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Abstract: With half-cut photovoltaic (PV) modules being the dominant technology on the market,
there is an increasing necessity for accurate modeling of this module type. Circuit simulators such
as Simulink are widely used to study different topics regarding photovoltaics, often employing a
solar cell block available from the Simcape library. The purpose of this work is to validate this model
against measurements for a partially shaded half-cut PV module. Diverse shading scenarios are
created by varying the number of shaded substrings, the number of shaded solar cells in the substring,
and the shading level. For every shading scenario, the PV module’s I-V curve is measured, along
with in-plane irradiance, air temperature, and module temperature. A comprehensive evaluation
of simulation accuracy is presented. The results confirm a high accuracy of the model with mean
nRMSE values of 2.2% for I-V curves and 2.8% when P-V curves are considered. It is found that the
simulation errors tend to increase when increasing the number of shaded substrings. At the same
time, no obvious dependency of simulation accuracy on the shading level or the number of shaded
solar cells in the substring is found.

Keywords: PV modeling; MATLAB Simscape solar cell; model validation; partial shading; half-cut
PV module

1. Introduction

Shading has been long recognized as one of the most serious loss mechanisms in
photovoltaics. It causes uneven irradiance of the photovoltaic (PV) module and induces
mismatch losses because the electrical output of the shaded solar cell is significantly re-
duced. However, in many practical applications, shading is unavoidable. This is especially
true in urban areas, where neighboring buildings, trees, or other objects during some part
of the day often cast shade on the rooftop photovoltaic system. The magnitude of the losses
depends on the shaded area and the intra- and inter-module wiring topology. A single
crystalline–silicon solar cell typically has a voltage of 0.5–0.6 V. Practical applications gener-
ally require higher voltages, so inside the photovoltaic module, solar cells are traditionally
connected in series. Similarly, a series connection of photovoltaic modules in the photo-
voltaic array is often used to avoid high currents that increase cabling losses. Unfortunately,
a series connection is the most prone to shading losses. Shading a solar cell significantly
reduces its current, while the decrease in output voltage becomes much lower. However,
the reduced current from the shaded solar cell impacts the whole string of cells connected
in series, and this detrimental effect is further transferred to the PV array. Theoretically,
a complete shading of a single cell in a single PV module would reduce the current from
the PV module to zero, and consequently, the output of the complete string of PV modules
would be reduced to zero. A conventional method of mitigating this effect is to use bypass
diodes, typically connected in parallel to the string of series-connected solar cells. Usually,
three bypass diodes per PV module are used. That means the PV module is split into three
parts, usually termed submodules, and each of them has a corresponding bypass diode.
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When the shadow appears on some part of the submodule, the current is passed through
its bypass diode, meaning the whole submodule is excluded from the total PV module
output. A shadow on one submodule thus causes the reduction in approximately one-third
in the PV module output power.

PV models are pivotal for PV system planning and analysis. They are used, among
other issues, for studying PV system output characteristics under partial shading and the
development of new maximum power point tracking (MPPT) algorithms. As shading
patterns across the PV array can be complex, accurate modeling of PV module output
characteristics under partial shading is crucial for a reliable assessment of PV system
performance and electricity production.

Studies of the shading effect on PV performance differ in terms of resolution. The
coarsest view considers shading on the PV module level only, i.e., it is assumed that every
module is uniformly illuminated or shadowed. This approach can be adequate for PV
systems comprising many PV modules, such as in [1], where the authors analyzed the
shading effect on the output of a PV array with 1000 PV modules. Yet, some authors have
used the same approach even for smaller PV arrays, having as little as 21 PV modules [2]
or 6 PV modules [3]. However, it was shown in [4] that module-level modeling results in
an inaccurate estimation of the total system power and maximum power point voltage.
Modeling accuracy can be improved if the shading is considered at the substring level,
where the substring refers to a string of series-connected PV cells protected by a bypass
diode. This was used in [5], where partial shading of a single PV module and mismatch
losses of a string of 18 PV modules connected in series were considered, increasing the
shaded area in steps of one-third of the total PV module area. The best resolution in
modeling the partial shading is achieved if the shading is observed at the cell level. The
studies performed on the single solar cell have confirmed that a partially shaded solar
cell behaves as if it is uniformly illuminated by the reduced irradiance, with the reduction
proportional to the shaded area [6]. Hence, when modeling the PV system under partial
shading, an equivalent circuit model of a solar cell can be used as the main building block.

Commonly, the single diode model of a solar cell is used, because it is simple and still
provides reasonable accuracy. Another diode is added to improve the model accuracy at
low voltages when the recombination in the junction region becomes significant. More
details about solar cell models can be found elsewhere [7–9]. If the number of series-
and parallel-connected solar cells in the PV module is known, the equation describing
the solar cell equivalent circuit is easily scaled to obtain the current–voltage dependence
of the PV module. Unfortunately, the equation is implicit and the main challenge is to
determine the model parameters. Many different numerical and analytical methods to
obtain the model parameters have been proposed, and several review papers on the topic
have been published [10–13]. It should be noted that a comprehensive review of PV system
models under partial shading showed that many published studies lack experimental
validation [14]. Regardless of the choice of a numerical or analytical approach, the extraction
of the model parameters requires a high level of expertise and mathematical knowledge.

Modeling the effects of partial shading using MATLAB/Simulink is convenient and
frequently used because the solar cell model is available as a standard simulation block
in the Simscape library. This allows for the shading analysis to be conducted at the cell
level. The block has two output ports belonging to positive and negative terminals, and
one input port for irradiance. Input thermal port can be optionally enabled. Solar cell block
as available in the Simscape library is built as a two-diode equivalent circuit model of the
solar cell [15], but the user can choose to reduce the complexity by using a single-diode
model or neglect the leakage current losses. The Simscape solar cell block has predefined
parameters for three different parameterizations, and these parameters should be confirmed
by measured data to ensure the model’s accuracy. Due to the popularity and widespread
use of MATLAB/Simulink in the scientific community, many different topics have been
studied using simulations that are based on the Simscape solar cell block [16–20]. It is
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especially suitable for simulating circuits where photovoltaic modules are connected to
other circuit elements, such as DC/DC converters, batteries, etc.

However, to the best of the authors’ knowledge, a rigorous estimation of the accuracy
of the Simscape solar cell block and its suitability for simulating PV systems under partial
shading has not been published elsewhere. This is especially true when considering the
scarcity of studies on Simscape block accuracy for modeling partially shaded half-cut
PV modules. The SPICE-based simulations demonstrated that half-cut PV modules are
superior to full-cell modules under partial shading conditions [21,22]. Hotspot temperature
simulations using the single-diode solar cell model and Bishop’s reverse breakdown model
implemented in MATLAB further showed that half-cut PV modules also exhibit lower
local heating [23]. Although the half-cut technology accounted for more than 90% of all PV
modules in 2022 [24] and is currently dominant on the market, a literature survey reveals
only a limited number of experimental studies of partial shading for half-cut PV technology.
In [25], the authors studied the influence of shading on three different configurations
of half-cut modules. Two distinct scenarios were considered: in the first case, only a
certain area of the single solar cell was shaded, and in the second the shaded area was
subsequently increased along the longer and shorter PV module side. No comparison of
measurement and simulations was given, and only one shading level was considered. The
output characteristic of a half-cell PV module under partial shading has been simulated
using MATLAB/Simulink [26]. However, only four shading scenarios were considered,
varying only the size of the shaded area. A semi-transparent polyethylene film was used
for shading in experiments, reducing the irradiance of the shaded solar cells approximately
by half. A comparison of simulation and measurement results was given for the case of
unshaded PVmodule alone and only in terms of relative error for the typical parameters
(short-circuit current, open-circuit voltage, efficiency, fill factor).

The main contributions of this study can be summarized as follows:

• Thorough validation of the Simscape solar cell model in partially shaded conditions,
considering a wide range of shading scenarios;

• Improved methodology for comprehensive model evaluation, based on comparison
along entire I-V and P-V curves;

• Experimental validation using a half-cut PV module;
• Initial estimation of how different shading parameters influence the model’s error.

2. Materials and Methods

Initially, different shading scenarios for the experiment are designed. Only cell-level
shading is considered because partial shading of a single solar cell has the same effect as
homogeneous illumination of the total solar cell area but with reduced irradiance [27,28].
Different shading scenarios are created by using three different shading levels and by
varying the number of the shaded solar cells and the number and position of substrings
where the shade occurs. The output I-V curves of the half-cut PV module are measured
for every shading scenario. Then, each case is simulated in MATLAB/Simulink, using the
model of the PV module based on the built-in Simscape solar cell block. It should be noted
that the intent of this work is not to propose a new model but to check the existing one using
it with as little adjustment as possible. The accuracy of the model is estimated by comparing
the difference between the simulated and measured I-V and P-V curves. In many existing
studies, the evaluation is focused only on three typical points on the I-V curve, so usually
only the relative error for short-circuit current, open-circuit voltage, and maximum power
current and voltage is given (see, e.g., [26,29,30]). In this paper, the differences between
simulation and measurement along the entire I-V and P-V curves are considered when
estimating the accuracy of the simulation for a particular shading scenario.

2.1. Experimental Details

Three polyethylene sheets with different transmittances were used to create different
shading levels, denoted as T1–T3, with T1 having the highest transmittance. The spectrum
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of the shading sheets was measured using an EKO MS-711 spectroradiometer from EKO
Instruments, Co., Ltd., Tokyo, Japan [31], covering a 300–1100 nm region. The measured
spectra are shown in Figure 1 along with a spectrum of the “regular” shade. Then, by
comparison with the spectrum measured without shading the spectroradiometer, the
spectrally weighted transmittance of each sheet was calculated. The resulting transmittance
values for sheets T1–T3 were 61%, 36%, and 14%, respectively. These values represent the
percentage of solar radiation that passes through a sheet in the considered wavelength
region. Transmittances T1 and T2 were practically independent of the wavelength, as
is the case for the regular shade, while transmittance T3 increased nearly linearly with
the wavelength. However, near the edge of the recorded spectrum, the sensitivity of the
silicon solar cells was significantly reduced [32], so this effect can be neglected without
affecting the results of the study. Therefore, sheet T3 was used to represent a “regular”
shade. Despite some differences in the spectrum, this is a much more realistic scenario than
using completely non-transparent material, an approach commonly found in the literature.

Figure 1. The measured spectra of the shading sheets with transmittances T1–T3 compared to the
unshaded spectrum. Also, the spectrum of the “regular” shade is presented, measured when the
spectroradiometer is shaded by the shading object (here, cardboard placed approximately 1 m away
from the instrument is used for shading).

A half-cut PV module SV120-360 E BC HC9B [33] from Croatian manufacturer Solvis
d.o.o., Varaždin, Croatia, was used for the experiment. This module consists of 120 monocrys-
talline solar cells, each with a size of 166 mm × 83 mm. The module is split into two halves
connected in parallel, with each half comprising 3 substrings of 20 solar cells in series.
Just like in the case of full-cell PV modules, there are three bypass diodes, every diode
connected in parallel to the series string of 20 solar cells. In the case of half-cut PV modules,
individual bypass diode is therefore shared by the two substrings from the opposing halves
of the PV module. Overall, the half-cut PV module can be considered to comprise six
substrings of 20 solar cells in series. The internal structure of the module is illustrated
in Figure 2a. For easier understanding, each 20-cell substring is labeled using numbers 1
and 2 to designate the upper (1) and lower (2) half of the module, and letters A, B, and C
designate the bypass diode that is connected to the considered substring. Additionally, the
main parameters of the PV module are given in Figure 2b.
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Figure 2. (a) The structure of the half-cut PV module under study, with labeled substrings; (b) The
main parameters of the PV module.

The tested PV module was fixed on the mounting frame with a 23◦ tilt facing due south
and placed on the roof of the Faculty of Electrical Engineering, Mechanical Engineering,
and Naval Architecture in Split, Croatia (43.5115◦ N, 16.4696◦ E).

Measurements were taken in July 2023 during the hours around solar noon on clear
sky days to minimize the losses caused by the high incidence angle. A portable I-V
Checker EKO MP-11 from EKO Instruments, Co., Ltd., Tokyo, Japan [34] was used to
record I-V curves. The instrument records 400 data points of the I-V curve with a voltage
resolution of 10 mV and a current resolution of 10 mA, taking between 4 and 640 ms to
complete the sweep. Both voltage and current measurement accuracy were within ±1.0%
of full scale over the voltage and current range. Simultaneously, plane-of-array (POA)
irradiance was measured by the instrument’s sensor unit. The integrated pyranometer can
measure irradiance up to 1500 W/m2, with an accuracy within 1.5% of full scale. Also, the
temperature of the PV module’s rear surface and air temperature were measured using
two T-type thermocouples supplied with the sensor unit. A sequence of measurements
was performed using different shading sheets for each shading scenario. The typical time
between subsequent measurements was around 30 s, so the irradiance was practically
unchanged. Shading was achieved by closely covering the part of the PV module with the
selected shading sheet.

Different shading patterns are created by varying the number of the shaded substrings,
the number of shaded cells in a particular string, and the shading level is determined using
sheets with different transmittance. Shading scenarios are grouped into five distinctive
cases based on the number of shaded substrings and their position within the module, as
illustrated in Figure 3. As can be seen in the figure, considered scenarios include from
one to three partially shaded substrings. This is because the biggest changes in I-V and
P-V curves come from the activation of bypass diodes. By considering up to three shaded
substrings, we were able to design scenarios in which one (Cases 1 and 3), two (Cases 2 and
5), or all three bypass diodes were activated (Case 4). With three different shading levels
used in every scenario, 66 unique conditions in total were analyzed.
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Figure 3. Considered cases of shading scenarios, denoted S1–S22 in the figure. Shaded blocks indicate
the position of the shaded substrings and numbers on the shaded blocks indicate the number of
shaded cells in the corresponding substring. For every scenario, all three shading levels corresponding
to sheets having transmittances T1–T3 are examined.

2.2. Modeling and Simulation

The model of the half-cut PV module under study is built in Simulink (MATLAB
R2023a with Simulink v. 10.7 was used) by connecting 120 Simscape solar cell blocks and
three bypass diodes in accordance with the module structure illustrated in Figure 2a. As
described, the module consists of six substrings, each having 20 solar cells in series. Solar
cell parameters in Simulink can be defined in three ways:

(a) 5 parameters using short-circuit current (Isc) and open-circuit voltage (Voc);
(b) 5 parameters using parameters of an equivalent circuit model;
(c) 8 parameters using parameters of a double-diode equivalent circuit model.

In this work, the first option is selected because Isc and Voc are usually available
from the PV module datasheet given by the manufacturer, which makes it the simplest
option to employ. Additionally, the temperature coefficient for Isc from the datasheet is
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entered into the model. It should be noted that the selected model neglects the solar cell’s
shunt resistance.

According to Simscape library documentation [35], for the chosen 5-parameter solar
cell model, the output current, I, is given by

I = Iph − Is ·
[

exp
(

V + I · Rs

m · VT

)
− 1

]
, (1)

where Iph is the photogenerated current, Is is the diode saturation current, V is the output
voltage, Rs is the series resistance, m is the diode ideality factor, and VT is the thermal voltage.

Initially, the unknown solar cell parameters (the diode ideality factor and solar cell
series resistance) are adjusted by fitting the model to measured I-V curves when the PV
module is unshaded. This is regarded as a referent scenario, S0. MATLAB’s Curve Fitting
Toolbox is used to obtain the missing parameters.

Afterward, the solar cell parameters are considered to be constant, and only measured
POA irradiance and temperature of the PV module’s rear surface are entered into the model,
assuming the temperature of all solar cells in the module is equal. Under partial shading,
this assumption might not be correct, but the effect of the temperature gradient is out of
the scope of this study and is believed not to have a significant impact on the conclusions.

2.3. Metrics for Estimation of the Model Accuracy

The accuracy of the simulation model for a particular shading scenario is estimated
using a two-level assessment:

Partial assessment concentrating on three typical points on the I-V curve: short-circuit
current, open-circuit voltage, and maximum power point. The relative error is calculated
using the following expression:

Xrel =
Xs − Xm

Xm
· 100%, (2)

where Xrel stands for relative error, Xs is the simulation value, and Xm is the measured
value of particular quantity X. It should be noted that in cases with more than one inflection
point on the P-V curve, only the global maximum power point is considered. Besides the
values of maximum power (Pm), corresponding current (Im) and voltage (Vm) values are
also included in the evaluation.

Thorough assessment taking into account the differences between simulation and
measurement along entire I-V and P-V curves. In fact, due to the reduced accuracy of
the used I-V curve tracer for currents below 0.3 A, this part of the curve is excluded from
the analysis. The agreement between the simulated and measured curves is estimated
using common parameters for statistical metrics: mean bias error (MBE), mean absolute
error (MAE), and root mean square error (RMSE). These parameters are normalized by
the measured value of short-circuit current when analyzing the I-V curve, and by the
measured value of global maximum power for the P-V curve. The main reason for nor-
malization is reduction in the impact of varying irradiance and temperature throughout
the measurements. The short-circuit current is directly proportional to irradiance, so at
higher irradiance levels the output current and power increase. As a result, at higher
irradiance, the larger absolute value of the specific metric parameter might at the same
time have a smaller relative value. Hence, normalization by the short-circuit current is
used to account for varying irradiance and temperature, and this is widely accepted in the
scientific community [36–39]. Similarly, when P-V curves are considered, the maximum
power is selected for normalization to facilitate the comparison of the results obtained
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under different irradiance values and temperatures, as well as different shading scenarios.
Hence, the expressions used are given as

nMBE =

1
N ·

N
∑

i=1
(Xs − Xm)

Xmax
, (3)

nMAE =

1
N ·

N
∑

i=1
|Xs − Xm|

Xmax
, (4)

nRMSE =

√
1
N ·

N
∑

i=1
(Xs − Xm)

2

Xmax
(5)

where N is the number of points along the I-V and P-V curves, Xmax stands for Isc in the
case of the I-V curve and Pm for the P-V curve.

For a reliable accuracy assessment, the number of points should be sufficiently large.
Since the deviation between measured and simulated curves varies along the voltage axis,
taking too few points could cause misleading results. So, in all scenarios, between 365 and
380 points are taken with the linear voltage resolution of 0.1 V. This ensures that all voltage
regions, including the critical ones where the highest discrepancy occurs, are well covered.

3. Results

A referent scenario S0 for the case of an unshaded PV module is used to fit the model
to the measurements. Two missing model parameters, diode ideality factor n and series
resistance Rs are found in this way. The obtained values are n = 1.2 for the diode ideality
factor and Rs = 15 mΩ for series resistance. These values, together with the temperature
coefficient, are kept constant throughout the rest of the simulations. The difference between
simulations and measurements for the referent scenario S0 is shown in Figure 4. The
relative errors are 0.7% for Pm and 0.8% for Voc, with practically equal Isc in simulations
and measurements. There is, however, a slight disagreement in the values of current, Im,
and voltage, Vm, in the maximum power point. The relative error for maximum power
current is −2.4%, and the corresponding voltage error is 3.1%. If the complete I-V and
P-V curves are analyzed, the obtained nRMSEs are 0.67% for the I-V curve and 0.64% for
the P-V curve. It is interesting to note that nMBE values are positive for both curve types,
indicating the slight tendency of the simulations to overestimate the current and power
for a particular voltage value. Nevertheless, the obtained errors are very low, so it can be
considered that for the referent unshaded PV module scenario the model fits measurement
with high accuracy.
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When shaded scenarios are taken into account, the agreement between the simulations
and measurements is slightly lower. The results of all 22 shading scenarios depicted in
Figure 3 in combination with three transmittance levels, giving out 66 unique conditions
in total, are summarized in Table 1. For all parameters used to evaluate the simulation
accuracy and defined in Section 2.3, the mean and maximum values are calculated. It
should be noted that for parameters that can be negative (relative errors and nMBEs),
the mean for each parameter is calculated using absolute values to avoid the error from
partial cancellation of positive and negative values. The highest relative error is obtained
for the value and position of the maximum power, but the mean of these values remains
below 3.5%, indicating the existence of an outlier. This outlier is further commented on
in a separate analysis of each case. The highest relative error of the maximum power is
5.1%, but on average this value is less than 2.2%. Very good agreement of simulations to
measurements is also confirmed by low errors when the complete I-V and P-V curves are
studied, with mean values for all error parameters of ≤2.8%.

Table 1. Overall errors for all scenarios. Error values are given as percentages (%). The errors for
scenario S0 are given as a reference.

Relative Error Xrel I-V Curve P-V Curve

Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S0 0.7 3.1 2.5 0.8 0.01 0.7 0.6 0.5 0.6 0.5 0.5

S1–S22
Mean 2.2 3.2 2.5 0.5 0.9 2.2 1.7 0.5 2.8 1.8 0.7
Max 5.1 80.5 −43.4 1.9 3.5 4.5 4.2 1.8 5.8 3.5 −2.3

3.1. Partial Shading of a Single Substring (Case 1)

It is well known that the shading of a single solar cell can activate the bypass diode,
circumventing the current flow of the whole series substring. Despite that, partial shading
of a single substring included four scenarios with 1, 2, 5, and 10 shaded solar cells from the
same substring. The experimental results confirmed that increasing the number of shaded
cells in the substring makes a marginal impact on the output characteristics. Therefore, the
comparison between simulations and measurements is shown in Figure 5 only for scenario
S1 with only one shaded solar cell. The characteristics are given for all three shading sheets
with transmittances T1–T3. For all three shading levels, two major disagreements can be
observed. First, activation of the bypass diode causes abrupt changes in the curves obtained
by simulations, while the measurements show that the actual changes are somewhat
gradual. This can be seen for voltages around 20 V. Another noticeable difference occurs for
voltages above 30 V, where the simulated curves start decreasing before the measured ones.
As a result, the simulations underestimate the maximum power, but this underestimation
is rather small with a relative error of −2.1% for the sheet with the highest transmittance
T1, −3.3% for the sheet with transmittance T2, and −2% for the sheet with transmittance
T3. In all other scenarios belonging to this case (S2–S4), the results are even better, with
smaller errors. The error metrics show a high level of the model’s accuracy when the
agreement along the curves is analyzed. The highest value of nRMSE is 2.1% for the I-V
curve (obtained for shading level T1, Scenario 4), while for the P-V curve, the highest
nRMSE is 3.5% (shading level T3, Scenario 4). All other errors are typically less than ±2%
and are given in Table 2.
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Figure 5. Comparison of simulations and measurements for Case 1, when only one solar cell in
the PV module is shaded (shading of substring 1A, scenario S1): (a) I-V curve; (b) P-V curve. The
measurements are shown with full lines, and dotted lines represent curves obtained by simulations.

Table 2. Errors for Case 1 scenarios (S1–S4). Error values are given as percentages (%).

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S1
T1 −2.1 −2.3 0.1 0.8 0.1 1.7 1.3 −0.2 2.1 1.3 −0.7
T2 −3.3 −3.1 −0.2 −0.3 0.1 1.9 1.5 −0.2 2.8 1.7 −0.9
T3 −2.1 −3.7 1.8 −0.1 0.3 1.7 1.3 0.3 2.7 1.7 −0.3

S2
T1 −2.5 −1.6 −0.9 −1.3 −0.1 1.5 1.0 0.1 1.6 1.0 −0.3
T2 −1.4 −3.3 2.0 −0.1 0.2 1.7 1.3 0.5 2.0 1.4 0.1
T3 −1.6 −3.4 1.9 −1.4 0.3 1.7 1.3 0.4 2.6 1.7 −0.1

S3
T1 −2.3 −2.4 0.1 0.0 0.2 1.4 1.0 0.1 1.5 0.9 −0.3
T2 −2.8 −2.8 0.0 1.0 0.6 1.9 1.5 0.2 2.5 1.6 −0.5
T3 −1.6 −2.8 1.3 1.9 0.7 1.9 1.6 0.5 2.9 1.9 −0.2

S4
T1 −2.2 −2.7 0.5 0.4 0.7 2.1 1.6 0.1 2.5 1.5 −0.6
T2 −0.4 −2.5 2.1 0.3 0.8 1.7 1.4 1.0 1.7 1.3 0.6
T3 −1.2 −4.2 3.1 0.7 −3.2 2.0 1.6 0.3 3.5 2.1 −0.4

3.2. Partial Shading of Two Substrings (Cases 2 and 3)

Two distinctive cases can be recognized when considering the shading of two sub-
strings, marked as Case 2 and Case 3 in Figure 3.

The first of the cases occurs when two shaded substrings are connected to different
bypass diodes. In such a situation, there are 12 possible pairs of shaded substrings, but the
actual combination does not affect the PV module output. Of course, this assumption is
valid provided that all solar cells in the module are identical. As indicated in Figure 3, the
shading of substrings 1A and 1B is chosen for the analysis of this case. Six scenarios are
considered, which can be split into two groups: in scenarios S5–S7, both substrings have an
equal number of shaded solar cells, and in scenarios S8–S10, in each of the two substrings,
a different number of solar cells is shaded. Since the measurements confirmed that the
shading of a single solar cell by any shading sheet is enough to activate the bypass diode,
the number of shaded solar cells in a substring makes only a slight difference in the output
characteristics. Therefore, scenario S5 is chosen as a representative of this situation, and
the output curves obtained for this scenario are shown in Figure 6. Here, again, the major
difference between simulated and measured curves concerns the curve shape near the
voltage when bypass diodes are activated (here, around 10 V). For the I-V curve, one can
also notice a decrease in the measured current between 0 V and 10 V, while in simulations
the current remains unchanged until the voltage for the activation of bypass diodes is
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reached. For P-V curves, the largest disagreement can be observed near the maximum
power point.

Figure 6. Comparison of simulations and measurements for Case 2, when a single solar cell is shaded
in each of two substrings connected to different bypass diodes (shading of substrings 1A and 1B,
scenario S5): (a) I-V curve; (b) P-V curve. The measurements are shown with full lines, and dotted
lines represent curves obtained by simulations.

As in Case 1, the simulations for Case 2 tend to slightly underestimate the maximum
power by 2.5% on average, and the biggest relative error of the maximum power of −4.7% is
found for scenarios S5 and S6. The greatest value of the relative error among all considered
error metrics for scenarios S5–S10 is found to be −5.9%, and it is calculated for Isc in scenario
S9 when the shading level is T2. However, this is an outlier, since all other values of the
relative error for Isc are below 1.6%. The biggest nRMSE value for I-V curves is 2.8%, and
for P-V curves it does not surpass 3.5%, so a high level of agreement between simulations
and measurements is confirmed. Although all error values are rather low, it is interesting
to note that for a particular scenario, the largest errors are usually obtained for the highest
shading level, T3. All errors for Case 2 scenarios and shading levels are given in Table 3.

Table 3. Errors for Case 2 scenarios (S5–S10). Error values are given as percentages (%).

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S5
T1 −1.6 1.2 −2.8 0.0 0.9 2.1 1.6 −0.3 1.5 1.0 −0.7
T2 −2.1 −0.1 −2.0 −1.7 0.7 1.9 1.3 0.1 1.1 0.8 −0.2
T3 −4.7 −3.4 −1.3 0.4 1.4 2.6 1.9 −0.5 3.0 1.9 −1.4

S6
T1 −1.2 1.1 −2.3 −0.1 −0.2 1.7 1.3 0.1 1.1 0.8 −0.4
T2 −2.0 −0.5 −1.5 −1.2 −1.4 1.7 1.2 −0.1 1.7 1.1 −0.7
T3 −4.7 −2.5 −2.2 0.1 1.4 2.8 1.9 −0.5 3.3 2.0 −1.5

S7
T1 −2.7 −0.7 −2.0 −0.5 1.6 2.4 1.8 −0.5 2.9 1.6 −1.4
T2 −0.9 0.9 −1.8 1.1 0.3 1.5 1.0 0.3 0.9 0.6 −0.1
T3 −2.8 −2.2 −0.6 −0.7 1.5 2.7 2.0 −0.1 3.5 2.2 −1.1

S8
T1 −3.3 −0.1 −3.1 −0.5 0.5 2.2 1.7 −0.7 2.5 1.5 −1.3
T2 −2.6 −0.8 −1.7 −1.7 −0.3 2.0 1.4 −0.2 2.3 1.3 −1.0
T3 −3.1 −2.6 −0.5 0.1 0.7 1.9 1.4 0.1 2.0 1.4 −0.6

S9
T1 −1.1 1.1 −2.3 −0.3 −0.2 1.9 1.3 0.0 1.8 1.0 −0.7
T2 −1.3 −0.7 −0.6 −0.4 −5.9 1.6 1.0 0.3 1.0 0.7 −0.2
T3 −4.0 −3.3 −0.6 −0.4 −0.1 2.3 1.6 −0.4 3.5 2.1 −1.3

S10
T1 −1.8 0.8 −2.6 −1.1 −0.5 1.6 1.1 0.1 1.2 0.8 −0.5
T2 −2.0 −0.6 −1.4 0.0 −0.1 1.7 1.2 −0.0 1.8 1.1 −0.6
T3 −3.3 −2.8 −0.6 −0.4 0.6 2.1 1.7 0.1 3.0 2.0 −0.8
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Another possibility in the case of two shaded substrings is that both are connected
to the same bypass diode, marked as Case 3 in Figure 3. Depending on whether the
shaded substrings are connected to bypass diode A, B, or C, only three such pairs exist. For
this case, the shade over substrings 1A and 2A is analyzed. Here, again, two groups of
scenarios are considered: in scenarios S11–S13, an equal number of solar cells is shaded
in both substrings, while in scenarios S14–S16, substrings differ by the number of shaded
solar cells.

As elaborated previously, the representative scenario for this case is S11, where a single
solar cell is shaded in both substrings 1A and 2A. The comparison between simulated
and measured I-V and P-V curves for this scenario is shown in Figure 7. Comparison of
simulations to measured I-V and P-V curves lead to the same conclusions as in Case 2: there
is a clear difference around the inflection points. These points are more obvious in simulated
curves, with pronounced discontinuities and more noticeable curvature changes. Measured
curves exhibit more steady changes and the highest discrepancy between simulations and
measurements can be seen in the region of 20 V–25 V, around the voltage when the bypass
diode is activated.

Figure 7. Comparison of simulations and measurements for Case 3, when a single solar cell is shaded
in both substrings connected to the same bypass diode (shading of substrings 1A and 2A, scenario
S11): (a) I-V curve; (b) P-V curve. The measurements are shown with full lines, and dotted lines
represent curves obtained by simulations.

The errors for Case 3 are given in Table 4. Unlike Cases 1 and 2, the simulations in
Case 3 tend to overestimate the maximum power by 2.9% on average. The biggest relative
error for Pm is 5.1%, but for Isc and Voc, the relative errors are 0.8% at most. The values of
nRMSE for both I-V and P-V curves are higher than in Case 2, but still not surpassing 3.3%
for the I-V and 5.2% for the P-V curve. Again, however, the average nRMSE for the I-V
curve is smaller than for the P-V curve, suggesting a slightly better fit to the measurements.
Opposite to Case 2, the largest nRMSE errors in each scenario are obtained when using the
sheet with the highest transmittance, T1.

Table 4. Errors for Case 3 scenarios (S11–S16). Error values are given as percentages (%).

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S11
T1 0.9 −1.9 2.8 0.2 0.1 3.3 2.2 −0.7 4.6 2.6 −1.4
T2 3.2 0.9 2.2 0.0 0.3 3.0 2.2 −0.3 5.2 3.0 −1.3
T3 3.2 0.7 2.4 0.1 0.5 2.4 2.0 −0.1 3.5 2.7 −1.1
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Table 4. Cont.

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S12
T1 −1.1 −2.6 1.6 0.3 0.4 2.6 1.8 0.1 3.8 2.0 −0.6
T2 3.5 4.3 −0.7 0.4 0.3 2.0 1.5 0.5 3.4 1.9 0.0
T3 4.1 0.7 3.4 −0.2 0.6 1.9 1.6 0.6 2.4 1.9 0.1

S13
T1 −2.2 −3.3 1.2 0.0 0.1 2.8 1.8 −0.6 4.6 2.3 −1.5
T2 4.0 1.5 2.5 0.7 0.2 2.0 1.5 0.5 3.4 1.9 −0.1
T3 3.0 1.4 1.5 −0.5 0.4 1.8 1.4 0.6 2.2 1.6 0.1

S14
T1 −0.3 −3.1 2.9 −0.3 0.7 2.9 2.3 −0.1 3.9 2.6 −0.9
T2 4.3 1.8 2.4 0.7 0.6 2.7 2.1 0.4 3.7 2.7 −0.2
T3 4.2 1.9 2.2 −0.5 0.7 2.2 1.8 0.6 2.7 2.0 0.1

S15
T1 −1.9 −3.2 1.3 −0.2 0.6 2.5 1.8 0.4 3.3 1.9 −0.3
T2 3.2 1.0 2.2 0.3 0.6 2.0 1.5 0.8 3.1 1.9 0.3
T3 4.8 0.7 4.0 0.2 0.7 2.1 1.5 1.2 2.4 1.5 1.0

S16
T1 −0.6 −3.1 2.5 0.6 0.8 2.5 1.9 0.7 3.5 2.0 −0.1
T2 5.1 4.4 0.7 0.6 0.7 2.5 1.8 1.6 3.2 2.1 1.6
T3 3.0 2.2 0.7 0.0 0.6 1.8 1.5 1.0 2.3 1.6 0.7

3.3. Partial Shading of Three Substrings (Cases 4 and 5)

Partial shading of three substrings is covered by Cases 4 and 5 illustrated in Figure 3.
When three substrings are partially or fully shaded, as considered in Case 4, there are two
possibilities: either two or all three bypass diodes are activated.

According to the notation given in Figure 2, Case 4 refers to the activation of all three
bypass diodes and this happens if at least one substring of each bypass diode A, B, and C is
shaded. There are eight such combinations, but for convenience the shading of all three
substrings from the top half of the PV module (substrings 1A, 1B, and 1C) is chosen for
analysis, denoted as Case 4 in Figure 3. This case is covered with three scenarios (S17–S19),
differing only by the number of shaded solar cells in the substring. An identical number
of shaded solar cells per substring is assumed in all three scenarios. The comparison for
a representative scenario with a single shaded solar cell per substring (scenario S17) is
shown in Figure 8. Due to the activation of all three diodes, the I-V curve looks as if the
PV module is unshaded, with a major difference in the output current. The unshaded
part of the module is unaffected, so the total output current is the sum of the currents
produced by unshaded and shaded parts of the module. Since the current of the shaded
part of the module depends on the transmittance of a shading sheet, the output current is
maximum for the sheet with transmittance T1. Increasing the number of shaded solar cells
per substring makes no impact on the simulation accuracy. The accuracies of simulated
I-V and P-V curves are comparable, with an average nRMSE of 2.2%. The errors for Case
4 scenarios are given in Table 5. It can be seen that the simulation tends to marginally
overestimate the maximum power when using sheets with higher transmittance (T1 and
T2), but in all three scenarios underestimate the maximum power when the shading is
achieved using sheets with transmittance T3. However, these are very modest deviations.
Apart from two higher values of relative error for Isc, all other relative errors are quite small,
with 87% of them having a value below 2%.

In Case 5, there are three partially shaded substrings, two of which are connected to
the same bypass diode. Therefore, in scenarios belonging to this case, two bypass diodes
are activated, but at different voltages. There are 12 possible combinations corresponding
to this situation. Under the assumption of identical solar cells in the module and identical
bypass diodes, the performance of the PV module would be the same for any of these
12 combinations. Hence, in this study, such a case is covered by three scenarios (S20–S22)
for shaded substrings 1A, 2A, and 1B. In these scenarios, only an equal number of shaded
solar cells per substring is considered (one, two, or five shaded solar cells per substring).
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All three substring pairs operate under different conditions: both substrings connected to
bypass diode A are partially shaded, one substring connected to bypass diode B is partially
shaded and the other one is fully illuminated, while both substring pairs sharing bypass
diode C are fully illuminated. As a result of such an imbalance, the I-V curve exhibits
a cascade form, as shown in Figure 9a. Here, the discrepancy between simulation and
measurement is more obvious and it can be observed along most of the curve. The most
notable differences are in the slope of the I-V curve and the curvature near the voltages
where bypass diodes are activated. While simulations predict an almost constant current for
a particular voltage region and sharp transitions between the regions, the measured current
decreases much more gently along the entire voltage range. The higher the transmittance
of a shading sheet, the bigger the difference between simulated and measured curves.
In other words, weaker shading results in a smoother I-V curve, with less pronounced
curvature changes. Despite the described differences, the nRMSE values are pretty low
in all scenarios, having a maximum of 4.1% and a mean of 2.8%. However, the errors are
somewhat higher when the P-V curve is analyzed. With all three substring pairs operating
under different conditions, it is expected that the P-V curve has three maximum points, just
as can be seen on the simulated curves in Figure 9b. Interestingly, the curve measured using
the weakest shade (sheet with transmittance T1) practically exhibits only one maximum
point. This behavior is already observed in Case 2; see Figure 6b. Another interesting
observation is related to the magnitudes of maximum points. For medium shading, using
a sheet with transmittance T2, the two highest local maximum points are very close (red
curve in Figure 9b) and the simulation faulty calculated the global maximum power point.
The measured maximum power point occurs at 19 V, and in simulations the maximum
power point occurs at 34.2 V. As a result, very large relative errors are obtained for Vm and
Im in scenario S20, using the T2 sheet. The aforementioned situation is extremely important
for maximum power point tracking, and special care should be taken when the magnitudes
of local and global maximum become close. Same as in previous cases, the accuracy of
simulated P-V curves is slightly lower than that of the I-V curves, with an average nRMSE
of 4.5%, and maximum nRMSE of 5.8%. The errors for Case 5 scenarios are given in Table 6.
Apart from the already mentioned larger errors, most of the error values are within ±3%.
One more interesting thing to note is that nMBE errors for the I-V curve tend to be positive,
unlike nMBE errors for the P-V curve which are mostly negative.

Figure 8. Comparison of simulations and measurements for Case 4, when a single solar cell per
substring is shaded in the top half of the PV module (shading of substrings 1A, 1B, and 1C, scenario
S17): (a) I-V curve; (b) P-V curve. The measurements are shown with full lines, and dotted lines
represent curves obtained by simulations.
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Table 5. Errors for Case 4 scenarios (S17–S19). Error values are given as percentages (%).

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S17
T1 1.4 1.5 −0.1 0.0 −4.1 1.6 1.3 0.2 1.6 1.0 0.2
T2 0.2 −0.8 1.0 −0.2 −0.3 1.4 1.1 0.6 1.3 0.8 0.3
T3 −2.7 −0.5 −2.2 0.2 0.0 3.0 2.3 −0.3 3.5 2.3 −1.0

S18
T1 1.8 1.0 0.8 0.8 0.9 1.9 1.7 0.9 1.9 1.4 0.4
T2 0.0 −1.5 1.5 −0.4 1.3 2.0 1.7 0.8 2.0 1.2 0.1
T3 −1.9 −1.8 −0.1 −0.6 1.4 2.7 2.5 0.6 2.7 2.0 −0.4

S19
T1 2.0 2.2 −0.2 0.2 1.2 1.5 1.5 1.2 1.2 1.0 0.6
T2 0.5 −0.2 0.7 0.3 1.1 1.3 1.2 1.0 0.9 0.7 0.5
T3 −0.9 −1.5 0.6 −1.0 3.5 4.5 4.2 1.8 4.2 3.0 0.0

Figure 9. Comparison of simulations and measurements for Case 5 with three partially shaded
substrings, one shaded solar cell per substring, and two substrings connected to the same bypass
diode (shading of substrings 1A, 2A, and 1B, scenario S20): (a) I-V curve; (b) P-V curve. The
measurements are shown with full lines, and dotted lines represent curves obtained by simulations.

Table 6. Errors for Case 5 scenarios (S20–S22). Error values are given as percentages (%).

Relative Error Xrel I-V Curve P-V Curve

Scenario Shading Level Pm Vm Im Voc Isc nRMSE nMAE nMBE nRMSE nMAE nMBE

S20
T1 0.9 −4.1 5.1 −1.3 0.9 4.1 2.9 −1.0 5.8 3.2 −2.3
T2 2.1 80.5 −43.4 −0.1 0.4 2.8 2.1 0.2 5.0 3.2 −1.0
T3 −0.3 −2.4 2.1 −0.5 1.2 2.7 2.2 −0.3 5.0 3.5 −2.2

S21
T1 −0.9 −3.7 2.8 −1.9 2.5 3.1 2.1 0.3 4.2 2.0 −0.9
T2 1.2 −1.0 2.3 −0.5 1.3 2.3 1.6 0.6 4.3 2.0 −0.4
T3 −0.8 −3.1 2.4 −0.3 −1.8 2.1 1.5 0.7 2.4 1.8 0.3

S22
T1 −2.4 −4.6 2.3 −2.2 −0.4 3.1 1.9 −0.2 4.9 2.2 −1.5
T2 0.1 −2.3 2.4 −0.8 2.1 2.7 1.8 0.1 5.7 2.5 −1.3
T3 1.3 −0.4 1.7 −0.3 0.6 2.1 1.5 0.4 2.9 1.8 −0.2

Although in both Case 4 and Case 5 an equal number of partially shaded substrings
is considered, the simulation accuracy for Case 4 is a little higher. A similar reduction in
model accuracy when both substrings are connected to the same diode are shaded is also
observed in results presented in Section 3.2: both Case 2 and Case 3 consider scenarios
when two substrings are partially shaded, but Case 3 (when both substrings are connected
to the same bypass diode) exhibits somewhat lower overall accuracy compared to Case 2.
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3.4. Additional Comparison of Studied Cases of Partial Shading

As seen from the results presented for the five studied cases, there is a high level
of agreement between simulated and measured PV module output characteristics under
different shading conditions. Further analysis investigates the dependency of the simulation
accuracy on the number of shaded substrings, the number of shaded solar cells, and the
shading intensity.

The comparison of the accuracy by Cases 1–5 is based on the mean values of nRMSE,
nMAE, and nMBE for I-V and P-V curves. As already mentioned, nMBE is calculated
using absolute nMBE values for every shading scenario and shading level. The results are
shown in Figure 10. It is evident that for both the I-V and P-V curves, all three error metrics
tend to increase from Case 1 to Case 5. Also, the errors for P-V curves are slightly bigger
when compared to I-V curves. To detect the main cause of the observed trend, further
analysis focuses on the number of shaded solar cells. Yet, no obvious relation between
the simulation accuracy and the total number of shaded solar cells is found. Similarly, it
is found that the transmittance of the shading sheet makes no impact on the simulation
accuracy. Therefore, one can conclude that the main parameter influencing the accuracy of
the evaluated model is the number of shaded substrings: errors increase with the number
of shaded substrings. Additionally, it seems that the simulation accuracy is lower in cases
when both substrings sharing the same bypass diode are partially shaded.
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While the presented research considers only up to three partially shaded substrings,
the results indicate that the accuracy of the Simscape solar cell model might slightly
decrease if even more substrings are shaded. However, current data show that the biggest
deviation from measurements occurs for Case 5, when all three substring pairs operate
under different conditions. Scenarios with four to six shaded substrings would certainly
include shading at least one pair that shares the same bypass diode, possibly negatively
affecting the model accuracy. However, in these cases, at least two bypass diodes would
operate in the same conditions, so the overall imbalance is lesser than in Case 5. Therefore,
for a definitive answer, additional research needs to be performed.

4. Discussion

The presented results confirm that the output curves of the partially shaded half-cut
PV module can be accurately modeled by using the simplest five-parameter Simscape
solar cell block. The model is validated across a variety of partial shading scenarios, with
the average nRMSE for I-V curves of 2.2% ± 0.15% at the 95% confidence interval. The
accuracy is a bit lower for P-V curves, with the mean nRMSE of 2.8% ± 0.3% at the 95%
confidence interval. All other error metrics in all 22 scenarios and for the three considered
shading levels are typically within ±5%. Error analysis shows that the simulation accuracy
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depends on the number of shaded substrings, but is independent of the number of shaded
solar cells and the shading level. As seen from the results of scenario S1 when the sheet
with transmittance T1 is used, even the smallest shade is enough to activate the bypass
diode. Increasing the area or shade intensity of the shaded substring (substring 1A) would
just confirm the bypassing of this substring. The errors tend to increase when multiple
inflection points exist as a result of the partial shading of the multiple substrings.

Despite low error values in most of the studied scenarios, some typical deviations
between simulated and measured curves can be noted. This primarily concerns the slope
of the I-V curve, which is horizontal in simulations until the inflection points are reached,
while on most measured I-V curves a steady decrease in current can be noted even between
the inflection points. The decrease in the measured current and consequently the increase
in simulation errors are especially noticeable in Cases 3 and 5. Both of these cases comprise
scenarios where both substrings connected to the same bypass diode are shaded. The
voltage region where the greatest discrepancy between simulations and measurements
occurs (before or after the inflection point of the I-V curve) depends on the shading pattern.
For scenarios belonging to Case 2, this region is between 0 V and 10 V, close to the first
inflection point. On the other hand, in Case 3 scenarios, the errors are the most noticeable
after the inflection point (after 23 V). Finally, the biggest errors for Case 5 occur before the
first and after the second inflection point.

As reported in [40], the slope of the measured I-V curve slightly decreases when
increasing the number of shaded solar cells in a substring. Still, simulated I-V curves
exhibit nearly constant current in the voltage region between inflection points regardless of
the shaded area. To account for this, the addition of shunt resistance to the solar cell model
might be suitable. In Simulink, this is only possible by using the double-diode model with
eight parameters where additional parameters with unknown values are introduced. Then,
much more computation is needed to determine these parameters. However, given the high
accuracy of the simplest model, the benefits of using a more complex model are limited.

The accuracy of the model in simulating P-V curves is somewhat lower than for I-V
curves. The differences mainly occur in the vicinity of the local and global maxima. Same
as with I-V curves, increasing the number of shaded substrings results in greater errors.
In some scenarios, at a low shading level, there is a specific mismatch between simulated
and measured P-V curves. While simulated curves exhibit multiple maxima, in measured
curves, only a single (global) maximum is evident. Additionally, it should be noted that in
conditions when global and local maximum power have similar values, the simulations
might wrongly choose the global maximum (red line in Figure 9b).

5. Conclusions

The simplest form of the often-used MATLAB Simscape (MATLAB R2023a with
Simulink v. 10.7 was used) solar cell block is validated against measured data for modeling
the half-cut PV module in partially shaded conditions.

1. A great number of shading scenarios is taken into account, designed by varying

- shaded module area corresponding to different numbers of shaded solar cells,
- distribution of shaded area covering from one to three solar cell substrings in

different configurations,
- shading intensity.

In total, 66 unique shading conditions are considered.
2. Comprehensive error metrics for evaluation of the model’s accuracy are proposed

that not only take into account the characteristic points (Pm, Isc, Voc), but also assess
the accuracy of the whole I-V and P-V curves generated by the model for a given
shading condition.

3. The simulation results are compared to the measurements on a partially shaded half-
cut PV module. Comparisons show a great level of agreement between simulations
and measurements, with errors being limited to ±3% in most shading conditions and
for most considered metrics.
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4. Comparisons of errors between different scenarios show that model errors depend
mostly on the shadow distribution on the module (i.e., number and configuration
of partially shaded substrings), while the variations in the number of shaded cells
and shading intensity have limited influence on errors. However, more extensive
simulations and measurements are needed to be able to statistically determine and
quantify how the change in one of these parameters (shadow distribution, area, and
intensity) influences the model’s accuracy.
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