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ABSTRACT This paper outlines a novel design of low-cost, portable, fast, and precise Current-Voltage Curve
Tracer (IVCT) with automated parameter extraction for high power rated Solar Photovoltaic (SPV) modules
to effectively and efficiently determine the outdoor operating status of SPV power generators. The developed
IVCT is based on a Raspberry Pi microprocessor, a super-capacitive load, heat sinkable discharge resistances,
and sensors with high sensitivity and resolution for measuring light irradiance, module temperature, current,
and voltage. The proposed Outdoor Test Facility (OTF) consists of an Current-Voltage (I — V') and a Power-
Voltage (P — V) curve tracer that uses a dynamic loading supercapacitor to safely and quickly scan the
SPV module performance characteristics under real-world operating conditions. It also helps to achieve
uniform sampling with better data accuracy. It uses Raspberry Pi as a central processing unit for low-cost
data acquisition, data logging, and data computation. Furthermore, results from on-field testing of various
small-scale SPV modules show that the / — V tracer can acquire higher-resolution characteristics curves and
perform accurate model parameter recognition in real-time. Proposed IVCT can measure individual SPV
modules without altering the electrical interconnection circuit, and the operating point can be shifted to 20 A
and 45 V in few seconds. The proposed system recomposes the SPV module / — V characteristics based on
this variance, with accuracies of 1 to 3% for the region near maximum power.

INDEX TERMS I-V curve tracer, capacitive load, Internet of Things (IoT), on-site / — V curve measurement,

solar photovoltaic.

I. INTRODUCTION

In recent years, the development of renewable and sustain-
able solar energy has accelerated worldwide as a source of
green electricity to address issues such as fossil fuel deple-
tion, pollution, climate change, and other concerns [1]-[5].
Solar Photovoltaic (SPV) power generation is a feasible and
most widely adopted method of directly transforming sun-
light into electricity for solar energy harvesting and can be
implemented in residential and commercial spaces [6]-[9].
The SPV modules are the core device for SPV power genera-
tion systems expected to run outdoors for decades. However,
due to the harsh outdoor environment, the SPV module’s
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long-term viability will inevitably undergo normal aging,
resulting in a gradual decrease in power efficiency [10]-[13].
The impact of incident light angle, intensity, and ambient
temperature on energy harvesting performance and Maxi-
mum Power Point (MPP) estimation of SPV modules sig-
nificantly impacts the system’s overall efficiency [14], [15].
Identifying an ideal geographical location for solar power
plants’ installation is also crucial in designing a viable
SPV-based power project [16]. According to the study,
Non-linear degradation rates for silicon modules are usu-
ally less than 1% a year [17]. Regardless of how bright
the future of solar energy appears to be, there are still sev-
eral challenges to overcome, including low-performance effi-
ciency, relatively high cost, climate dependency, and storage
space [18]-[24].
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The output I — V curves of SPV modules are usually
obtained using the Current-Voltage Curve Tracer (IVCT)
device to verify SPV arrays’ electrical performance under
actual operating conditions to detect anomalies and/or
faults [25]-[28]. IVCT device can be used regularly to capture
the I — V characteristics of SPV cells, modules, strings, and
arrays to see how solar irradiance and temperature affect SPV
generator performance [29], [30]. Simultaneously, managing
a large SPV power plant requires maintenance rescheduling
and fault detection before failure, which is often needed to
increase performance and reliability [31]. Based on onsite
IVCT data, several researchers have investigated diagnostic
strategies [32]-[34]. IVCT is a fast and accurate way to check
performance and troubleshoot issues before becoming sig-
nificant [35]. Many simple characteristic parameters can be
derived directly from I — V curves, such as open-circuit volt-
age (Vyc), short circuit current (I.), maximum current (7,,;),
and maximum voltage (V;;,), as well as Fill Factor (FF) [36].
When these parameters are STC correlated with ambient irra-
diance and temperature, the SPV power generator’s operating
state can be evaluated. Compared to such direct parameters,
internal model parameter specifics are more important for
determining SPV modules/arrays’ performance [37], [38].
These parameters must be extracted from data collected with
I — V curve tracers [39]-[42].

The SPV module’s characteristics curve must be swept
under uniform and non-uniform operating environmental
conditions to track an SPV power generator’s MPP [43].
These characteristic curves are unimodal in uniform con-
ditions, whereas they are multimodal in non-uniform
conditions [44]. Non-uniform conditions, such as irradi-
ance variance, can be exacerbated by the sun’s displace-
ment during the day, soiling, and shadowing [45]-[48].
Nearby buildings, trees, and objects cause the Partial Shading
Condition (PSC). Soiling occurs due to dirt and dust accu-
mulation on the SPV module protective glass. It results in
irreversible hot spot damage and, in severe situations, module
failure [49]-[51]. Local shading, impaired cells, module mis-
match, short circuit bypass diodes, reduced shunt resistance,
and increased series resistance are signs of impairments seen
in the characteristic I-V curve’s shape [52]-[54]. Several
I — V curve testing methods, including the variable resistive
load method [55]-[57], DC-DC loading methods [58], [59],
varying electronic load methods (e-load) [56], [60]-[66], and
capacitor charging dependent load methods [52], [67]-[72],
have been proposed in recent years.

This study proposes a Super Capacitor load-based tech-
nique to achieve auto-sweep over other commonly used
methods in the literature, allowing higher resolution data
collection with adequate scan time to sweep the characteristic
curve. We use the Internet of Things (IoT) in conjunction with
a super capacitive load-based IVCT device’s novel design to
characterize high power rated SPV modules up to 900 W,,.
This allows Enhanced Monitoring and Control (EMC), cost-
effective data collection, interconnected computation, and
power generator management for remote database logging
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and automatic structured measurements for quality assurance
and performance determination [73], [74]. The short-term
output of silicon mono-crystalline SPV modules deployed
at an outdoor location is logged and evaluated using several
electrical and meteorological parameter sensors integrated
with Raspberry-pi microprocessor. The data points for the
I —V and P—V curves of SPV modules are continuously and
periodically swept and logged. These collected data points
are stored in a local as well as remote database with an
Automatic Structured Storage Strategy (ASSS) for quality
assurance and success determination. The logged time-series
data points are analyzed in more detail for better data visu-
alization and interpretation with tools represented by a set of
Python scripts. The captured I — V curves are analyzed to
evaluate the SPV modules’ performance and determine the
extent of degradation and the causes of failure in the field.
In this introductory section, the need for SPV-generated
renewable energy is addressed with several challenges in
the SPV research field. This section also focuses on the
need for loT-based smart IVCT devices for the performance
monitoring and output characterization of the high power-
rated SPV module in the Renewable Energy (RE) industry.
Section 2 contrasts current / — V curve tracing typologies
and summarizes their benefits and drawbacks. The proposed
capacitor charging-based IVCT device’s design and imple-
mentation are addressed in Section 3 using block diagrams
and step-by-step hardware integration. Section 4 demon-
strates and compares the experimentally measured and STC
converted data points with resistive load-based outcomes to
validate the capacitive load-based method’s outcomes to sum-
marize the different reasons behind the / —V curve’s variation
from the one provided by the manufacturer. Finally, section 5,
conclusion with future research directives, are discussed.

+’7

SPV Module %7 SPV Module | | i
i EFH R2Z |R3|R4|R5 |RE6 |RT i

Variable -
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N4 N T '

FIGURE 1. Resistive load approach.

Il. OVERVIEW OF ELECTRICAL LOADING TYPOLOGIES

A. RESISTIVE LOAD METHOD

In the resistive load approach, the SPV cell or SPV mod-
ule is directly linked to a variable resistor or resistive load
bank for characterization, as shown in Figure 1. A manu-
ally actuated rheostats [75]-[77] or switch-controlled power
resistors [78]-[80] are used to change resistance step-wise.
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The SPV characterization curve’s data points are logged by
changing the electrical load’s resistance from minimum to
maximum, which helps to move the trace from a short cir-
cuit to an open circuit. Electromechanical relays are used to
choose the desired resistor combination, which reduces scan
time. A computer card or electronic circuitry can regulate
the operating sequence of an electromechanical relay array.
To ensure safe and accurate assessment, resistor power ratings
are kept slightly higher than operating power. Power resistors
are used to dissipate power while preventing the resistive part
from overheating.

1) ADVANTAGES
« This method is simple, straightforward, economical.
o Produces noticeable results for small power-rated SPV
modules characterization.

2) DRAWBACKS

o Time-consuming and labor-intensive, imprecise and
rigid.

« Not suitable for non-uniform climatic conditions and
practical engineering applications.

o Unable to determine the exact value of I;c.

« A wide range of power resistors is needed to characterize
high power rated SPV module, which becomes heavy,
bulky, and expensive.

« Another factor to consider is the scarcity of high-power
resistors.

o The sample data points on the I — V curve will be
limited due to the limited combination of available
resistors [78].

+ MOSFET
Vos
Control
Circuit
SPV Module §
R
GND
A4

FIGURE 2. Electronic load approach.

B. ELECTRONIC LOAD

Usually, e-load methods use power transistors such as
MOSFET, BIJT, or IGBT [81]-[83]. When MOSFET oper-
ates in a linear (ohmic/triode) region, it emulates as a vari-
able resistor where the resistance between the drain and
the source (Rps) varies with the gate-source driving volt-
age (Vis) as shown in Figure 2. A BJT, on the other hand,
is a current regulated current source that operates as a con-
trollable impedance by gradually varying the input current
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ramp signal. In [84], the authors have proposed and designed
IVCT using an electronic load approach with a low-cost
Wireless Sensor Network (WSN) to gain the advantage of
automated data logging for the distributed SPV modules.

1) ADVANTAGES
o The use of programmable microcontroller aid in the
automate and accelerate signal measurements during
sweep of curve [85], [86].
o Characteristic curves can be swept in any direction, from
open circuit to short circuit and back again.

2) DRAWBACKS

e MOSFETs exhibit a finite value of Rpgn) in the
saturation region, resulting in incorrect measurement
near I [87].

o« MOSFET cannot generate Ips in the cut-off region,
resulting in incorrect measurement near V. [87].

o Transistors are only used for low power rating SPV
module characterization since they can only hold high
power for a few milliseconds as a load.

o When it comes to high power ratings, a heat sink and
cooling fans are needed for safe operation [87], [88].

o Due to the non-negligible influence of the parasitic,
capacitive, and inductive MOSFET parameters, measur-
ing error occurs [89].

o The gate capacitance (Cg) of MOSFETs is high, and
it should be charged above the threshold voltage (Vy),
necessitating an additional Gate Driver Circuit (GDC),
which provides high output current to charge gate capac-
itance quickly [89].

+ h 4
WM
Signal
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SPV Module DC. DC
Converter
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vV

FIGURE 3. DC-DC converter load approach.

C. DC-DC LOAD

For SPV modules’ characterization, the DC-DC converter
(chopper), which emulates as a loss-free variable impedance,
is used to trace the curve from a short to open circuit and
vice-versa [90], [91] Figure 3 shows that a DC-DC converter
can shift the DC voltage’s magnitude up or down and/or
reverse the polarity using an electronically generated PWM
signal with a constant frequency, and variable duty cycle (D)
from O to 1 [92]. In [93], author have characterized the output
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performance of SPV module by analyzing and simulating a
programmable buck converter with IGBT-based switching.
In [94], portable IVCT is proposed by the author, which is
based on the DC-DC Cuk converter for the characterization
of SPV modules of up to 300 W,,. In [95], the authors have
used Source Meter Unit (SMU) controlled by MATLAB
software, which emulates as DC-DC load-based IVCT with
electromechanical relay switching to sweep the characteristic
curve of small scale SPV module. The microcontroller-based
electronic circuit is used to control the duty cycle of the PWM
signal, which speeds up the operation, resulting in a shorter
overall scan time and more evenly distributed data points on
the characteristic curve [96].

1) ADVANTAGES
« Can sweep in both directions from short circuit to open
circuit and vice versa.
o In rapidly changing irradiance and PSC, this method
provides a high degree of stability.

2) DRAWBACKS

« Buck and Boost DC-DC converters cannot measure val-
ues near I and V,. of the SPV module, respectively.

« It cannot control duty cycle above 80 percent leads to
error in measurement.

o It will take some time to complete the characteris-
tic curve sweep, which causes power sinking during
operation [97].

D. BIPOLAR POWER SUPPLY

In this approach, a Class-B power amplifier is used as a load,
with two BJTs handling forward and reverse current. BJTs
must function in the cut-off, active, and saturation regions for
best performance. It employs two complementary transistors
(NPN and PNP), each receiving the same control signal of
equal magnitude but opposite phase. Initially, the comple-
mentary pair of BJT’s operating points are located in the cut-
off region. The function generator is used as a stepped voltage
source in conjunction with a DC power amplifier to provide
the high test current required by the SPV cell or SPV module.
Artificial light is used as a solar simulator combined with
an automatic setup based on a computer-connected standard
GPIB instrument to characterize the SPV module. The oper-
ator will measure and log current and voltage values using
individual digital multimeters.

1) ADVANTAGES
o A programmable microcontroller aids in the accurate
sweep of a characteristic curve.
o The characteristic curve can be swept in all directions,
from short to open circuit and vice versa.

2) DRAWBACKS
o During operation, the power delivered by the SPV
cell or SPV module must be dissipated by BJTs, limiting
the use of load to medium power.
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« The use of a heat sink to dissipate heat makes the device
bulky and expensive.

E. FOUR QUADRANT POWER SUPPLY

A four-quadrant power supply is one whose output can be
varied by a reference input signal or designed to sweep a
specific set of values. this approach is capable of supplying
(current source) and dissipating (current sink) power. Voltage
and current values will be positive or negative, allowing the
power source to be used in all four quadrants. The voltage
sweep of the power supply can be regulated electronically
using a microcontroller or microprocessor. In this approach,
A manual step-wise minor shift in bipolar transistor’s operat-
ing point and power supply voltage leads to a change in load
resistance from open circuit to short circuit condition [55].
The SPV module’s I — V curve is in the first quadrant. How-
ever, extrapolation near short circuit current and open circuit
voltage causes data points to scatter into the second and fourth
quadrants, respectively, which aids in detecting potential loss
and mismatching. A four-quadrant power supply is used to
mimic real-world load characteristics when measuring and
analyzing DC power supplies and other DC output volt-
age sources such as a fuel cell, batteries, SPV generators,
and so on.

1) ADVANTAGES
« A sweeping characteristic curve in all quadrants pro-
vides valuable information about the performance of the
SPV module.

2) DRAWBACKS

o This form of power supply is costly and difficult to
design.

F. CAPACITIVE LOAD
On the other hand, the capacitor loading approach uses the
capacitor’s emulation property as a variable resistor. When
the SPV module’s DC output voltage is applied to the capac-
itor, the capacitor’s charge increases, the amplitude of the
current decreases, and the voltage gradually rise. This method
charges the capacitor passively until it exceeds open-circuit
voltage and records the characteristic curve’s data points.
It employs many high-voltage capacitors connected to active
switches to meet various [-V monitoring requirements as the
load changes [98], [99]. Since the capacitors’ terminal voltage
does not change suddenly and grows progressively as the
charge increases, the output / —V curves from I to V,,. can be
obtained automatically during the capacitor charging phase.
Figure 4 depicts a typical measuring circuit used in this
typology-based system. In [100]-[104], the authors have
proposed the main circuit and hardware prototypes for a
capacitive load-based system. The instantaneous voltage
and current values are obtained directly by connecting the
SPV module’s terminals to the capacitive load through the
S1 switch. After completing the measurement, any heat sink-
able component, such as a resistor, is connected using the
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FIGURE 4. Capacitor loading approach.

S2 switch, which is used to discharge the capacitor charge.
In [105], authors have used electrolytic capacitor based load
to characterize 5 Wp SPV module, which is controlled by the
microcontroller.

In the literature [67], [70], [106], [107], several authors
have suggested formulas to determine the scan time for a
capacitive load-based approach to sweep the I — V curve
from I, to V., which is a very short run. Capacitors used in
measurements may be sized to match the measurement time
and resolution required. Furthermore, since capacitors pri-
marily store electric charges and consume very little power,
this method is reliable and safe. This method is versatile and
practical enough to provide accurate and better results when
partial shading condition occurs, or the weather is rapidly
changing. This loading approach also assists in recognizing
global and local MPP [108], [109]. This method offers natural
sweep with reduced voltage and current ripples during mea-
surement and accurate and precise I and V,. values during
characteristic curve trace. This method is used by the majority
of commercially available / — V curve tracers for small
power-rated SPV modules to high power-rated SPV arrays
that make this method scalable. To capture characteristic
curves of different SPV modules, the capacitor used in IVCT
must cover a wide range of capacitance, voltage, and inrush
current, using bulky and costly capacitors for tracing.

1) ADVANTAGES
« With changing irradiance conditions and in PSC, there
is a high degree of versatility [109].
¢ Measurements of I, and V,. with minimum error
and ripple.

2) DRAWBACKS

« Requires additional discharge circuitry to dissipate
stored charge of the capacitor safely.

« A high-quality electrolytic capacitor with a low Equiva-
lent Series Resistance (ESR) is expensive.

o For the characterization of high power rating SPV
cells or SPV modules, the size of the capacitor becomes
large and bulky.
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1Il. DESIGN AND DEVELOPMENT OF PROPOSED
CAPACITOR CHARGING BASED IVCT

This section focuses on the device architecture of the pro-
posed IVCT and the components and sensors used in the
design. The detailed block diagram, electronic component-
based block diagram, and electronic component circuit
connection diagram of the conducted experimental setup
of the proposed IVCT for the SPV module are shown
in Figures 5, 6, and 7, respectively.

H )
SPV SPV : - -
Module Module | : T
1B60-24V-260W | | IB60-24V-260W E G
Outdoor SPV i 1 1
Unit i
1 l v Data Logger
Curve Plotter
Super
Capacitor e b L O
$TC and ' Raspberry pi 3B model, 40-pin extended :
a, B, \' i GPIO, wireless LAN, Quad Core 1.2GHz |
Correction : Broadcom BCM2837 64bit CPU, 1GB RAM '
D'S_Ch'-"_rge PV Parameter Data Storage
Circuitry Extraction g
| User Environment |
Load Unit . .
Central Processing Unit (CPU)

i—‘

loT Platform ‘

FIGURE 5. Detailed block diagram of proposed capacitor load based IVCT.

The outdoor performance characterization is routinely
monitored under variable load conditions using the pro-
posed capacitive loading topology-based IVCT configura-
tion for the SPV power generator. To acquire characteristic
curves, the load impedance changes from Iy to V,. in a
very short amount of time. Sweeping the curves in a con-
tinuously changing climate and environment is challenging
[110], [111]. The SPV module generates active energy, while
the IVCT acts as a load, sweeping the characteristic curve
with internal load circuitry. The SPV module is directly
connected to the supercapacitor through an electromagnetic
relay switch managed and controlled by a Python script.
It causes the capacitor charge current to increase to track the
curve trace from no resistance to infinite resistance direc-
tion by simulating as a variable resistance. The outdoor
SPV unit, Sensors unit, Load Unit, and Central Processing
Unit (CPU) are the primary building blocks for the proposed
IVCT design.

The outdoor SPV unit performs the function of Device
Under Test (DUT). Voltage Divider Circuit (VDC), ADS712,
SP-110-SS pyranometer, and DS18B20 sensors are used in
the sensor unit to measure voltage, current, light irradiance,
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FIGURE 6. Electronic component based block diagram of IVCT design.
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FIGURE 7. Electronic component circuit connection diagram.

and module temperature, respectively. The load unit com-
prises a super capacitor-based electrical load and a heat
sinkable resistor-based discharge circuitry. A single small
board of Raspberry-Pi 3B microprocessor computer serves
as a CPU for data logger, curve plotter, STC correction, SPV
parameter extraction, and data storage. The CPU also acts
as a data acquisition, data logging, and data computation
application. The proposed IVCT’s measurement ranges and
some specifications are shown in Table 1.
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A. OUTDOOR SPV UNIT

For the experimentation, two silicon mono-crystalline SPV
modules are considered as a DUT in this study. It has a power
rating of 260 W), each, installed on the SPV laboratory’s
terrace for IVCT research. These SPV modules are connected
in parallel, offering the total maximum output power of
520 W,,. For this experiment’s validation purpose, the SPV
module has been mounted on the outdoor location, as shown
in figure 8. The geographical location information and the
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TABLE 1. Measuring ranges and some specifications of the
developed IVCT.

Measuring ranges

Voltage 45V

Current 20 A

Module Temperature -55°Cto+125°C

Light Irradiance 1500 W/m?2
Display

7” touch screen display.
Resolution: 800 x 480 Pixel.
10 finger capacitive touch.
On-screen virtual keyboard.

Operations
Raspbian OS.
Set of code written in Python.
Power Supply

Triple port output.
20000 mAh lithium polymer battery continuous operation > 6 hours.)
Inbuilt 12 layer chip protection for power bank charging.
18 W lightning charging.
Four LEDs at the front panel to display power bank’s charging status.
Dimensions
WxHxD:30.48 cm x 12.7 cm x 30.48 cm
Weight: 2.5 kg

FIGURE 8. 520 Wp SPV module as DUT.

electrical specification at Standard Test Condition (STC) with
other mechanical specifications provided by the manufacturer
are shown in Table 2.

B. LOAD UNIT

The load unit consists of a super-capacitor as an electrical
load with the heat sinkable components as a discharge cir-
cuitry to ensure safety.

1) SUPER CAPACITOR

After investigating the most appropriate load resistance
typologies [112]-[116], the capacitor-based load approach is
selected to obtain the SPV module’s I —V curve. This method
is also generally used for most of the available commercial
IVCTs. A capacitor offers a low resistance path during charg-
ing and an infinite resistance path after capacitor voltage
equals the SPV module DC output voltage. It will help trace
the I — V curve naturally, automatically, and precisely with
minimal voltage and current ripple [117]. There are several
types of capacitors available, but they can differ depending on
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TABLE 2. On-site mounted SPV module characteristics.

On-Site Location Details
Location SIU, Pune, India
Module Make Integrated Batteries India Pvt. Ltd.
Model IB60-24V-260W
Type of Module Mono-crystalline
Number of Modules 2
Total Output Power 520 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
Vinp 309V
Imyp 16.84 A
Voe 377V
Isc 17.78 A
P, 520 Wp
N 72
n 16.01 (%)
Temperature Coefficients
B8 —-0.0031 (°C)
«a 0.000402 (°C)
vy —0.00426 (°C)
Mechanical Data
Dimension (L x W x H) mm 1335 x 987 x 40
Surface [m?] 1.318

the type of task to be performed. While selecting capacitors
for electrical load, specific criteria need to consider for safety
and measurement accuracy. The capacitors voltage rating
should be at least 15% higher than the SPV module output
DC voltage. The capacitor’s selection is also influenced by
the voltage variance parameters, the load’s transient ampli-
tude, and the capacitor’s impedance. Other essential selection
factors to be considered includes availability, cost, and min-
imizing the PCB area. Table 3 shows the maximum possible
capacitance, voltage rating, operating temperature range, and
applications of various types of capacitors. Aluminum Elec-
trolytic Capacitors (AEC) or supercapacitors are best suitable
as an electrical load in IVCT device as they have low toler-
ance, better low-frequency characteristics, and are available
in a broad range with low equivalent series resistance (ESR).
Figure 9 shows the actual electronic circuit topology design
used in the proposed IVCT.

2) DISCHARGE CIRCUITRY

After tracing the I — V curve, the heat sinkable component
must discharge the charged capacitor ultimately to begin the
new sweep cycle without any initial error. It can be accom-
plished by switching OFF charge switch S1 and switching
ON discharge switch S2. Here two-channel 5V operated
electromechanical relay is used as a switch. These switches’
timing and operation are taken care of by the python script
and the Raspberry pi microprocessor. Any heat sinkable like
a resistor, rheostat, or light bulb can be used for this task. The
initial requirement for selecting any component as a discharg-
ing element is to withstand the voltage stored in the capacitor.
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TABLE 3. Capacitor type comparison.

Type of the Capacitor Max. possible | Voltage Max. operating | Applications
Capacitance range Temperature
)

Aluminum Electrolytic | < IF 600V 85 to 150 DC buffering, DC/AC, AC/AC converter

Capacitor (AEC) >500W, Frequency converter, Smoothing,
DC Link

Film Capacitor < ImF 3kV Max 110 Timing, Snubbing, S/H ADC, TV flyback
tunning, Peak voltage detector, DC link

Multilayer ceramic chip | < 100 uF 10kV 85 to 200 HF coupling/blocking, DC-DC convertor,

capacitors (MLCC) EMI suppression, HF decoupling/ bypassing

Super Capacitors <1kF 10V 85 to 150 EMI suppression, Smoothing, Coupling, By-
passing, Blocking

S1 e

+ Charge Switch

§2

— @’

ACST12

=

Current Sensor

Voltage
Divider Circuit

Discharge Switch

Super Capacitor
5.5F 48.6V Discharge Circuit
300hm 1000W

Two SPV module of IB60-24V-260W

FIGURE 9. Electronic circuit topology design for IVCT.

The discharge element’s power rating is also vital to discharge
the capacitor safely in the shortest time possible.

In This study, Aluminum Housed Heat Sinkable Resis-
tors (AHHSR) are connected parallelly to design the resis-
tance bank, which assimilates heat during capacitor discharge
and releases it into the air. Five identical AHHSR of specifi-
cation 300 €2, 100 W each are connected in parallel, having
equivalent resistance 60 2 500 W as shown in figure 10.
The pair of this type of topology is connected in shunt to get
a 30 € 1000 W equivalent resistance. Equation 1 specifies
the minimum time required to safely discharge the capaci-
tor [107], where t is the maximum time the capacitor requires
to discharge, R, is the equivalent resistance of discharge
circuitry, and C is the capacitance’s value in the electrical load
circuitry.

T>=5%Rpq*xC @))

C. MEASURING SENSORS

The proposed IVCT is designed to trace 520 W, SPV
module performance characteristics considering SPV cell
temperature and light irradiation during the measurement.
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FIGURE 10. Aluminum housed heat sinkable resistors (AHHSR) are
connected parallelly.

The sensor unit comprises different sensors like Voltage
Divider Circuit (VDC), ADS712, SP-110-SS pyranometer,
and DS18B20 for voltage, current, light irradiance, and mod-
ule temperature measurement, respectively.

1) TEMPERATURE MEASURING
A DS18B20 digital thermometer uses a single wire serial
communication protocol for communication with a central
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To the other 1-wire devices

FIGURE 11. DS18B20 with external power supply.

microprocessor unit for temperature sensing, with less than
40.5°C accuracy. This sensor can measure temperatures
ranging from —55°C to +125°C. Unlike most of these sen-
sors in the market, it also facilitates simple interfacing, pro-
grammable resolution from 9 bits to 12 bits with no external
components required. Figure 11 shows the connection dia-
gram of the temperature sensor and the microprocessor. This
temperature sensor is decoupled using Kapton tape from the
environment and fitted on the SPV module’s backside. The
relative module temperature is recorded while doing I — V
tracing using a microprocessor.

Cable connector with IP marine
grade stainless steel, located 30 cm
from SP110SS pyranometer sensor
head to simplify removal from
stations for maintenance and
recalibration

apgjgee

White: Positive signal from sensor

S e e Blach: Negative signal from sensor

Clear: Shield/ground

FIGURE 12. Pinout of SP-110-SS light irradiance sensor.

SP-110-SS

Raspberry-Pi
Microprocessor

i GPIO3 (SCL|
Signal ABEiGE (scL)

A3 GPIO2 (SDA)
GND 33V

o
il

FIGURE 13. SP-110-SS light irradiance sensor connection diagram.

2) IRRADIATION MEASURING

The Apogee Instruments pyranometer SP-110-SS is used and
installed as per the manufacture installation guidelines to
measure solar light irradiance on the SPV module during the
I — V curve trace as shown in Figures 12, 13. This sensor
is self-powered and has a spectral range of 360 to 1120 nm
with a response time of 1 msec. To obtain correct readings,
the manufacturer’s method and components are used when
mounting the pyranometer SP-SS-110. To improve precision,
the sensor is positioned such that obstructions such as trees,
objects, buildings, or other instruments do not shade it. The
incident light radiation on a planar surface (which does not
have to be horizontal), where the radiation emanates from all
angles of a hemisphere, is directly proportional to the pyra-
nometer sensor’s output analog voltage signal. The sensor is
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leveled with an AL-100 leveling plate and fixed to a solid
surface with nylon mounting screws to measure Photosyn-
thetic Photon Flux Density (PPFD) incident on the horizontal
plane surface. Azimuth error is usually less than one percent,
and it is conveniently reduced by mounting the sensor with
the cable pointed toward the true north in the northern hemi-
sphere or south in the southern hemisphere. When not in use,
the sensor top is covered by a protective covering cap supplied
by the manufacturer.

3) VOLTAGE AND CURRENT MEASURING

The terminal current is measured using an ACS712 DC
current sensor with a resolution of 0.1 A, a sensitivity
of 100 mV /A, and an accuracy of 1%. It has three variants,
out of which as per current ratings of the SPV module,
here ACS712-20A variant is used. A highly accurate Digital
Multimeter (DMM) with high voltage measuring capability
is usually used to measure the output DC voltage of an
SPV module. However, in this study, a simple resistor-based
divider circuit is used with an external Analog to Digital
Converter (ADC) for better data point resolution. A voltage
divider is used to move down the DC output voltage to below
5 V using a combination of less tolerant 1 and 10 kW metal
film resistors. The ADS1015, an external 12-bit analog to
digital converter, converts the analog DC voltage to a digital
value. Using a Raspberry Pi 3B, this digital value is then
automatically logged for further processing.

D. CENTRAL PROCESSING UNIT (CPU)

In this study, the analog output of the SP-110-SS pyra-
nometer is provided directly to the external four-channel
ADC, which converts it to a digital equivalent value. If the
light irradiance is greater than 700 W /m?, the instanta-
neous analog output values of the voltage divider circuit
and the ACS712 current sensor module are logged with
the external ADC and the Raspberry pi. Simultaneously,
the DB18B20 temperature sensor’s output is logged directly
by connecting the DS18B20 to the Raspberry pi GPIO4 pin.
The Raspberry Pi 3B microprocessor, which is programmed
with a Python script, first logs the data for future monitoring
and processes it.

Python scripts record 750 data points for each current and
voltage. It eliminates redundant points and plots / — V and
P — V curves during processing. If the curve is multi-modal,
the Python script starts retracing it. In this study, measure-
ments were taken and provided under clear sky conditions,
and all of this was handled by specially created Python
scripts. The 7’inch touch screen display shows the I —V curve
from the data obtained during the sweep. To improve user
interaction, IVCT is also programmed with a user-friendly
Graphical User Interface (GUI) designed using a Python
script. The logged real-time data of electrical and meteoro-
logical parameters are used for STC correction. The Wi-Fi
and Ethernet modules built into the Raspberry Pi 3B model
link IVCT to the network, allowing data to be transmitted
wirelessly through the cloud or an IoT platform.
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1) STC CORRECTION

This study has collected SPV performance data sets for accu-
rate outdoor characterization. All SPV module manufacturers
tests modules in laboratories under STC where light irra-
diance is 1000 W/ m?, module temperature is 25 °C, and
reference solar spectral irradiance, i.e., the Air mass is 1.5, is
maintained. These measurements are labeled at the SPV mod-
ule’s back site and provided in the datasheet as an SPV mod-
ule reference specification [118]. However, these modules are
mounted and used for power generation outdoor during their
lifetime. Dependence of voltage and current measurement on
sunlight intensity (G) and temperature of the module (7},,) can
be normalized and estimated using equations 2, 3 [97]. The
voltage temperature coefficient characterizes the open circuit
voltage’s strong dependence on SPV module temperature,
while the influences due to light intensity is slight and follows
a logarithmic function.

Gsre

Istc = [Imeas] * [ ] *[1 —a* (T — Tsre)] (2)

meas
Gea:
Vsre = [vmeas—vr In (G’”—ﬂ % [1—B * (T — Tsrc)l
STC
)

where: Iyeqs and Vy,e45 are the logged values of the current and
voltage, respectively T}, is the measure module temperature
using DS18B20 sensor, Is7c and Vsrce are the values after
irradiance correction, Tsrc is the temperature at STC (25 °C),
o and B are the current and voltage temperature correction
coefficients of the SPV module used for the experiment which
is given in datasheets. V7 is the module thermal voltage which
can be calculated from equation 4 based on the ideal-diode
model that omits series and shunt resistances.

Voc,S TC

T
Vr = 4
T [lnasc,src/lo)} * |:TSTC:| @

where: V. stc and I stc are the open circuit voltage and
Short circuit current of the used SPV module at STC, I, is
the dark saturation current of the diode.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. OUTCOMES OF RESISTIVE LOAD APPROACH

The findings obtained using the most commonly used tradi-
tional method for the 520 W), power-rated SPV module are
discussed in this section. These results would also assist in
the validation of the proposed IVCT device’s performance.
As a resistive load, a 300 2 rheostat is used with a slider
that is manually shifted from the lowest resistance position
to the highest resistance position. This method is simple,
inexpensive, and yields valuable results for characterizing
low-power SPV modules. The sampling frequency is deter-
mined by the operator’s previous experience with the overall
process. Table 4 shows the SPV module’s electrical param-
eters extracted from sweeping / — V and P — V curves
for the 520 W, SPV module and associated meteorological
parameters at different time instants on the same day using
resistive load. However, based on the findings tabulated, it can
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be inferred that this method has certain disadvantages, such
as low accuracy and inability to track continuously chang-
ing working and environmental circumstances. This method
illustrates the inherent losses for high-power SPV modules
due to heat dissipation during the operation.

FIGURE 14. Proposed IVCT actual hardware setup.

B. OUTCOMES OF THE CAPACITIVE LOAD APPROACH
Figure 14 illustrates the proposed IVCT real hardware con-
figuration. The SPV module’s STC rating is used as a ref-
erence in error estimation and percent accuracy estimates.
In this study, two modules of 260 W), each are mounted on
an outdoor location without nearby shading objects with the
tilt angle of 18°. The SPV module’s open-circuit voltage is
the maximum DC output voltage between the two terminals
of the SPV module. For safety and accuracy, the capacitor
load’s voltage rating should be greater than the V. value of
the SPV module. The time required to sweep the character-
istic curve is also affected by the capacitance of the load.
5.5 F 48.6 V supercapacitor load was chosen experimen-
tally based on these selection criteria to optimize the pro-
posed IVCT output and efficiency. The Scan Time (Tcqp)
needed to sweep the curve from Iy to V. is calculated by
the capacitance value used as a load, Iy, and V,. of the
SPV module. In [107], the author proposed calculating T¢4y,
in equation 5 by simplifying the voltage equations around
the capacitive load while taking the Unity Fill Factor into
account (UFF). In [119], the author further researched and
proposed equation 6 to estimate T4, for the SPV string level
arrangement. The greater the capacitance value, the greater
the (Tscqn) needed to sweep the characteristic curve. These
equations shows the relationship between Tscan, Ise, Voc
and C. In this analysis, the SPS of an external ADC is
calculated based on the estimated value of Ty.4,, known as
the ADC Data Acquisition (DAQ) time. The ON period of
switch S1 is predicted using 7.4, and DAQ period, and this
value is used during Python script programming. The Tscqp
calculations, chosen sampling frequency of ADC and the
DAQ time calculation is summarized in Table 5.

Tscan =Cx [Voc/lsc] (5)
Tsean = 1.1 % C % [V /1] (6)
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TABLE 4. Outcomes of resistive load based IVCT for 520 W), SPV module on the different time and respective Irradiance levels with result analysis.

G (W/mz) Tm (OC) Voc Vm Isc Im Pm
1000 25 Reference (A) 37.7 30.9 17.78 16.84 520.36
Measured 33.79 27.7 13.56  12.05 333.79
STC Corrected (B) 36.55 30.06 15.8 14.04  422.04

851 46 Absolute Error [C' = [(A — B)]|] 1.15 0.84 1.98 2.8 98.32
Relative Error [Rp = C//A] 0.031 0.027 0.111 0.166 0.189

% Accuracy [YoD = 100 — % REg] 96.9 97.3 88.9 83.4 81.1
Measured 3371 27.62 1378 12.18 336.41

STC Corrected (B) 36.58 30.03 15.13 13.37 401.5
902 49 Absolute Error [C' = [(A — B)]] 1.12 0.87 2.65 3.47 118.86
Relative Error [Rp = C/A] 0.03 0.028 0.149 0.206 0.228

% Accuracy [%0D = 100 — % REg] 97 97.2 85.1 79.4 77.2

Measured 3359 2755 1381 12.49 344.1
STC Corrected (B) 36.77 30.2 1471 1331 401.96

928 53 Absolute Error [C' = [(A — B)]|] 0.93 0.7 3.07 3.53 118.4
Relative Error [Rp = C//A] 0.025 0.023 0.173 0.21 0.228

% Accuracy [Y%oD = 100 — % REg] 97.5 97.7 82.7 79 77.2
Measured 3353 2749 14.08 1298 356.82
STC Corrected (B) 36.84 3024 14.69 13.54 409.45
947 55 Absolute Error [C' = [(A — B)]|] 0.86 0.66 3.09 33 110.91
Relative Error [Rp = C//A] 0.023 0.021 0.174 0.196 0.213

% Accuracy [YoD = 100 — % REg] 97.7 97.9 82.6 80.4 78.7
Measured 3345 2751 1458 1342 369.18
STC Corrected (B) 36.9 3033 14.08 1296 393.08
1021 59 Absolute Error [C' = [(A — B)]] 0.8 0.57 3.7 3.88 127.28
Relative Error [Rp = C/A] 0.021 0.018 0.208 0.23 0.245

% Accuracy [%D = 100 — %Rg] 979 98.2 79.2 77 75.5

TABLE 5. The scan time calculation for the proposed IVCT device.

Tscan calculations for programming
Data Rate of external ADC (ADS1015) 128 SPS
Data points of Current and Voltage 750 points each
Total sample data points 1500 points
Estimated scan time for external ADC 11.718 sec
Super Capacitor used in IVCT 55F,486V
Voe of the SPV module 377V
Isc of the SPV module 17.78 A
Estimated scan time using equation [5] 11.662 sec
Estimated scan time using equation [6] 12.828 sec
Measured scan time of proposed IVCT 14.3267 sec

All the instantaneous current and voltage data points are
logged along with the module temperature and light irradi-
ance at that timestamp. Table 6 summarizes the electrical
parameters measured at ambient temperature and the corre-
sponding STC converted data points, as well as the absolute
error and measurement accuracy. Figures 15, 16 show the
I — V and P — V characteristics of the SPV module taken
on the same day at different time stamps using the proposed
IVCT device. Each plot has 1500 data points with 14.3267sec
scan time using the proposed IVCT. After all data points
have been registered, the voltage and current values are STC
converted using Egs. 2, 3.

The proposed IVCT device has been tested in both uni-
form and non-uniform outdoor environmental conditions.
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FIGURE 15. Captured / — V plots using proposed IVCT for the different
light radiance.

The Raspberry Pi 3B model used for Data Acquisition (DAQ),
curve plotting, and computations have Wi-Fi and LAN net-
working built-in and can be easily connected to the network.
The use of a 7’ inch Raspberry Pi touch screen allows for
onsite device inspections in remote areas where Wi-Fi or
LAN network access is difficult to establish. It also has IoT
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TABLE 6. Outcomes of capacitive load based IVCT for 520 Wp SPV module on the different time and respective irradiance levels with result analysis.

FIGURE 16. Captured P — V plots using proposed IVCT for the different
light radiance.

capabilities, as the collected data sets are sent to the ThingS-
peak IoT Remote Access Portal (RAP) for further processing
and review of the recorded I-V and P-V curves. It will
improve the hardware’s efficiency and stability. Collected
real-time data can be processed and measured at any time and
from any place to take the appropriate measures to preserve
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G (W/mQ) Tm (OC) Voc Vm Isc Im Pm
1000 25 Reference (A) 37.7 30.9 1778 16.84  520.356
Actual 3469 2832 1506 14.19 401.86
STC Corrected (B) 3751 3072 1755 16.53 507.8
851 46 Absolute Error [C' = [(A — B)]] 0.19 0.18 0.23 0.31 12.56
Relative Error [Rg = C/A] 0.005 0.006 0.013 0.018 0.024
% Accuracy [%D = 100 — % REg] 99.5 99.4 98.7 98.2 97.6
Actual 3465 2823 1594 15.11 426.56
STC Corrected (B) 37.59  30.69 17.5 16.59 509.15
902 49 Absolute Error [C' = [(A — B)]] 0.11 0.21 0.28 0.25 11.21
Relative Error [Rg = C/A] 0.003 0.007 0.016 0.015 0.022
% Accuracy [%D = 100 — % REg] 99.7 99.3 98.4 98.5 97.8
Actual 3424 2791 1649 15.59 435.12
STC Corrected (B) 37.48 30.6 17.57 16.61 508.27
928 53 Absolute Error [C' = [(A — B)]] 0.22 0.3 0.21 0.23 12.09
Relative Error [Rg = C/A] 0.006 0.01 0.012 0.014 0.023
% Accuracy [%D = 100 — % RE] 99.4 99 98.8 98.6 97.7
Actual 3416 27.84 1688 1594 443.77
STC Corrected (B) 3753 30.62 17.61 16.63 509.21
947 55 Absolute Error [C = [(A — B)]] 0.17 0.28 0.17 0.21 11.15
Relative Error [Rg = C/A] 0.005  0.009 0.01 0.012 0.021
% Accuracy [%D = 100 — % REg] 99.5 99.1 99 98.8 97.9
Actual 3398 27.78 1826 17.21 478.09
STC Corrected (B) 3749 30.63 17.64 16.63 509.38
1021 59 Absolute Error [C' = [(A — B)]] 0.21 0.27 0.14 0.21 10.98
Relative Error [Rg = C/A] 0.006 0.009 0.008 0.012 0.021
% Accuracy [%D = 100 — % REg] 99.4 99.1 99.2 98.8 97.9
the SPV module’s performance. A user-friendly GUI is cre-
ated using Python libraries to view I — V and P — V curves
%0 —-—le—a5; Wi L ' S locally for better conceptual understanding. This proposed
. =902 W/Zz »* \". IVCT device aids the service engineer in detecting early-stage
o —a— G =928 Wi’ AR faults and scheduling maintenance accordingly, which also
. g :3;2 1W|2/'7m2 S aids in predicting power plant deterioration.
300 | s % B
S S C. SUMMARY
@ 200 /,'/ T The resistive load approach obtained 98.2 percent accuracy
g for voltage measurement on a 520 Wp SPV module, while the
100 - capacitive load method manages 99.7 percent accuracy after
STC conversion. Similarly, resistive load and capacitive load
0 ) s ! s ! . give a percentage accuracy of 88.9 and 99.2 percent, respec-
0 5 10 15 20 25 30 35 .
v tively, for current measurements. The current measurement
precision shows the minimal impact of change in irradiance

while tracing curves using the proposed IVCT, which is also
visible by accuracy calculations for measuring current. This
result demonstrates that capacitors can measure characteristic
curves under uniform and changing environmental conditions
and provide reliable and accurate results when used as the
load. Using a capacitor-based load approach while designing
IVCT will increase the feasibility and robustness of the design
setup under non-uniform conditions.

Considering the highest light radiance level of 1021 W /m?,
the resistive load’s percentage accuracy for the maximum
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FIGURE 17. Isc, Voc and Pmax as a function of Tp,.

power measurement is 75.5 percentage while the capacitive
load is 97.9 percentage. More current will flow for high
irradiance intensity, resulting in high output power, which
resembles the capacitive load-based approach. It shows that
the capacitive load method is more reliable, robust, faithful,
and accurate than the resistive load. Figures 18, 17 illustrates
the influence of G and 7m on the measurement of instan-
taneous voltage, current, and power data points. Figure 18
reveals that the logged current value is smaller at a light irradi-
ance of 851 W /m2 than at a light irradiance of 1021 W /m2.
It shows that the greater the light irradiance, the higher the
current, but the voltage just marginally decreases as the mod-
ule temperature rises. The voltage and current data points cal-
culated by the IVCT show a maximum at G of 1021 W /m2.

The on-field characterization of a solar cell or module is
helpful since it is vulnerable to many module design issues
such as spectral response, interconnection issues, optical
alignment effects, thermal control issues, bypass diode faults,
and parasitic impedances. The analysis of extracted device
parameters gives valuable information to identify the possible
SPV array anomalies like hot spot, loose connection, broken
cell, etc. The error during measurements is also due to the
manufacturing losses [120], [121]. Following are the reasons
for I-V curve shape variation for impairment, which can also
be used to analyze the I — V curve and draw conclusions
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FIGURE 18. Isc, Voc and Pmayx as a function of G.

based on the same shape. These methods were designed to
bring together the best practices and years of experience in
the field of SPV degradation analysis.

1) Incompatibility between SPV modules or SPV arrays
leads to steps or notches in the I —V curve shape. These
are most often affected by shading and soiling caused
by a tree branch, a structure, or dust that obscures a
portion of the solar panels, allowing solar radiation to
be unevenly distributed among the SPV modules [122].

2) A rounder knee is a result of the aging process.

3) A low output current of the SPV module signifies
uniform degradation, fading, or soiling.

4) The SPV module’s low output voltage indicates that
the bypass diodes have been shorted or that Potential-
Induced Degradation (PID) has occurred.

5) A shallower slope in the voltage source area (From
(Vins Im) to (V,,0)) suggests an increase in the SPV
module’s series resistance or wire defects.

6) A steeper slope in the current source region due to SPV
module mismatches or the SPV cells’ shunt paths.

V. CONCLUSION

In this study, a novel IVCT design is proposed for accurately
and successfully characterizing high power-rated SPV mod-
ules’ actual operating status. The IVCT device circuit proto-
type has been designed and tested. It also includes low-power
light irradiance and temperature sensors to collect data on
essential environmental conditions, as well as Python-based
tools for data management, storage, plotting, and querying.
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To rapidly sweep the output / —V characteristic curves of SPV
modules, the IVCT primarily utilizes the capacitor charging
path. To obtain a consistent sampling of the entire / —V curve,
we propose an adaptive sampling interval for high-resolution
characteristic curves and charging and discharging time esti-
mation methods. The time it takes to measure the entire
I — V curve is usually calculated in few seconds, depending
on the capacitor’s value. The IVCT device can quickly obtain
a high-quality and complete characteristic curve for high-
power rating SPV modules based on field test results. The
proposed IVCT can be used to measure high power rated SPV
modules with I of up to 20 A and an V,. of up to 45 V,
depending on the primary component rating performance.
Finally, a summary of the causes of characterization curve
shape variance for impairment which can also be used to
analyze the I — V curve and draw conclusions based on
the shape of the same has been presented. The losses and
measurement error are primarily due to the power losses
caused by the SPV module’s intrinsic function, known as
degradation losses, and the losses caused by not being at the
optimum operating point, known as mismatch losses.

V1. FUTURE SCOPE

Extending IVCT design methodology to characterize higher
power rated SPV module and arrays, the effect of scalability
on the performance of electronic components, and the mea-
surement accuracy is taken up as future work. The use of
artificial intelligence algorithms to predict SPV health and its
causes by analyzing the shape of captured / — V characteristic
curves can be seen as future work.
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