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Abstract: Measuring solar irradiance is key to assessing the conversion efficiency of pho-
tovoltaic (PV) modules. Also, PV modules can be used to estimate irradiance through
their electrical response to solar radiation using closed-form models (CFMs). This paper
presents a prototype design for irradiance estimation based on evaluating three CFMs by
implementing a maximum power point tracking (MPPT) system and a surface temperature
measurement system. The system employs an incremental conductance (IC)-based control
algorithm, which is optimized to eliminate oscillations at the maximum power point (MPP)
and ensure efficient MPP tracking. Experimental validation of the implemented circuits
is carried out using Arduino Nano, calibrated sensors, and low-cost electronic devices.
Tests in real conditions were performed for four days under different irradiance scenarios,
using two monocrystalline PV modules: one with 10 years of use and one new one. The
accuracy of the CFMs was evaluated using the mean absolute percentage error (MAPE)
and root mean squared error indicators, comparing their estimates with measurements
from a Davis Instruments pyranometer. The most accurate CFM obtained a MAPE of
4.38% with the 10-year module and 3.26% with the new module. The results show that the
proposed methodology provides estimates with an error of less than 5%, which validates
its applicability under various climatic conditions, even with old PV modules.

Keywords: photovoltaic modules; irradiance estimation; MPPT; IC algorithm; closed-form
models; estimation errors

1. Introduction

Solar photovoltaic (PV) energy has experienced significant growth in the last decade,
becoming one of the leading sources of renewable energy worldwide. The authors in [1]
attributed this rapid expansion to decreasing installation costs, technological advancements,
and government policies that incentivize the adoption of PV systems. Likewise, the authors
in [2] reported that by 2023, the global solar PV capacity will reach 2 terawatts (TW), with
more than half of this capacity having been added in the past two years—equivalent to
supplying electricity to approximately 92 million households in the United States.

In this sense, China leads this growth, adding 216.9 gigawatts (GW) in 2023, followed
by the United States and India, which are projected to install more than 20 GW each in 2025,
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as described in [3]. Furthermore, solar PV energy accounted for 8.3% of global electricity
consumption in 2024, a significant increase from 5.4% in 2023, demonstrating its ability to
meet growing energy demand efficiently [4].

Regarding geographical distribution, the Asian continent leads the way in new instal-
lations, especially in solar and wind power. On the other hand, Europe has also shown
progress, driven mainly by European Community policies and the commitment of several
countries to clean energy development, as described in [5]. Likewise, the authors in [6]
described that in Latin America, hydropower remains the main renewable source, although
solar and wind energy are rapidly gaining ground. Installed solar power capacity is ex-
pected to continue its upward trend, with projections indicating the possibility of reaching
8 TW by 2030, which would contribute significantly to global goals of reducing emissions
and transitioning to cleaner energy sources, as described in [7].

Specifically in Peru, according to the Ministry of Energy and Mines, by 2023, approxi-
mately 93.9% of the Peruvian population had access to electricity. Between 2017 and 2020,
the Peruvian government implemented the electrification of 205,138 rural homes using
stand-alone PV systems as part of the first stage of the Massive PV Program [8,9]. The
availability of electricity in these communities has also strengthened key sectors such as
education and communication, as described in [10].

On the other hand, to maximize the use of solar energy, PV systems must operate under
optimal conditions. According to the authors of [11], one of the main parameters to evaluate
their performance is efficiency, defined as the ratio between the power generated and the
product of the panel area and the incident irradiance. While power and module area are
easily measurable parameters, determining irradiance can be challenging in remote areas
due to costs and difficulties in accessing suitable sensors. In this context, several approaches
have been developed to estimate irradiance using the PV modules themselves, taking
advantage of voltage—current (V-I) operating point and surface temperature measurements,
which are used in closed-form models (CFMs) for predicting the electrical behavior of
modules under different environmental conditions.

Likewise, several previous studies have explored different methodologies for esti-
mating irradiance based on electrical models of solar cells. For example, in [12-15], some
models require knowledge of the current, voltage, and temperature of the module at the
maximum power point (MPP), while other models use characteristic equations of solar
cells, incorporating irradiance and temperature as fundamental parameters in modeling
PV performance. In this regard, the accuracy of these models varies depending on the
methodology applied, the measuring devices used, and the atmospheric conditions eval-
uated, as described in [16,17]. However, some studies have limitations in terms of the
range of conditions analyzed or the practical viability of their systems. Therefore, the
central problem of the research is to estimate irradiance accurately without the need for a
pyranometer and non-invasively, i.e., without interrupting electricity generation.

This article presents the design of a prototype for evaluating three CFMs for global
irradiance estimation under all atmospheric conditions. The CFMs are based on the
measurement of current and voltage at the maximum power point (MPP), such as the
1C60891 CFM [12,14,18], and on the characterization of PV modules [13]; the Osterwald
CFM [11,19] complements the power with the surface temperature. Therefore, an algorithm
is proposed based on the incremental conductance (IC) of the maximum power point
tracker (MPPT), which eliminates the oscillations around the MPP and an instrumentation
for the surface temperature measurement of a monocrystalline PV module.

This research makes the following contributions:

*  Implementation of an irradiance estimation system using a proposed prototype design.
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*  Animproved IC algorithm that eliminates oscillations by varying the duty cycle of the
direct current (DC) converter by time periods until it is reduced to zero.

* Hardware and space optimization is achieved by implementing a single Wheat-
stone bridge and instrumentation amplifier that measures the average temperature at
four points of a monocrystalline PV module.

*  Accuracy analysis of three CFMs to estimate irradiance by measuring current, voltage,
and temperature.

The current research represents an improvement in accuracy over the study previously
presented in [17] and in methodology over the study in [14] by developing the experiments
in real conditions, over a wide range of irradiances and very rapidly changing, optimizing
the traditional IC algorithm of [20].

Related Work

Since recent advances in PV solar systems, various approaches have been presented for
irradiance estimation and maximum power point tracking (MPPT), as described in [21]. The
different methods can be classified into model-based approaches, filter-based techniques,
and adaptive calculation methods [22,23].

Model-based approaches have shown interesting results in several studies. The authors
in [24] proposed a technique using maximum power point coordinates and IEC 60-891
equations. In contrast, the authors in [25] developed a derivative photovoltaic model with a
closed-form inverse to improve tracking accuracy. In addition, in [26], the authors described
the implementation of an integral model-based approach using analytical, immersion and
invariance (I&I) and Kalman filter methods.

In the framework of filter-based techniques, for PV solar systems have shown promis-
ing results in handling complex estimation challenges. The primary approaches can be
categorized into two main implementations. Firstly, the authors in [27] introduced an
Extended Kalman Particle Filter (EKPF) that achieved an RMSE value of 0.089, effectively
handling both Gaussian and non-Gaussian noise. In this paper, the authors concluded
that the method significantly eliminated the need for expensive radiation and temperature
sensors. Secondly, the authors in [26] presented the results of the Kalman-filter-based
estimation method, for which they developed a model-based approach incorporating
a Kalman-filter-based estimator designed specifically for microcontroller implementa-
tion. This approach focused on real-time estimation capabilities and was validated on a
14.3 kWp rooftop PV installation. The implementation demonstrated efficient performance,
particularly in handling measurement noise and maintaining accuracy during non-MPPT
conditions. In conclusion, filter-based techniques represent a significant advance over tradi-
tional estimation methods, as they offer improved accuracy and robust performance under
varying environmental conditions; however, in the cited papers, MPPT systems have not been
integrated to obtain greater tracking capability while maintaining computational efficiency.

However, adaptive computing methods have demonstrated efficient real-time per-
formance. In this regard, in [28], the authors developed an adaptive computation block
that achieved a worst-case relative error of 2.64% with a response time of 8 ms. Similarly,
in [29], the authors proposed an approach based on the maximum power point current
with an average error of 1.68%. In conclusion, the results offer an optimal balance between
performance, cost, and complexity. Furthermore, the demonstrated ability to maintain high
accuracy and minimize hardware requirements makes these methods particularly suitable
for widespread adoption in commercial photovoltaic applications.

Temperature-based methods have also been proposed. In this regard, in [30], the
authors have developed a novel MPPT method based on temperature measurements to
determine the maximum power point voltage. The authors introduced the irradiance and
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temperature (I&T) method, which combines short-circuit current measurement with tem-
perature readings. Temperature-based methodologies offer a practical solution for PV system
optimization due to their low to moderate implementation complexity, good performance
in various environmental conditions, and ease of integration with existing MPPT systems;
however, no quantitative data to compare with other methods are found in the articles.

Finally, real-time applications have been the subject of several recent investigations.
The authors in [29] developed a real-time solar irradiance estimation device (IrradEst)
using mathematical models of PV modules, showing good agreement with standard
pyranometer measurements.

The approaches described have significantly improved the efficiency of irradiance
measurement, achieving energy efficiency rates of 99.96% to 99.99% in filter-based circuits.
The trend is towards solutions that eliminate costly sensors without compromising accuracy
and speed of response. This work proposes to estimate irradiance using an MPPT system
that emulates a PV charge controller and a surface temperature measurement system, opti-
mizing the oscillations at the maximum power point with an incremental conductance (IC)
algorithm. Three models are evaluated using the mean absolute percentage error (MAPE)
and the root mean square percentage error (RMSPE) indicators [31,32], comparing their
estimates with measurements from a Davis Instruments pyranometer. Therefore, the pro-
posed prototype improves the validity range by taking more data for 4 days under different
irradiance conditions (cloudy, partly cloudy, sunny, and rapidly changing cloudiness).

The remainder of this article is organized as follows. Section 2 describes the materials
and methods used to develop, implement, and analyze the MPPT system, the surface
temperature measurement system, and the CFMs for irradiance estimation. Section 3
shows the results of the performance and efficiency of the implemented algorithm, the
temperature measurement system, and the CFMs for irradiance estimation. Discussions of
the proposed system design and models compared with previous work are considered in
Section 4. Finally, Section 5 presents conclusions and future research on this topic.

2. Materials and Methods

This section presents the design and implementation of the prototype, which in turn is
composed of two systems, i.e., MPPT and the surface temperature system, developed in
Sections 2.1 and 2.2, respectively. The output of both systems provides the input variables,
as shown in Figure 1, to the CFMs for irradiance estimation described in Section 2.3. The
aim of the above systems is to collect the current and voltage at the point where the
maximum generated power is extracted and the surface temperature of a PV module under
clear, cloudy, or variable skies.

Figure 2 presents a block diagram detailing the overall system’s operation, divided into
three subsystems. The first subsystem corresponds to the MPPT system, controlled by an
ATMEGA328P microcontroller (Manufacturer: Microchip Technology Inc.; City: Chandler;
State: AZ; Country: USA), which is responsible for acquiring the current and voltage signals
to adjust the duty cycle of the DC-DC converter using PWM signals. This control is carried
out through a gate driver for MOSFET transistors. This microcontroller also collects the PV
module’s surface temperature and the board’s temperature, which is designed to ventilate
the switching circuits due to the heat generated by the continuous power dissipation at the
converter’s final load. The second subsystem is a Davis Instruments weather station, model
Vantage Pro 2 (Manufacturer: Davis Instruments Corporation; City: Hayward; State: CA;
Country: USA), which provides global reference irradiance measurements obtained through
its console’s USB serial port. Then, the data obtained by this subsystem and the data from
the ATMEGA328P microcontroller are integrated into a central processing node. Finally, the
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third subsystem is the data logger, which is responsible for recording, storing, and analyzing
irradiance estimates to evaluate the proposed system’s performance.
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Figure 1. System model.
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On the other hand, the power curve of the PV modules is monotonic and does not
present complex variations caused by partial shading, as the PV modules used have
an effective area of approximately 0.5 m?, which minimizes the risk of partial shading
significantly affecting the behavior of the system.

A summary of the notation we use in this article is shown in Table 1.

Table 1. General notation.

Description Notation Equation
Equivalent output resistance of PV module Ry (1)
Converter inductor Lq (2) and (5)
Power change detection variable M )
Minimum linearized equivalent resistance of 4 NTCs in series R}%i” (16)
Maximum equivalent linearized resistance of 4 NTCs in series R (15)
Parallel resistance to each thermistor NTC p (11)
Wheatstone bridge branch resistors R, R} (20)
Wheatstone bridge voltage difference of 4 NTCs in series Va(ante) (21)
Estimated global irradiance Gest (23), (26) and (31)
Variation of the maximum current with respect to the short-circuit current Al (24)
Variation of maximum voltage with respect to open circuit voltage AV (25)
Series resistance of the single diode model R (27)
Converter input resistance R;

Converter output resistance Ro

Gate resistor-source R¢ -
Gate series resistor Rq -
Resistance at maximum power point Rupp -
Voltage at maximum power point Vinpp

Short-circuit voltage Ve

Converter output voltage Vo ©)]
Current at maximum power point Lnpp -
Short-circuit current Isc -
AC current through inductor ir -
Inductor current ripple Aigp 4)
Switching frequency fsw -
Maximum converter output current Topax -
Duty cycle at maximum operating point under STC conditions Dmppsre -
Duty cycle D -
Duty cycle step width AD -
Converter output capacitor Co (6)
Boost capacitor Cp (7)
Converter input capacitor Ci -
Cut-off frequency fe -
Irradiance G -
Pitch width in soft mode S -
Passage width in rough mode b; -
Duration of step width activation T; -
Maximum power in STC conditions Praxgrc -
Maximum power Pax (22)
Global irradiance under STC conditions Gsre -
Normalized power temperature coefficient v -
PV module temperature T, -
PV module temperature at STC conditions Tegrc -

2.1. MPPT Design

The MPPT system is composed of a DC-DC converter, an MPPT algorithm, and a
controller for the MOSFET driver, as shown in Figure 3. The PV module is modeled by
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a single-diode equivalent circuit, which includes a current source, a shunt resistor, and a
series resistor.

__________ 1 Ipvl_______________________________L_l________lr______':
mM—s N N '
— | o+ | & ¥ :

Ve =G —_ ==<ai| [|r
E E _ A A 2 Ei :
PV Module ____ : L ________________ _|_Buck Converter {1 Load_|
P],?T MOSFET
—>algori hm driver

Figure 3. MPPT based on a Buck converter.

2.1.1. Output Load Design

The selected DC converter is a Buck-type converter whose equation is a function of
the input and output resistances and is expressed as follows:

R,

—_ MN2p. _
Ro*D R1:> vafﬁ Ri=Ryo

(1)
where R; is the input resistance of the converter as seen from the PV module, which at the
maximum power point (MPP) R; equals R,, which is the equivalent output resistance of
the PV module at that point. The purpose of the converter is to track the MPP of the PV
module by adjusting its duty cycle between [0, 1] [20].

Evaluating Equation (1) at the extreme values of D, the pairs (D, Ryy): (1, R,) and
(0, +00) are obtained. This analysis identifies the extreme operating points of the PV module.
When R, increases to very large values, Vy,, — V), the condition I, — Isc will depend
on R,.

Table 2 shows the inverse relationship between irradiance (G) and Rypp. From this
relationship and Equation (1), it is concluded that D o« G. Considering the minimum value
of Rypp and its relationship with G, Dyppg, = 0.85 is selected for the maximum reference of
G = 1000 W/m?, setting D = 1-0.85 for possible values higher than this reference. Therefore,
solving Equation (1), it is obtained that R, ~ 3 ().

Table 2. Maximum operating points at STC and Nominal Operating Conditions (NOCs).

Conditions at MPP Vinpp Linpp Riupp
1000 W/m?, 25°C (STC) 185V 435 A 4250
800 W/m?2, 46 °C (NOC) 16.7 V 348 A 480

2.1.2. LC Filter Design

The L; value in Figure 3 is determined by Equation (2) based on [33], which is a widely

known equation.

_ Vg(l — D)
O @)

However, this equation does not consider a specific design procedure within an MPPT
system, so the output voltage (V,) and ripple current (Ai;) must be substituted by the
following expressions:

Vo - Ro Io,,m (3)
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where I;,,. is the maximum current through the output load. Equation (4) is based
on [34].
Aip, = 0.31,,,, (4)

where the scalar 0.3 is an intermediate value between efficiency and coil size. Therefore,
replacing Equations (3) and (4) in Equation (2), we obtain the following;:

R, (1 — DmPPSTc)
0.3fsw

Ly = (5)

Note that the inductance is now a function of a previously calculated value, and the
duty cycle for the design under STC will be D = Dyppg, = 0.85. Substituting the values
for a switching frequency (fsw) of 55 KHz, we obtain that L; is equal to 27.31 pH. The final
inductance value was 100 uH, achieved by winding an 18-gauge enameled wire around
a toroidal core, which is higher than the critical value for both inductance and current to
operate in continuous mode above 0.21 A.

The cut-off frequency of an LC filter is known to be:

1 1

fc_i COZW (6)

= —
27T/ Ll Co
The value of f, was chosen to be much smaller than fs, at least 100 times lower, with
fe = 550 Hz. Substituting the values, we obtain C = 837 uF.

2.1.3. Switching System Design

The switching system consists of a transistor bridge driver integrated circuit (MOS-
FET Driver), a Bootstrap circuit, a resistive impedance network for charging/discharging
and also for limiting the source and bridge driver current, as well as the same power
switching elements.

The MOSFET Driver will provide the necessary current to charge the internal capaci-
tances of the MOSFETs through the charging and discharging of the Bootstrap capacitor,
Cp. Limiting this current to avoid damage to the integrated device and ensure a balance
between the current required by the internal capacitances and the integrated circuit is nec-
essary. The Gate series resistor, Ry = 36 (), was obtained through testing and observation
as a more reliable method before damaging the integrated circuit. The Gate resistor source,
R, will be needed to discharge these same capacitances previously described, for which a
typical value of 10 KQ) can be used.

The Bootstrap capacitor is calculated in such a way that its value is [35]:

where Cqs is the capacitance present at the gate, and depending on the MOSFET, it can be
calculated through:
ths

- Ves

Ces (8)

The total gate charge, Qtgs, for a voltage level Vs is specified in the component
datasheet. In this article, the IRF3205 MOSFET, whose ths is 146 nC for Vgg = 12V, is
used. Based on this value, the optimum starting capacitor is determined to be C,, = 121 nF.
Figure 4 shows the circuit configuration with the MOSFET driver.
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Figure 4. Schematic circuit of the Buck converter switching system.

The controller used was the IR2103, which has two inputs and two pulse-width modu-
lated (PWM) outputs, HIGH-side and LOW-side, 180° out of phase to achieve synchronous
switching. The inputs were short-circuited because the converter will operate continu-
ously for most of the day without considering the discontinuous mode, corresponding
to atmospheric time periods such as sunrise and sunset. Comparisons with the reference
instrument or pyranometer show that the PV module exhibits different cosine responses,
considering that the experiments will be conducted on a horizontal plane.

In summary, the most relevant parameters of the DC-DC Buck converter for the MPPT
are detailed in Table 3.

Table 3. Parameters of the designed converter.

Parameter Value
R, 30
Lq 100 uH
C, 837 uF
Cb 121 l’lF
Rg 10 KO
Rq 36 Q)
Ci 50 uF

2.1.4. Proposed MPPT Algorithm

For the current and voltage feedback, as shown in Figure 4, an ACS712-20A module
and a voltage divider were used, respectively. Both were calibrated and compared with a
Fluke 287 multimeter, with a large set of data collected in parallel to ensure the reliability
of the MPP measurements and, consequently, guarantee the proper functioning of the
proposed algorithm. The proposed algorithm incorporates an additional implementation
in which the step size (AD) dynamically varies from a higher value to a lower one, pro-
gressively over time intervals in seconds, on top of the IC algorithm. Two changes in
irradiance levels due to the speed of cloud movement in the atmospheric sky have been
identified: gradual and rapid changes, as shown in Figure 5. Due to this, a detector is
implemented that measures the magnitude of the changes in terms of power, voltage, and
current variations, which are integrated into a single variable. Likewise, the MPPT IC
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algorithm proposed is based on [20]. It does not include MPPT under partial shading
conditions because the adequate area dimensions of the PV modules are relatively small,
approximately 0.5 m?.

This relationship is expressed by the following equation from [36]:

M = |AP + AVAI| ©9)

where M is power change detection variable. This equation is derived by approximating
dl — Al and dV — AV in the equation for the derivative of power with respect to voltage
at the maximum power point (g—g = 0) [37]:

dar 1

=0 (10)

1200 A

Quick changes
1000 /

/|

Global irradiance

-]
o
(=]

=
o
(=]

Gradual changes

Global Irradiance (W /m?)
8
o

200 4

0 5000 10,000 15,000 20,000 25,000
Time in seconds from 6.30 a.m. to 5.30 p.m.

Figure 5. Identification of gradual and quick changes in the irradiance pattern for a typical day in the
city of Cusco.

The IC algorithm has been implemented, demonstrating that it satisfactorily follows
the assigned power levels, as shown in Figure 6.

—— Measured Power

Reference Power
50 1

40

’
Jmﬂl‘"‘ 1
’

30 IYIRU SO
20 SN |

4 :

| |
10- = ‘
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Time (s)
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Figure 6. Performance of the IC algorithm for different power levels.
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The typical oscillations of this IC algorithm are observed in Figure 7 for a period
between 40 and 50 s at 36 W input power reference from Figure 6 (red circle) for a constant
AD. Therefore, to control and stabilize these oscillations, the millis () function of Arduino
was used to assign different values of AD with a total duration shorter than the time it takes
for the traditional IC algorithm to reach the MPP. In this case, the Arduino microcontroller
achieved this within 4 to 5 s.

—e— Measured Power
——- Reference Power

33.51
Y

33.01 AD = constant

40 425 45 475 50
Time (s)

Figure 7. Oscillations observed at the maximum power point for 36 W input power.

Using a Tektronix PWS4305 30 V/5 A power supply (Manufacturer: Tektronix, Inc.;
City: Beaverton; State: OR; Country: USA), it was possible to emulate the rapid changes
in irradiance described earlier but not the gradual changes due to the power supply’s
limitations and the impossibility of comparing real and reference values. As a result, the
following values of AD were obtained, as shown in Table 4. The values of this last variable
are presented in an 8-bit unsigned integer format.

Likewise, Table 4 specifies the respective duration of each AD. The sequence of these
values is described by s; and b;, representing the values for smooth changes (s) and abrupt
changes (b), ending at AD = 0 to stabilize the MPP. This procedure is shown in the
flowchart in Figure 8, which details the operation of the proposed algorithm. A detailed
description of its operation follows.

* Sense and calculate electrical variables: In the first instance, the current (I) and
voltage (V) are measured to calculate the power (P) and the variations of V, I, P,
and M. At the program startup, the voltage and current are initialized to zero. Next,
the execution time of the program up to that moment is stored in an unsigned long
variable, t = millis(). Additionally, AD is initialized to zero.

* Enable change detection: If the value of M is greater than or equal to 4, the program
disables the detection of further changes as well as the action of modifying the step
width for smooth changes, described by gradual mode. If the value of M falls within
[0.21, 4], it also disables change detection, but, this time, deactivates quick mode.

¢  Execution of the IC algorithm in parallel to changes in AD: When the detected
change is “gradual mode”, AD = s, for 1 second, then AD = s; for 2 s, and finally
AD = 0 to stabilize the maximum power point. Similarly, when the change is “quick
mode”, AD will this time start at b, and continue progressively to by, by ending at
A = 0. During this value assignment, the IC algorithm runs in parallel, which is made
possible by the functionmillis ().

*  Restart change detection: Once AD = 0 is reached, another short period of time is
allotted to ensure that the oscillations stabilize. The program then re-enables change
detection for the next search until the set thresholds are exceeded.
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The flow diagram in Figure 8 shows that the duration of the step widths is expressed

in terms of time instants. This is because the value of t is updated in each iteration of the

program loop and must, therefore, be compared with the values of t1, t, t3, and t4. This

logic is applied when executing by, by, by, and s, s1.

v
Sense
I(t) and V(t)

Calculate
P® = V().1()
AV =V(t) - V(t - AT)
Al =1(t) - I(t - AT)
AP = P(t) - P(t - AT)

M =|AP - AV Al|
t = millis()
detector = true
021<=M<4
detector = false detector = false
quick mode = true quick mode = false
gradual mode = false gradual mode = true
AD = bo,to=t AD = so,to=t
To=tl-to To=tl-to
NO NO
quick mode = true gradual mode = true
AD = b1, AD = s1,
Ti=t2-t1 Ti=t2-t1
AD = b2, AD=0, |, | §
T2=13-12 T2=t3-12 | ! :
SRR G é Stabilization
1 | periods
AD= 0,
E T3=ta—t3 ‘; ;
Stabilization E i
periods I IS
YES
IC Algorithm

A

Restart change detections
detector = true
quick mode = false

V(t - AT)=V(0)
I(t- AT)=I(t)

Restart change detections
detector = true
gradual mode = false

Figure 8. Flowchart of the proposed improved IC algorithm for eliminating oscillations and control-

ling sensitivity in irradiance changes.
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Table 4. Values of M and AD for smooth and abrupt changes in irradiance.
Type of Change Value in M Variation of AD Duration
s =2 To =1s
Gradual 021 <M< 4 s1=1 T, =2s
AD =0 T, =1s
bo =8 T() =05s
. bl =2 T1 =2s
>
Quick M>4 by =1 Ty —1s
AD =0 T3 =1s

2.2. Surface Temperature System Design

Due to the temperature variability on the PV module’s surface, an average temperature
measurement system was designed using four NTCs located at strategic points. These
NTCs are connected to a single instrumentation amplifier to optimize data acquisition.
The system design is similar to that of a single NTC within the temperature range of
18 °C to 86 °C. Based on this model, the value of the linearization resistor, Ry, connected in
parallel to the NTCs, is determined as shown in Figure 9.

+12V

Figure 9. Wheatstone bridge with 4 NTCs for surface temperature measurement of a PV module.

The resistance value at the average temperature for the TTF series NTC thermistors is
as follows:

Rp = RNTC (Tmed =52 OC) ~ 3880 O) (11)

The value of the bridge resistors is equal to the variation of the fixed thermistor-resistor
array (R1-Ry) over the entire indicated temperature range (18 °C an 86 °C) multiplied by
100 to amplify the resolution of the bridge output voltage given by:

R =100AR (12)

where AR = RIM¥ — RI"" and in turn, R} (T,;, = 18 °C) = 3007 Q and R}/"
(Tnax = 86 °C) = 1054 Q), and Ry;, is the linearized thermistor or in parallel with Rj.

Finally, the last element on the same branch of the circuit as the thermistor is a

compensation and reference resistor, which ensures that the voltage difference at the output
of the bridge is zero when T},,;,, = 18 °C.

R, = R — RIax (13)

lin
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Based on above, the voltage difference at the bridge output considering a single
thermistor is as follows:

1 1
Vv :5v< - ) (14)
Rc Rin
1+ %+ 2

Now, considering four thermistors, RZ‘;;” and Rj}’* change in value as three additional
thermistors are added in series with their respective resistors in parallel. Therefore, we
have the following.

R (T = 18°C) = RYI™ 4 RYI™ 4 RYI¥ 4 R (15)

Ry} (Tmax = 86 °C) = Ry + RE™ + REI + Ry (16)

m
However, since all thermistors are of the same type, it is stated that:

Ry, = Ry, = Rsy, = Ry, (17)

Replacing Equation (17) into (15) and (16), the new expressions are as follows:

R = 4R (18)
R/ = 4R} (19)

With Equations (18) and (19), the expressions for R’ and R, in Figure 9 are obtained as
functions of Equations (12) and (13).

R' = 4R & R, = 4R, (20)

Equation (21) describes the voltage difference at the output of the bridge in Figure 9,
considering the four thermistors.

Vaante) = Vinte = Ve =5V % - % (21)
1+ F+ 4

where R; i 18 the sum of the linearized NTC thermistors, expressed as R;m = Ry, + Ry, +
R3,,, + Ry,,, and arranged in series. Note that Equations (14) and (21) differ only in the term
Rj};, /4, corresponding to the average value of the four thermistors, which can be found at
different temperatures. Therefore, the voltage difference obtained represents the average
temperature measured by the thermistors. The parameter values, R’, R, Ry, and Ry, of the
designed Wheatstone bridge, developed and determined previously, are summarized in

Table 5.

Table 5. Parameters of the designed Wheatstone bridge.

Designed Parameter Value
R 781,224 ()
R} 769,193 ()
Ry 3880 O

Ry 110 O
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2.3. CFMs for Irradiance Estimation
2.3.1. Osterwald’s Model

The model is based on understanding how a PV module responds under non-standard
conditions, which differs from STCs. This approach allows for the efficiency of the PV mod-
ule to be compared, taking into account factors such as device temperature and total
incident irradiance level. Adjusting the measurements according to the specific condi-
tions during the test allows the performance of the PV module to be evaluated in a real
operating environment and not only under ideal conditions. According to [11,19], the
maximum power as a function of irradiance and temperature using values given by the
manufacturers is:

G
Prax = Pmax(STC)@ [1 + 7 (Te - TC(STC))} (22)

Solving for G, the irradiance estimation model is obtained as a function of the maxi-
mum generated power, the temperature of the PV module, and some parameters provided
in the manufacturers’ data sheets.

Gest = Gstc Pinox (23)
Pax(sTc) {1 +(Te - TC(STC))}

where P,,;(s7c) is the maximum power under STCs, Ggrc is the global irradiance at STC,
equal to 1000 W/m?, v is the normalized temperature coefficient of maximum power
(%/°C), T. is the temperature of the PV module (°C), T, (s7c) is the PV module temperature
at STC, equal to 25 °C, and #s7¢ is the PV module efficiency under STCs.

2.3.2. Model According to IEC 60891 Standard

This model follows a principle similar to that of the Osterwald model, designed to
adjust PV module measurements obtained under real conditions to compare them with
performance under STC. The main difference is that this model evaluates how current and
voltage vary regarding their maximum current and voltage values under STC.

Furthermore, it is important to note that the model based on IEC 60891 assumes
operating conditions close to the MPP and makes use of parameters obtained at STC, such
as short-circuit current, open-circuit voltage, and nominal temperatures. It also considers
the absence of partial shading, which is feasible in small systems with good solar exposure.
This approach also assumes that the PV module has not undergone severe degradation, so
that an ageing correction may be required for older PV modules.

The operating point V-I of a PV module can be calculated based on [12,14,18] with the
expression following;:

G G
)(Te — Tegsrey) + (m—

Al = Gstc

1)L, 24
Gere )se(ste) (24)

AV = —B(T. — Tys1c)) — ReAl (25)

where Al = Lypp — Lie(stcy and AV = Vipp — Vie(sc), Impp is the current in the MPP, Vi,
is the voltage in the MPP, I, (s7¢) is the short-circuit current under STC, V. (s7c) is the
open-circuit voltage under STC, « is the relative temperature coefficient of short-circuit
current (A/°C), B is the relative temperature coefficient of open-circuit voltage (V/°C),
Gsrc is the global irradiance at STC, equal to 1000 W/ m?, T, is the temperature of the PV
module, T (s7c) is the PV module temperature at STC, equal to 25 °C, and R; is the series
resistance of a PV cell.
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Solving Equations (24) and (25) simultaneously, and after isolating and rearranging G,
gives the global irradiance estimate, G,s;, shown as follows.

(26)

I + Al
Gest = GSTC( se(5TC) >

Isc(STC) - %(RSAI + AV)

Note that Equation (26) does not depend on temperature but rather on the series
output resistance, R, according to the single-diode, five-parameter model. Based on [13],
R; is the same as the output resistance under STC, R,(s7¢), and can be approximated
according to [38] as:

R. — Vmpp(STC) vapp(STC) - Voc(STC) 27)
.= _
I Lnpp(sTc) Lie(stc) = Impp(sTc) _
mpp(STC) (W In W} ) (Isc(STC) Impp(STC))

2.3.3. Model Based on the Characterization of a PV Cell

This estimation model is based on Equation (28), which represents the characteristic
equation of curve V-I of the simplified equivalent circuit of a PV cell with four parameters.
However, this simplified model does not take into account the parallel or shunt resistance
in Figure 10 given by [13].

V= Vp(T.)1 L (4 I Vac( 1)
= n|{— __ Y .
T(1lc Iph(G/ T;) Iph(G, T.)

where V7 is the thermal voltage and I, is the photogenerated current of the PV module.

—RI (28)

In Equation (28), the PV module’s output voltage depends on the photogenerated
current (I,;) and the open-circuit voltage (V,), which in turn are functions of G and cell
temperature. Therefore, the equations for these variables are defined as follows [11].

For the short-circuit current:

G
In(G, Tc) = Ise = Isc(STC)@ [1 +a(Te — TC(STC)):| (29)

For the open-circuit voltage:

Voe = Ve(stc) [1 +B(T. — TC(STQ)} v In g (30)
Voc(G,Tc)
Considering thate "7 and V1 = Vg, ., Ges is based on [13] and given by:
Gernl VARSI [14B(Te~ Ty s7))
Gest = e +Gsrc e (31)

Lie(sTc) {1 +a(Te — TC(STC))}

Equations (23), (26), and (31) were selected to perform the G measurements, from
which their accuracy will be evaluated, and those with the highest error will be filtered out.

YOR 21T

Figure 10. Simplified model of the PV module.
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3. Results

This section presents the main numerical results based on the models described above.
Numerous tests were performed to obtain the results, including two measurement types.
Firstly, laboratory tests were performed to validate the performance of the implemented
circuits. Secondly, tests were performed under real conditions, i.e., field tests to compare
the G measurements with the estimates obtained from the CFMs.

For the tests of the converter input power and equivalent load resistance, a duty cycle
sweep was performed from approximately 15% to 95%, considering an input voltage of
18.5V and a current of 4.35 A, values corresponding to the STCs of the PV module used, as
shown in Table 2. On the other hand, to evaluate the performance of the proposed improved
MPPT IC algorithm, the MPPT algorithm was tested on the implemented converter, using
the same power supply to show the performance of the IC algorithm in Figure 6. For this
purpose, successive stepped power levels of 2.5, 5, 10, 12.5, 17.5, 35, 47, 70, and 80.5 W were
assigned in ascending and descending order until the maximum reference power under the
STCs was reached. To evaluate the final objective of this article, which is the closed-form
models, an additional PV module of the same characteristics as the one already installed
with 10 years of service at the institutional laboratory TESLA of the Universidad Nacional
San Antonio Abad del Cusco (UNSAAC) was installed. The installation of the PV module
is described and shown in Section 3.3. On the other hand, the evaluation of the models is
performed using two accuracy metrics: the mean absolute percentage error (MAPE) and
the root mean square percentage error (RMSPE) [31,32]. The parameter values used in this
article are based on the technical characteristics of the PV modules used [39], shown in
Table 6.

Finally, the hardware, software, and tools used for the tests at the laboratory level and
in real conditions are as follows. A Raspberry Pi 3 model B (Manufacturer: Raspberry Pi
Foundation; City: Cambridge; Country: UK) which has as hardware a Broadcom BCM2387
chipset and a quad-core ARM Cortex-A53 processor. An Arduino Nano microcontroller
(Manufacturer: Arduino; City: Ivrea; Country: Italy), with dimensions of 45 mm x 18 mm,
based on the ATmega328P 8-bit microcontroller, 16 MHz clock frequency, 32 KB Flash mem-
ory, 2 KB RAM, 1 KB EEPROM, and communication via UART, SPI, and I2C. As a reference
instrument for comparing irradiance estimates, a pyranometer SKU6450 (Manufacturer:
Davis Instruments; City: Hayward, CA; Country: USA) was used, based on a silicon photo-
diode with a spectral response between 400 and 1100 nanometers, 1 W/m? of resolution, 0 to
1800 W/m? of range, +5 % of accuracy (Reference: Eppley PSP at 1000 W/m?), and an
update interval of 50 to 60 s. Programmable DC power supplies Tektronix PWS4305 (Man-
ufacturer: Tektronix, Inc.; City: Beaverton, OR; Country: USA), Linear Regulation, up to
30 V Output Voltage, up to 5 A output current, 0.03% Basic Voltage Accuracy, 0.05% Basic
Current Accuracy, less than 5 mV),_, Ripple and Noise.

Table 6. PV module parameters.

Parameter Value
Voc(STC) 225V
Isc(STC) 4.66 A

Pyiax(sTc) ; z(s)gflwc 1
Y —0. °C
o 0.002 A/°C
B —0.068 V/°C
TC(STC) 25°C

25.69 mV

VTS TC
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3.1. MPPT System
3.1.1. Converter Performance

Figure 11 shows the converter input power and equivalent load resistance as a function
of the converter duty cycle. We can see that the maximum power point is reached with a
duty cycle of 80%, which is close to the design value. Also, we can observe the curve of the
equivalent load resistance (green line) at the input of the converter, as seen from the power
supply, whose shape is consistent with the hyperbolic function of Equation (1). The blue
line shows the input power seen from the power supply, which increases until it reaches
approximately the programmed power value of 80.5 W, after which it decreases. In relation
to the equivalent resistance, it is observed that the maximum power value is obtained at
a resistance of 4.28 () which is very close to the R, value in STC conditions in Table 2.
On the other hand, the calculated efficiency of the converter is 94%, which shows a high
system performance.

80 {—— Measured Power (W) 160

= Equivalent Load Resistance (Q) 140
70 D @ Pmax: 80 %
Pmax: 79.88 W, R: 4.28 Q

120
60

W)

100
50

40 8o

30 60

Measured Power (

40

(D) @oue)SIsay peoT Jus|eAinby

20

10 20 30 40 50 60 70 80 90
Duty cycle (%)

Figure 11. Load conditions and maximum achieved power close to the reference design duty cycle.

3.1.2. Performance of the Proposed MPPT IC Algorithm

In Figure 12, we can observe the performance of the proposed IC algorithm under
different input reference power levels. Unlike the traditional IC algorithm, the proposed
algorithm eliminates the oscillations that appear at the maximum power point in Figure 7,
which can be better appreciated by analyzing the performance of the improved algorithm,
for example, for the reference level of 80.5 W in the time range of 67 to 82 s from Figure 12
(red circle) in Figure 13. The latter figure shows the change of the duty cycle step widths,
AD, reflected in the variation of the amplitudes of the oscillations around the MPP until
they are eliminated with AD equal to zero.

Table 7 presents the results of the evaluation of the metrics to determine the perfor-
mance of the proposed IC algorithm. The calculated mean absolute error (MAE) is 0.2 W,
which reflects a high accuracy in MPP tracking and an efficiency of 99.88%, indicating a
maximum utilization of the input power. The convergence time varies between 3 and 5 s,
which shows the algorithm’s speed in reaching the MPP.

Table 7. Evaluation metrics for the improved MPPT IC algorithm.

MAE Efficiency
02W 99.88% 3-5s No

Convergence Time Oscillations
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Figure 12. Improved IC algorithm performance for different power levels.
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Figure 13. Improved MPPT system response for 80.5 W input power.

3.2. Temperature Measurement System Test

Figure 14 shows the verification of the temperature measurement system. Four plastic
containers with water at different temperatures were used, as shown in Figure 14a—d. So,
the system calculates the final temperature as the average of the measurements in these four
containers. Therefore, the results of measuring the temperatures in these vessels with the
K-type thermocouple coupled to a Fluke 287 multimeter demonstrate the system’s accuracy.
The results confirm the correct functioning of the averaging system, as the final reading
recorded by the system was 41.25 °C. Finally, Figure 14e shows the values recorded by
the system, which vary between 41 °C and 42.5 °C, validating the accuracy of the average
temperature estimation.

Figure 15 shows the evaluation of the measurement system by means of a temperature
sweep from 20 to 63 °C, using four thermistors immersed in the same water tank. The
results show a variability of £2 °C in the readings, while the correlation with the refer-
ence values reaches a coefficient of 0.9974, indicating a strong relationship between the
two measurements. This test establishes the correlation between the thermistor read-
ings and the reference values and analyzes the variability of the measurements using
a histogram.
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Figure 14. Temperature measurement of water tanks is used to test the temperature averaging system.
(a) T1 =62.9°C, (b) T, =42.5°C, (c) T3 =27.9 °C, (d) T4 = 31.7 °C, (e) testing of the averaged system.
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Figure 15. Comparison of pairs of data between thermistor array readings and reference thermometer.

(a) Scatter plot in the range 20 °C to 60 °C. (b) Histogram of the differences between the reference
and thermistor readings.

3.3. Evaluation of Closed-Form Models

Figure 16a shows the installation of an additional PV module aligned in the same
tilt plane as the Davis Instruments pyranometer. Figure 16b shows the placement of the



Electronics 2025, 14, 1652

21 of 30

thermistors on the back of the modules with aluminum tape to have a good approximation
of the internal temperature of the modules based on [40]. On the other hand, Figure 17a
shows the implementation of the designed circuits, including the MPPT system and the
temperature measurement system, on a single double-layer PCB board. Figure 17b shows
the prototype installed inside a cabinet together with the other elements necessary for data
acquisition and acquisition.

Independent of the data integration node, the system pyranometer, and the temper-
ature measurement system, the maximum power tracker is powered by 5 V with a total
current of 32 mA.

=T E fl 2

Photovoltaic Modules

M E A T

Pyranometer._.

thermistors attached
with aluminum‘tape

(a) (b)
Figure 16. Equipment installed and implemented. (a) PV modules are installed on the same plane as
the pyranometer. (b) Thermistors fixed with aluminum tape on the back of the PV modules.

This configuration allows the simultaneous collection of data from a PV module that
has been used for several years and from a newly installed one. On the other hand, the
data were collected through a Raspberry Pi 3B, which integrates and synchronizes the
information from the Arduino Nano microcontroller and the Davis Instruments Vantage
Pro2 Weather Station console. In addition, communication with both devices is performed
through USB connections, using Node-RED for the management and local storage of the
information, with a sampling rate of 7 s.

input to
current
sensor
voltage e [
WO -

sensor. .

Output loads

(@) (b)
Figure 17. Prototype implemented and installed. (a) A PCB circuit was implemented to measure the
maximum power and surface temperature in real time. (b) Prototype installed inside a cabinet for
data acquisition.
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Figure 18a,b,d show the weather conditions with rapidly varying cloud cover.
Figure 18c shows the fast irradiance variations due to the large amount of irradiance
peaks. The data were collected over 4 days in mostly cloudy conditions, from 20 to 23
November 2024. The yellow line represents the reference irradiance, while the blue and red
lines show the power of PV modules 1 (used) and 2 (new), respectively, following a similar
pattern, indicating the correct functioning of the power trackers. However, the pyranometer
presents a limitation in its response time (5060 s), which has generated disagreement with
the measured power; this can be clearly seen between noon and 13:00 h in Figure 18a.
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Figure 18. The pattern of maximum irradiance and power generated by the PV modules. (a) Profiles
of 20 November—day 1. (b) Profiles of 21 November—day 2. (c) Profiles of 22 November—day 3.
(d) Profiles of 23 November—day 4.
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On the other hand, the models were applied with the following consideration: the
series resistance of the circuit model, obtained using Equation (27), was Rs ~ 4 (),

Based on the above, Figure 19 shows the approximation of the estimates to the refer-
ence (blue line).

Irradiance estimates made with the module with years of use
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(b)
Figure 19. Comparison between the estimates using the CFMs and the pyranometer sensing.
(a) Comparison in the PV module with years of use. (b) Comparison in the new PV module.

The models were evaluated by calculating two metrics: MAPE and RMSPE [31,32].
The main difference between the two lies in how they treat deviations of the estimates from
the true value measured by the pyranometer. While the MAPE measures the mean error in
absolute terms, the RMSPE gives greater weight to significant errors, penalizing them more
heavily. The mathematical expressions for MAPE and RMSPE are analogous to [19]. These
metrics are presented below.

n ..
MAPE = % Y| =2 <100 (32)
i=1 i
RMSPE — | L f vi= i\’ (33)
A\ S\
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On the other hand, Figure 20 shows the results of the MAPE and RMSPE calculations
for each model and photovoltaic (PV) module. Furthermore, the model is based on the
IEC equations, showing the highest accuracy (errors < 5%), while the equivalent circuit
model presents the highest uncertainty (errors > 20%), followed by the Osterwald model.
We can also observe that the estimates are more accurate for module 2 (new) than module 1
(used), suggesting degradation due to aging. Based on these results, the IEC model is the
most recommendable for daily analysis, incorporating the bias to determine possible over
or underestimates.

25.00
B MAPE B RMSPE 22.45
21.44
20.05
2000 r 18.34 18.86
16.56 16.02
15.00 r .
g
10.00
w 4.93
5.00 | 1.38 aog 389
0.00
module 1 module 2 module 1 module 2 module 1 module 2
Osterwald’s Model TEC 60891 Model Equivalent Circuit
Model

Figure 20. Bar diagram of the MAPE and RMSPE of irradiance estimates using three CFMs for two
PV modules of different service times.

Table 8 shows the results of the precision analysis per day, including the number
of samples, the irradiance range, and the calculated metrics. Although on the first day,
Figure 18a, irradiance levels of up to 1200 W/ m? are recorded, these values are excluded
by the applied filter due to their short duration, as the pyranometer does not detect them,
although the implemented system captures them. As a result, the range analyzed on this
day is limited to approximately 820 W/m?. A similar behavior is observed on days 2 and 4,
where the range is reduced to just over 400 W/m?. In contrast, day 3, Figure 18c, which is
characterized by high intermittent cloudiness, includes data above 1000 W/m?. Thus, the
results show a high similarity in accuracy metrics for days 1, 2, and 4 (low intermittency),
with smaller errors in module 2 compared to module 1. On day 3 (high intermittency),
the MAPE and RMSPE values were 6.36% and 6.86% for module 1, respectively, while for
module 2, they were 5.25% and 5.96%. On day 4 for module 2, the measurements were
oriented to overestimate the real values, with errors between 0.34 W/m? and 10.75 W/m?
at low intermittency and between 18.20 W/m? and 24.66 W/m? at high intermittency.
Thus, on day 4, module 2 shows an underestimation of 2.43 W/ m?2. Also, Table 8 shows
systematic bias determined in W/m?. This same bias can be used to adjust the modules’
estimates. However, more dynamic models would be required that include an indicator of
aging as the actual or current efficiency concerning the factory efficiency.

Based on these results, we ranked the accuracy of the IEC model as a function of
cloud intermittency. In addition, the average metrics for the low intermittency days
(days 1, 2, and 4) were calculated and compared to those for the one high intermittency day
(day 3). Therefore, we determined that the IEC model was most accurate in PV module 2 (no
usage time), achieving 97.4% accuracy (2.6% error and 3.2% RMSPE) at low intermittency,
while in PV module 1 (10 years of service), the accuracy was 96.29% (3.71% error and 4.28%
RMSPE). These results are summarized in Table 9.
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Table 8. Irradiance estimation errors per day and PV modules for the best CFM.
Number Irradiance PV Module 1 PV Module 2
Days of Range MAPE RMSPE Bias MAPE RMSPE Bias
Samples (W/m?2) (%) (%) (W/m?) (%) (%) (W/m?)
1 501 131-821 4.13 453 —10.75 2.27 2.75 —4.69
2 1007 142-408 3.64 4.29 —5.86 3.10 3.81 —0.34
3 1563 102-1116 6.36 6.86 —24.66 5.25 5.96 —18.20
4 2047 132-411 3.37 4.02 —8.95 243 3.05 2.43
Total 5118 102-1116 4.38 493 —12.55 3.26 3.89 —5.20

Table 9. Accuracy errors of the IEC 60891 model considering low and high cloud intermittency and
in-service time PV modules.

Cloud Intermittenc PV Module 1 (Years of Use) PV Module 2 (New)
Y MAPE (%) RMSPE(%) MAPE(%) RMSPE (%)
Low 3.71 4.28 2.6 3.2
High 6.36 6.86 5.25 5.96

Based on all the results, we conclude that the developed system offers efficient and
accurate performance in MPP tracking and temperature measurement in PV systems. The
converter achieves 94% efficiency, while the improved MPPT IC algorithm achieves 99.88%
efficiency, with fast convergence and lower MPP swing than the traditional IC algorithm. In
addition, the temperature measurement system demonstrates reliability, with a variability
of £2 °C and a correlation coefficient of 0.9974 concerning reference values, validating
its accuracy. On the other hand, the IEC model is the most accurate in the evaluation of
CEMs, with errors of less than 5%, while the equivalent circuit model presents the highest
uncertainty (>20%). The results also show the influence of aging on the performance of PV
modules, with better estimates for the newly installed module.

4. Discussion

This section compares the results obtained from the CFM with other previous studies,
evaluating their accuracy and applicability in different cloud conditions. Although the
evaluated models agree with reference values, their practical application depends on certain
idealized conditions. For example, uniform irradiance over the PV module surface and
electrical behavior close to the maximum power point are assumed. These assumptions
may not be met in real installations with dirt, partial shading, or localized thermal varia-
tions. Also, the model’s accuracy may decrease if the effects of PV module aging are not
considered, so future implementations should explore incorporating dynamic correction
factors. Furthermore, although the accuracy of the results is obtained directly by compar-
ing the estimates with real values, it also depends on the accuracy of the implemented
measurement systems, especially the maximum power tracking system with an improved
IC algorithm, whose data are explicitly presented for replication. Therefore, the final results
are compared with previous studies, considering the hardware and PV devices used, the
conditions and irradiance ranges covered during data collection, and the estimation errors,
as shown in Table 10. The main difference concerning previous work will be the errors in
terms of MAE and RMS, which range between 1.08% and 5% and between 1.5% and 4.6%.
The minimum and maximum errors in these terms with the proposed system achieved are
between 2.6% and 6.36% of MAE and between 3.2% and 6.86% of RMS.
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Table 10. Comparison of estimation systems.
Hardware PV Irradiance Analysis
System CEM and Circuits Device Conditions Range (W/m?) Error
Used
Direct 12 mW cells 300-600 1.5%
One diode . Rapidly (RMS)
. connection .
Carrasco et al. [16] and five 87 W moving o
parameters €0 Ryupy module clouds 450-950 3.2%
Arduino UNO (RMS)
5 years
Moshksar y 1.08%
Ghanbari [14] IEC 60891 MPPT P&O 10 W module Sunny 880-920 (MAE)
Clear sk 3.9% (4.6%)
Short-circuit Laboratory 245 W y MAE (RMS)
Abe et al. [15] ) 50-1000 o 0
current equipment module Cloudv sk 3.6% (4.3%)
ysky MAE (RMS)
One diode corl?rigé(tzicon Module Laborator
Laudani et al. [17] and five 1 y 200-1400 5%
rameters to Rypp emulator tests
pa ESP32
Slow- 2.6-3.71%
. (MAE)
Improved moving 131-821 o
Proposed MPPT IC New and clouds 3.2-4.28%
improved IC IEC 60891 Arduino Nano 10-year-old (RMS)
P 80 Wmodule  Rapidly 5.25-6.36%
moving 102-1116 (MAE)
clouds 5.96-6.86%

The system presented in [14] achieves the lowest MAE, with a value of 1.08%, using
a small module of 10 W and an analytical model based on the equations of IEC 60891.
However, the study covers a very limited irradiance range, between 880 and 920 W/m?.
This irradiance range implies that, in a practical application, the accuracy of the model
outside this range is uncertain, affecting the estimates’ reliability under different irradiance
conditions. Also, the system presented in [16] records the lowest error, but in terms of
RMS, with a value of 1.5%. This result was obtained using 12 mW monocrystalline cells
and a model based on the characteristic equation of a diode with five parameters within
an irradiance range of 300 to 600 W/m?. However, the analysis is limited. In addition,
the study extends the evaluation range by considering an 87 W module with five years
of use, covering irradiances from approximately 450 to 1000 W/m?, although with an
increase in error of up to 3.2%. In [15], the authors use laboratory equipment to acquire the
values of short-circuit current and peak current and apply them to a model of proportional
relationship with irradiance. The estimation errors obtained vary between 3.6% (4.6%) and
3.9% (4.3%) between clear and cloudy days, respectively, using 245 W PV modules up to
5 years old in an irradiance range from 50 to 1000 W/m?. On the other hand, in [17], the
authors also use the one-diode, five-parameter model with direct connection to a resistor
under STC (Rypp) conditions. In this case, the authors use PV emulators in an irradiance
range from 200 to 1400 W/m?, obtaining errors lower than 5%.

The estimation system developed in this research is based on an Arduino Nano
with an improved IC algorithm to eliminate oscillations at the point of maximum power.
The system’s performance was evaluated in real conditions for four days, classifying
irradiance changes into two categories according to cloud movement: slow and fast. Cloudy
conditions prevailed, covering a wide range of irradiances above 1000 W/m?. As a sensing
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element, two 80 W monocrystalline PV modules were used, emulating their continuous
operation as a generator.

Compared to [14], which also employs the IEC model and an MPPT algorithm,
the proposed system offers a broader estimation capability, covering a wider range of
irradiance and varying conditions. In contrast, the referenced approach is limited to
40 discrete irradiance levels. As for using other models, such as the one-diode, five-
parameter model used in [16], although it has minimal errors, its range of analysis is
limited. Similarly, in [17], the authors do not evaluate the system under real operating
conditions. In both cases, their estimators only function as sensors when connected to a
single fixed load (Rypp). In contrast, the proposed system offers dual operation, allowing
estimation and power generation. In [15], the authors test the short-circuit model with
average power modules, obtaining good results in terms of estimation over 16 months.
These results are comparable to those obtained with the new module used in this study,
with a 1% difference with respect to the old module, which is five years older than the one
used in [15].

Although in terms of accuracy, the model used is comparable to that obtained with
the new PV module, the degradation of the module with 10 years of service, as seen in
Figure 18 affects the estimation. However, this effect can be corrected by adjusting the
bias value to align it with the new PV module. Likewise, regarding the reproducibility
of the estimation system, the proposed implementation takes advantage of the generated
power, unlike previous studies, which makes it more suitable for environments where
irradiance data are required without compromising PV power generation. Furthermore,
its accuracy is comparable to that of previously described dedicated systems. In addition,
independent of the data integration node, the system’s pyranometer, and the temperature
measurement module, the maximum power point tracker (MPPT) operates witha 5 V power
supply and a total power consumption of 32 mA. The MPPT system costs approximately
20 USD and has an estimated lifetime of 10 years under continuous and optimal operating
conditions. Compared to commercial solutions based on irradiance sensors, such as the
Davis Instruments model 6450 pyranometer valued at 225 USD, the developed proposal
represents a cheaper alternative.

Finally, the research has certain limitations. On the one hand, the experiment was
carried out on the rooftop of the building of the Professional School of Electronic Engi-
neering of the National University San Antonio Abad del Cusco, where the photovoltaic
modules and equipment are located. On the other hand, variable climatic conditions lim-
ited the continuity of the measurements, particularly in conditions of high irradiance. So,
the experimental period was adjusted according to operational and climatic availability.
Although the results show good accuracy in irradiance estimation, the tests were limited
to four days in specific climatic conditions so that they cannot be represented in other
geographical or seasonal environments. Furthermore, using a single type of PV module
and NTC thermistors limits the system’s generalizability to other PV modules. Additionally,
from a practical application point of view, the proposed system offers a high potential to
be integrated into stand-alone PV systems (off-grid) and smart microgrids. Thanks to its
low cost and low power consumption, it can function simultaneously as a power generator
and irradiance sensor, allowing real-time monitoring of PV module performance without
requiring expensive external sensors such as pyranometers. In microgrid environments,
this type of system can operate as a distributed diagnostic node, facilitating load balancing,
generation forecasting, and anomaly detection at the PV module level. These features make
it a suitable solution for rural areas or isolated communities.
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5. Conclusions and Future Works

This paper presents the design and development of a prototype for irradiance esti-
mation based on evaluating three CFMs, integrating an MPPT system and temperature
measurement using NTC thermistors. The selected CFMs use current and voltage in the
MPP. The low-complexity MPPT system reduces the oscillations of the IC algorithm and
provides key information for reproducibility. Of the three CFMs analyzed, the model based
on the IEC 60891 equations showed the highest accuracy in irradiance estimation. This
model showed an overall error of 3.89% when using a new PV module and 4.38% with a
10-year-old PV module. The MPPT system was implemented and analyzed on the rooftop
of the Professional School of Electronic Engineering of the UNSAAC for 4 days. The irradi-
ance patterns on these days could be classified into low and high cloudiness days, so the
estimation results are divided into two. For low cloud conditions (130 to 820 W/m?), the
error decreases to 2.6% with the new PV module and 3.71% with the old one; and for high
cloud conditions (100 to 1110 W /m?), the error increases to 5.25% with the new PV module
and 6.36% with the old one. Despite the increase in cloudy days, the system effectively
detects rapid changes and shows an irradiance pattern very close to the readings of a
reference instrument. Results indicate that integrating an MPPT controller with a current
and voltage measurement system in PV modules with up to 10 years of operation allows
the estimation of irradiance values and enables the analysis of their variability throughout
the day. This dual functionality makes the system capable of operating simultaneously as a
power generator and irradiance sensor.

Although the results obtained demonstrate a high accuracy of the proposed system
under cloudy and variable irradiance conditions, it is acknowledged that the experimental
period was limited to four days, mainly due to climatic and logistical constraints at the test
site. Furthermore, the proportion of data collected under high irradiance conditions was
low, which restricts the validation of the model under strong solar irradiance scenarios.
Consequently, future work is proposed to extend the experimental cycle over different
seasons, including extreme conditions and environments with high solar exposure, to
evaluate the system’s long-term stability and seasonal adaptability. On the other hand,
another future work of this study would be the extension of the methodology to PV arrays
to evaluate its applicability in medium and large-scale solar generation systems. Also,
the optimization of the MPPT algorithm to improve its performance in the face of rapid
irradiance variations and its possible integration in remote monitoring platforms, such as
SCADA or IoT platforms, using non-invasive current and voltage measurements at the
output of the PV arrays. These estimates would allow the solution to be scaled up for
application in microgrids or stand-alone PV systems of higher capacity. Also, future work
could address the combination of IC algorithms with Perturbation and Observation (P&O)
or Neural Networks to improve tracking under partial shading conditions for small and
large PV systems, including an adaptive step size gradient based on dynamic adjustment
of the rate of change of dP/dV to reduce convergence time using a higher frequency
microcontroller such as the 72 MHz stm32f103c8t6. Finally, another avenue of future
research is the performance of an interval analysis across different time windows to assess
the variability of the estimated irradiance.
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