogee SP-110-SS pyranometer with alignment of SPV module.
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2.2.4. SPV Module Temperature Measurement

All electrical parameters with their corresponding temperature coefficients are labeled
on the backside of the SPV panel [33]. The output electrical parameters are normally mea-
sured at a temperature of 25 ◦C under STC [34–37]. Fluctuations of ambient temperature
result in a change in SPV cell temperature that significantly affects the output of the SPV
generator [38,39]. The DS18B20 sensor at the rear of the SPV module is installed to monitor
the SPV module temperature (Tm) continuously and is decoupled from the atmosphere
using Kapton tape.

2.3. Electrical Load Unit
2.3.1. Capacitive Load

After investigating the most relevant loading methods [19,20,40–45], capacitive load-
ing approach is selected to obtain electrical curves of the SPV module which is also widely
used method for all available commercial OTFs. The reactive component, similar to a
capacitor, offers a low resistance path during charging, and an infinite resistance path
after capacitor voltage equals the DC input voltage produced by the SPV module. This
auto-sweep capability of capacitor allows using it as a load to automatically and precisely
sweep the electrical curve from Isc to Voc, with minimal voltage and current ripple [46].
There are several types of capacitors available, but, depending on the type of task to be
performed, they can differ. The transient amplitude of the load, the voltage deviation speci-
fications, and the capacitor’s impedance each influence the selection of the capacitor. Other
important selection factors to be considered include minimizing the PCB area, availability,
and capacitor cost. Figure 4 depicts the overlapping applications of various capacitors.
Here, Aluminum Electrolytic Capacitors (AEC) or supercapacitors are ideally suited as they
have better low-frequency characteristics and are available in a wide variety of capacitance
values with low Equivalent Series Resistance (ESR), as shown in Figure 5.

Figure 4. Overlapping applications of different type of capacitors.
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Figure 5. Range of available capacitance for different type of capacitors.

The proposed I–V curve tracer design with a capacitive load (C) is shown in Figure 6.
The parallel combination of the 100 F 2.7 V supercapacitor is used to obtain an equivalent
capacitance value of 5.5 F 48.6 V. Considering safety margin, capacitors with a voltage rating
more than the value of Voc are used while designing electrical load unit. While capturing
the I–V trace, switch S1 is in the ON state; however, switch S2 is in the OFF state. This
connects the SPV module directly to load. Here, Electromagnetic Relays (ER) are used as
switches, and both switches are controlled by Raspberry Pi microprocessor and well-timed
using Python script. The use of a supercapacitor makes the device more effective and offers
improved results for high-power rating SPV module output characteristics. The low ESR of
the capacitive load is the more precise way of collecting close to accurate Isc since it initially
emulates a low resistance. This approach enables Isc and Voc to be collected more precisely
for various solar irradiance conditions as well as in Partial Shading Condition (PSC).

Figure 6. Circuit diagram of capacitive load (C) method with discharge circuit (R).

The time to sweep the curve from Isc to Voc, known as the Scan Time (Tscan), depends
on the choice of the value of capacitance used as a load. The higher is the capacitance value,
the longer is the Tscan to sweep the curve, also known as Data Acquisition (DAQ) time
of ADC used in the OTF. Warner and Cox III [47] proposed Equation (1), by simplifying
the voltage equation across the capacitor in the capacitive load method with the unity Fill
Factor (FF) consideration. This gives the relation among curve tracer Tscan (Sec), Isc (Amps),
Voc (Volts), and C (F). In this approach, the SPV array, switching element, and capacitor are
in shunt with each other.
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Tscan = [Voc/Isc] ∗ C (1)

For the SPV string level arrangement, Erkaya et al. [32] proposed Equation (2) to
accurately estimate Tscan.

Tscan = 1.1 ∗ [Voc/Isc] ∗ C (2)

2.3.2. Discharge Circuitry

To begin the new sweep cycle without any error, the charged capacitor must first be
discharged entirely after tracing the previous curve. This can be achieved by switching
OFF S1 and switching ON S2. A heat sinkable component such as a resistor, rheostat, or
any light bulb that can withstand the voltage stored in the capacitor is needed to discharge
the capacitor safely in the shortest time possible. In this study, a resistance bank comprised
of a set of an Aluminum Housed Heat Sink (AHHS) is used to absorb heat during capacitor
discharge by releasing heat into the air. As shown in Figure 7, the discharge circuit with
five identical heat sink resistors of 300 Ω, 100 W specification are connected in parallel.
This leads to an equivalent resistance of 60 Ω, 500 W for the capacitor’s safe discharge after
the capture cycle. Equation (3) specifies the minimum time required to safely discharge
the capacitor [47], where τ is the maximum time the capacitor requires to discharge, Req
is the equivalent resistance of discharge circuitry, and C is the value of capacitance in the
electrical load circuitry.

τ >= 5 ∗ Req ∗ C (3)

Figure 7. Heat sinkable high wattage resistor.

2.4. Data Acquisition and Computation (DAQC)
2.4.1. Data Logger

The analog output of the voltage divider circuit, the ACS712 current sensor, the SP-
110-SS pyranometer, and the DB18B20 temperature sensor are directly given to the external
ADC, which converts it into a digital equivalent value. These data are first logged, and
then monitored and processed by Raspberry Pi 3B, programmed with a Python script.
Measurements of the electrical and meteorological parameters are recorded in real-time
and are used for STC correction. The process flow chart of the designed outdoor test facility
is shown in Figure 8. The results collected on the field are displayed on the 7-inch touch
screen display. OTF is designed with a user-friendly Graphical User Interface (GUI) using
a Python script to improve user interaction. The Raspberry Pi 3B model has integrated
Wi-fi and Ethernet modules that connect OTF to the network. This enables wireless data
sharing through the cloud or the IoT platform.



Energies 2021, 14, 788 9 of 18

Figure 8. Progress Flowchart of Proposed OTF.

2.4.2. STC Correction

The effect of changing meteorological parameters will give an inaccurate reading of
instantaneous current and voltage [48]. To reduce this effect, the electrical parameters
calculated must be corrected with the conversion of the STC using temperature coefficients
such as α, β, and γ [49–51]. The STC conversion for electrical parameters calculated is
estimated using Equations (4) and (5),

VSTC = Vmeas[1 + [β ∗ ln(GSTC/G) + [β ∗ (TSTC − Tm)]]] (4)

ISTC = Imeas[1 + [α− |(TSTC − Tm)| ∗ (GSTC/G)]] (5)

where VSTC and ISTC are STC labeled voltage and current values, respectively; Vmeas and
Imeas are the voltage and current measured during I–V tracing, respectively; GSTC and TSTC
are the light irradiance (1000 W/m2), and SPV module temperature during STC (25 ◦C),
respectively; G is the instantaneous light irradiance measured using pyranometer; Tm is
the SPV module instantaneous temperature measured using a temperature sensor; β is
the thermal coefficient of the open-circuit voltage; and α is the thermal coefficient of the
short-circuit current.

Raspberry Pi records and processes the instantaneous digital values of I, V, G, and Tm
and serves as a central processing unit within the proposed OTF. Although the high-power
rating SPV module is characterized, adequate insulation for safety during operation is
required. Galvanic isolation is one of the best approaches, which is used in the proposed
OTF to safeguard the main circuitry and Raspberry Pi microprocessor from unnecessary
surge and short-circuit safety. This can also help minimize interference and ensure that the
technician/engineer is safe when handling OTF during operation.

3. Results and Discussion

This study collected SPV performance datasets for accurate outdoor performance
characterization.
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3.1. Outcomes of the Conventional Method (Resistive Load)

A characterization curve is obtained using one of the conventional approaches to
load the SPV module. This would also help to validate the results of the proposed OTF
measurements. The 300 Ω Rheostat is used as a resistive load, which varies manually
between the minimum and maximum load resistance. This approach is commonly used,
simple, economical, and has valuable outcomes for characterizing low-power SPV modules.
The sampling frequency depends on the operator’s experience during the overall operation.
The SPV module’s electrical parameters obtained from sweeping I–V and P–V curves for
the IB60-24V-260W module and related meteorological parameters at various time instants
on the same day are shown in Table 2.

However, from the results tabulated, it can be seen that the accuracy of this strategy
does have some drawbacks, such as no ability to monitor constantly evolving working and
environmental conditions. The available range of resistors is large, bulky, expensive, and
unable to characterize high-power SPV modules [20,52]. This approach shows inherent
losses for high-power SPV modules through heat dissipation during the process [53,54].

Table 2. Measured electrical parameters of IB60-24V-260W module on the different time-stamps with result analysis for
resistive load.

G (W/m2) Tm (◦C) Voc Vm Isc Im Pm

STC Specification 1000 25 Reference (A) 37.7 30.9 8.89 8.42 260.18

11:00 A.M. 756.5 46.5

Measured 33.51 26.81 6.78 6.24 169

STC Corrected (B) 35.75 28.6 6.86 6.31 180.47

Absolute Error [C = |(A− B)|] 1.95 2.3 2.03 2.11 79.71

Relative Error [RE = C/A] 0.052 0.074 0.228 0.251 0.306

% Accuracy [%D = 100−%RE] 94.8 92.6 77.2 74.9 69.4

12:00 P.M. 833.3 48.8

Measured 33.79 27.03 6.89 6.34 171.37

STC Corrected (B) 36.29 29.03 6.97 6.41 186.08

Absolute Error [C = |(A− B)|] 1.41 1.87 1.92 2.01 74.1

Relative Error [RE = C/A] 0.037 0.061 0.216 0.239 0.285

% Accuracy [%D = 100−%RE] 96.3 93.9 78.4 76.1 71.5

01:00 P.M. 873.9 49.5

Measured 34.18 27.69 7.04 6.48 179.43

STC Corrected (B) 36.78 29.79 7.12 6.55 195.12

Absolute Error [C = |(A− B)|] 0.92 1.11 1.77 1.87 65.06

Relative Error [RE = C/A] 0.024 0.036 0.199 0.222 0.25

% Accuracy [%D = 100−%RE] 97.6 96.4 80.1 77.8 75

02:00 P.M. 890.3 50.7

Measured 34.23 27.9 7.29 6.71 187.21

STC Corrected (B) 36.96 30.12 7.37 6.79 204.51

Absolute Error [C = |(A− B)|] 0.74 0.78 1.52 1.63 55.67

Relative Error [RE = C/A] 0.02 0.025 0.171 0.194 0.214

% Accuracy [%D = 100−%RE] 98 97.5 82.9 80.6 78.6

03:00 P.M. 870.4 51.3

Measured 34.13 27.3 6.95 6.39 174.45

STC Corrected (B) 36.91 29.53 7.03 6.47 191.06

Absolute Error [C = |(A− B)|] 0.79 1.37 1.86 1.95 69.12

Relative Error [RE = C/A] 0.021 0.044 0.209 0.232 0.266

% Accuracy [%D = 100−%RE] 97.9 95.6 79.1 76.8 73.4
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3.2. Outcomes of the Proposed Method (Capacitive Load)

The actual hardware setup for OTF is shown in Figure 9. The manufacturer defines
the SPV module’s electrical ratings on the backside under the STC condition that is used as
a reference in the measurement of error estimation and percent accuracy calculations. The
Tscan and sampling frequency fsamp were chosen experimentally to maximize the proposed
OTF performance and efficiency [30], as tabulated in Table 3.

Figure 9. Actual hardware setup for OTF.

Table 3. Tscan calculation for proposed OTF.

Capacitor used in OTF 5.5 F, 48.6 V

Data Rate of ADC 128 SPS

Data points of Current 1500 Points

Data points of Voltage 1500 Points

Total data points logged 3000 Points

Calculated DAQ time for ADC 23.4375 s

Actual/Measured DAQ time 28.2767 s

Voc (Volts)/Isc(Amps) Ratio 4.24

Tscan by calculated using Equation (1) 23.32 s

The capacitance value and voltage rating of capacitor load should be higher than the
calculated value for protection and accuracy. However, it should not be too high as the
Tscan rise could affect the working condition during the charging of the capacitor. The
measurement speed of the device in OTF is inversely proportional to the value of the
capacitor, whereas Tscan also relies on the current and voltage ratings of the SPV module.
Small power rated SPV module needs smaller Tscan than high power rated SPV modules.
The higher sampling frequency can help to smoothen the I–V curve. The higher is the
sampling frequency of the external ADC, the more data are on the I–V curve. Tscan is
theoretically calculated for all the capacitors which are used in the proposed OTF using
Equation (1), as shown in Table 4. This capacitor bank is used to test the hardware and
capture the most accurate and smooth I–V curve. It can also be inferred that a higher
G value corresponds to a higher current and consequently delivers high power with
minimal Tscan.
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Table 4. Designed capacitor bank with Tscan calculation for IB60-24V-260W SPV module.

Capacitor Used in OTF
Equivalent Capacitance

Value
Voltage Rating of Capacitor
Used in OTF Hardware (V )

Tscan

IB60-24V-260W

2200 uF 2200 uF 50 V 9.32 ms

4700 uF 4700 uF 50 V 19.93 ms

4700 uF × 2 (series) 2350 uF 50 V 9.96 ms

4700 uF × 2 (parallel) 9400 uF 50 V 39.86 ms

4700 uF × 2 × 2 (series and parallel) 4700 uF 50 V 19.93 ms

5.5 F Super capacitor 5.5 F 48.6 V 23.32 s

IoT application to OTF makes it possible to analyze real-time data collection and helps
SPV data analysts manage SPV modules and related electrical components for real-time
failure analysis. The results below demonstrate that the derived electrical parameters
of the SPV module using capacitive load-based OTF nearly resembles the STC reference
values. External ADC ADS1015 is used with a value of gain set to 8 and a data rate of
128 Samples Per Second (SPS) to improve the I–V trace curve’s resolution. These results
are derived from the captured I–V and P–V curves and corrected using the STC and
temperature coefficient correction using Equations (4) and (5). Table 5 shows the results for
the capacitive load-based OTF that is measured on the same day on different instants of
time as a resistive load-based OTF.

Figures 10 and 11 shows captured I–V and P–V curves for SPV IB60-24V-260W on
different time-stamps for the proposed OTF system. Obtaining voltage and current data
values one by one at a data rate of 128SPS, the proposed OTF would take at least 23.32 s
to capture 3000 data. The actual scan time (Tscan) is more than the theoretically calculated
value due to the delay in relay switching, which is 28.2767 s.

Figure 10. Captured I–V plots using proposed OTF for different time-stamps.
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Table 5. Measured electrical parameters of IB60-24V-260W on the different time-stamps with result analysis for capacitive
load.

G (W/m2) Tm (◦C) Voc Vm Isc Im Pm

STC Specification 1000 25 Reference (A) 37.7 30.9 8.89 8.42 260.18

11:00 A.M. 756.5 46.5

Measured 34.82 28.14 7.59 7.07 198.95

STC Corrected (B) 37.14 30.02 7.68 7.15 214.64

Absolute Error [C = |(A− B)|] 0.56 0.88 1.21 1.27 45.54

Relative Error [RE = C/A] 0.015 0.028 0.136 0.151 0.175

% Accuracy [%D = 100−%RE] 98.5 97.2 86.4 84.9 82.5

12:00 P.M. 833.3 48.8

Measured 34.84 28.33 7.75 7.24 205.11

STC Corrected (B) 37.41 30.42 7.84 7.32 222.67

Absolute Error [C = |(A− B)|] 0.29 0.48 1.05 1.1 37.51

Relative Error [RE = C/A] 0.008 0.016 0.118 0.131 0.144

% Accuracy [%D = 100−%RE] 99.2 98.4 88.2 86.9 85.6

01:00 P.M. 873.9 49.5

Measured 34.88 28.41 8.19 7.76 220.46

STC Corrected (B) 37.53 30.57 8.28 7.85 239.97

Absolute Error [C = |(A− B)|] 0.17 0.33 0.61 0.57 20.21

Relative Error [RE = C/A] 0.005 0.011 0.069 0.068 0.078

% Accuracy [%D = 100−%RE] 99.5 98.9 93.1 93.2 92.2

02:00 P.M. 890.3 50.7

Measured 34.62 28.24 8.61 8.13 229.59

STC Corrected (B) 37.38 30.49 8.71 8.22 250.63

Absolute Error [C = |(A− B)|] 0.32 0.41 0.18 0.2 9.55

Relative Error [RE = C/A] 0.008 0.013 0.02 0.024 0.037

% Accuracy [%D = 100−%RE] 99.2 98.7 98 97.6 96.3

03:00 P.M. 870.4 51.3

Measured 34.57 28.19 8.11 7.67 216.22

STC Corrected (B) 37.39 30.49 8.21 7.76 236.6

Absolute Error [C = |(A− B)|] 0.31 0.41 0.68 0.66 23.58

Relative Error [RE = C/A] 0.008 0.013 0.076 0.078 0.091

% Accuracy [%D = 100−%RE] 99.2 98.7 92.4 92.2 90.9

The proposed OTF is tested for both uniform and non-uniform conditions of G.
Raspberry Pi 3B model, which is used for Data Acquisition (DAQ), curve plotting, and com-
putations, has built-in Wi-Fi and LAN networking and can be easily linked to the network.
The 7-inch Raspberry Pi touch screen hardware allows the on-site device inspections in
remote areas where Wi-Fi or LAN network connectivity is difficult to establish. It also has
the Internet of Things (IoT) functionality as the obtained datasets are sent to the ThingSpeak
IoT Remote Access Portal (RAP) for further analysis and study of captured I–V and P–V
curves. This makes the hardware more efficient and stable [55,56]. At any time and from
anywhere, collected real-time data can be analyzed and assessed to take the necessary steps
to maintain the SPV module’s efficiency. Using Python libraries, a user-friendly GUI is
developed to display I–V and P–V curves locally for better understanding. This proposed
OTF assists the maintenance engineer to detect early-stage faults and helps to schedule
maintenance accordingly. This also helps to predict power plant degradation.
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Figure 11. Captured P–V plots using proposed OTF for different time-stamps.

3.3. Comparison of Resistive and Capacitive Load Method

For the proposed setup, the highest accuracy of voltage (V) data point measurement
offered by the resistive load configuration is 98%, while, for the capacitive load configu-
ration, it is 99.5%. Similarly, the maximum accuracy of measurement of data points for
current (I) offered by the resistive load configuration is 82.9%, whereas the capacitive load
configuration is 98%. For the capacitive load method, the voltage measurement accuracy
shows marginal improvement, but it shows significant improvement when measuring
the current. The accuracy during the current (I) data point measurement for capacitive
load configuration indicates the ability of the OTF to work under the variable climatic and
environmental conditions. This makes the proposed setup more feasible and robust under
non-uniform conditions.

Considering the maximum G of 890.3 W/m2 at the time-stamp of 14:00, the Resistive
load-based configuration measures the maximum power of the IB60-24V-260W SPV module
as 187.21 Wp with an error of 21.4%. During the same instance of time, the capacitive load-
based method measures 229.59 Wp with an error of 3.7%. This shows capacitive load
method is more accurate than the resistive load method. The data obtained at time-stamp
13:00 and 15:00 having nearly the same G (approximately 870 W/m2) but different Tm show
the apparent difference between the measured current and voltage data points. It shows
the effect of G and Tm on the instantaneous voltage and current data points measurement.
This concludes that the greater is the light irradiance, the higher is the current, but with
higher the module temperature the voltage only slightly decreases. At the time-stamp of
14:00, the maximum G is measured, which is also indicated by the voltage and current data
measured by the OTF.

4. Conclusions

The experiment showed that the overall maximum accuracy offered by the conven-
tional resistive (ohmic) load-based method for voltage, current, and power is 98%, 82.9%,
and 78.6%, respectively. In contrast, for the proposed capacitive load based OTF, it is
99.2%, 98%, and 96.3% respectively, which shows a better improvement compared to the
traditional resistive load method. It can be concluded that, in the proposed capacitive
load based OTF, there is a maximum error of 3.7% for the Pm measurement. This can
be attributed to the effect of internal resistance and parasitic behavior of components in
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the circuit while capturing current data points. This arises due to resistance in SPV cell
metallization, SPV cell solder bonds, interconnected bus-bars, resistance in junction box
termination, manufacturing defects, device degradation, and parallel high conductivity
paths through solar cell or on the solar cell edges.

This paper describes the design and development of an OTF for SPV module that is
smart, economical, compact, and easily configurable. The proposed approach for develop-
ing the OTF to characterize the SPV module is focused on the capacitive load-based module,
which offers cost-effective data logging using Raspberry Pi. The usage of the capacitor
loading enables the OTF to sweep during the SPV module’s characterization automatically.
It would also make OTF scalable to characterize SPV systems up to 50 V open-circuit
voltage and 10 A short circuit current. This system is able to inspect and track the output
of SPV modules on a regular basis, and it becomes very useful, especially when the SPV
modules are installed on a remote location coupled with an IoT platform. IoT’s two-way
networking capability helps to address emergencies quickly and facilitates reducing power
losses by taking necessary actions and reduce the cost of O&M significantly.
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Abbreviations
The following abbreviations are used in this manuscript:
ADC Analog to Digital Converter
AEC Aluminium Electrolytic Capacitor
AHHS Aluminium Housed Heat Sink
C Capacitor Load in uF
CPU Central Processing Unit
DAQC Data Acquisition and Control
DMM Digital Multi-meter
DUT Device Under Test
EMC Enhanced Monitoring and Control
ER Electromagnetic Relays
ESR Equivalent Series Resistance
FF Fill Factor
G Light Irradiance in W/m2

GSTC Light Irradiance at STC in W/m2

GCPS Grid Connected Photovoltaic System
GUI Graphical User Interface
Im Maximum Current in Amps
Isc Short Circuit Current in Amps
ISTC STC Corrected Current in Amps
IoT Internet of Things
I–V Current–Voltage
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MPP Maximum Power Point
NREL National Renewable Energy Laboratory
OTF Outdoor Test Facility
O&M Operation and Maintenance
Pm Maximum Power in Wp
PSC Partial Shading Condition
PV Photovoltaic
P–V Power–Voltage
RAP Remote Access Portal
RE Renewable Energy
S1 Switch 1
S2 Switch 2
SPS Sample Per Second
SPV Solar Photovoltaic
STC Standard Test Condition
Tm Module Temperature ms
Tscan Scan Time in ms
TSTC Module Temperature at STC in /circC
Vm Maximum Voltage in V
Voc Open Circuit Voltage in V
VSTC STC corrected Voltage V
Wi-Fi Wireless Fidelity
VDC Voltage Divider Circuit
β Thermal coefficient of the open-circuit voltage in (%/circC)
α Thermal coefficient of the short-circuit current in (%/circC)
γ Thermal coefficient of the Power in (%/circC)
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