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Abstract. Modelling the current–voltage (IV) characteristic curve of photovoltaic (PV) modules can give
valuable insight into the state of health of the PV modules by estimating equivalent circuit parameters, and be
used for fault detection in conjunction with IV-based condition monitoring of PV modules, strings and arrays.
The most prevalent approach to approximate the IV curve of bifacial solar devices is to model a single diode
equivalent circuit model (ECM) with two photo-current sources, representing the front and the back side. This
approach is implemented in the main PVmodelling software with various methods to parameterize the model. In
this work we benchmark the most common ECMmodels for bifacial devices, using pvlib-python, against module
level IV curves measured with an outdoor measuring system. We record IV measurements on eight current-
generation bifacial PV modules with PERC-type cells, covering the range of temperature and irradiance
conditions over a full year in the Danish climate. The modelling uses datasheet specifications as that is the most
widely available input. Results show normalized mean bias errors between �0.71% and 4.09% and normalized
root mean squared errors between 1.62% and 9.76% across Pmp, Isc and Voc, with Voc exhibiting the lowest
estimation errors. All models show weaknesses in the irradiance and temperature dependence at Isc. The CEC
and PVsyst model have an improved temperature and irradiance dependency at Voc compared to the DeSoto
model, which performed better at estimatingPmp.While themodels characterize theVmp/Voc ratio well, they fail
to cover the wide range of Imp/Isc ratios seen in measurements. We found the generic datasheet parameters used
for model parametrization to be overestimated compared to flash tests, which contributed to themodelling error.
Using non-module specific inputs also meant that results vary significantly for different modules of the same
type. A monofacial module showed on par or worse modelling results compared to bifacial modules, validating
the modelling approach of a combined effective irradiance for the front and back side.
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1 Introduction

Modelling the performance of solar photovoltaic (PV)
modules is essential to obtain realistic yield estimates
during PV plant design and operation. In particular,
modelling the full current–voltage (IV) curve is necessary
for current and voltage sizing of the PV inverter, can give
valuable insight into the state of health of the PV modules
[1] and be used for fault detection in conjunction with IV-
based PV condition monitoring [2,3]. While modelling the
IV characteristic curve of monofacial PV devices is well
understood, modelling IV curves of bifacial PV modules
requires modifications to those models due to the function
of the rear side as a current source. One challenge is
modelling the increased cell mismatch due to shading on
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the rear side, as well as the temperature behaviour of
bifacial modules, due to the bifacial nature of the device,
which has been addressed in previous research [4,5].
Another challenge of bifacial PV device modelling is the
accurate measurement or estimation of rear irradiance of
the modules [6]. The main approach for modelling the IV
characteristic curve of bifacial PV devices is to deploy an
equivalent circuit model, specifically the single-diode-
model (SDM), while adding the rear in-plane irradiance
weighted with the bifaciality factor to the front side
irradiance [4,5,7]. The most popular modelling software
used in the industry, such as System Advisor Model (SAM)
[8], PVsyst [9] and pvlib [10] use this approach. These
SDM-based models differ in the way the model parameters
are calculated, and the underlying assumptions made, such
as for irradiance or temperature dependencies of the PV
device. Here the main methods are by PVsyst [11], the
California Energy Commission (CEC) [12], which is
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utilized in SAM, and DeSoto [13], which are all
implemented in the popular modelling platform pvlib-
python [14] as well. However, differences in the assumptions
for model parametrization methods are not connected to
modelling the bifaciality of the modules (in all cases,
modellers simply assume two current sources).

Some models only estimate power at the maximum
power point (Pmp) or at a few characteristic points such as
Voc, Isc, Pmp and additional points on the IV curve, such as
the Sandia model by King et al. [15]. The same applies for
the model developed by Singh et al. [16], which was also
only validated on single-side illumination data. Other
modellers used known measured IV curves of monofacial
solar modules, such as Janssen et al. in [17], who modelled
the IV characteristic of bifacial PV modules by scaling and
weighting two-diode parameters obtained from monofacial
front and rear module IV curves measured at standard
testing conditions (STC) to obtain the IV characteristic of
thebifacialdeviceatotheroperatingconditions.Bouchakour
et al. adapted monofacial models to characterize bifacial
modules, one of which can reflect a full IV curve, but only
show a validation of the Pmp output [18].

A comprehensive modelling validation work was
recently published by Deville et al., who benchmarked
open-source PV performance models against measured
data from seven PV systems in Albuquerque [19]. They
employed a similar methodology to this work and included
irradiance, temperature and electrical modelling in their
assessment, but focused onmonofacial PV systems andPmp
data.

Our literature search found that the most commonly
used models for estimating the IV curves of bifacial PV
devices used today are adapted from models of monofacial
PV devices using simple assumptions to account for solar
cell/module bifaciality. Furthermore, a comprehensive
comparison of current models for bifacial IV characteristics
against each other could not be found in the literature. This
work provides a comparison of three of the most popular
electrical models available in pvlib-python that can
estimate the full IV characteristic of bifacial PV modules.
We perform the comparison using one year of recorded
irradiance, temperature, and IV measurements on eight
current-generation PV modules deployed in Denmark
using an outdoor module-level IV tracing system. Since in
practice, modellers rarely have access to module specific
input data, we parametrize the models on datasheet
specifications. We thereby aim to answer the research
question, how accurately modellers are able to reproduce
the full IV curve of PV modules under the limitation that
datasheet specifications are used. We analyze the model-
ling error at Pmp, Isc and Voc as well as for the Imp/Isc and
Vmp/Voc ratios, which are indicators of the curve shape and
can be utilized for fault detection purposes. This work
presents novel insights into the practical application of IV
curve models for bifacial PV modules, which have not been
reported in the literature before.We examine the differences
of the models and establish benchmark numbers for what
modelling errors modellers should expect when reproducing
measured IV curves of bifacial modules in the field.
2 Methods

2.1 Outdoor experimental setup

The PV modules utilized for this modelling comparison are
deployed at the Technical University of Denmark’s Risø
campus, Denmark (lat. 55.7°, long. 12.1°). They are
installed on a south-facing fixed tilt array with a tilt angle
of 25° in a 1-panel layout, with 2m ground clearance on
average (at the torque tube) and grass ground cover. The
PV array has a row behind it (7.5m row-to-row distance)
but not in front of it.

Module IV curves of eight individual PV modules are
recorded using two EKO PV Blocks measurement systems
[20].We use the following naming convention to refer to the
modules: Modules A1 and A2 are deployed on a 2-channel
EKO system, whereas modules B1, B2 and B3 as well as C1,
C2 and C3 are deployed on a 9-channel measurement
system. Figure 1 shows the 9-channel measurement setup
and the deployment of the modules. The 2-channel system
has a very similar layout, which is described in detail in [6].
The EKO systems are physically (but not electrically)
integrated into an array of PV modules of similar size,
which surround the measurement system and prevent
edge-brightening effects from both sides. Three modules on
the 9-channel system were omitted because of edge-
brightening on the rear irradiance as they were not covered
by modules at their side.

Each PV module is connected to a load and has its IV
curve measured every five minutes since the deployment of
the system in April 2023. The IV measurement unit
complies with IEC 60904-1:2020, which demands physical
measurements of Isc andVoc with an uncertainty of at most
±0.2%. Between measurements, the modules are operated
at open circuit voltage because the high-power modules
(545–600Wp) would frequently reach the loads’ power
dissipation limitations if operated at the maximum power
point.

An individual Pt-100 resistance temperature detector
(RTD, measurement error±0.15 °C) is connected to each
module to measure backside module temperature, with the
exception of module B1, for which we use the temperature
sensor of B2. On the 9-channel system, we deployed a front
irradiance sensor (EKO MS-80S pyranometer, ISO
9060:2018 Class A, spectrally flat & fast response) in the
plane of array of the system tomeasure the irradiance in the
plane of array (GPOA) and an EKO MS-40S pyranometer
(ISO 9060:2018 class C, spectrally flat) on the backside 50%
up from the center torque tube to measure rear irradiance
in the plane of array (RPOA). On the 2-channel system, we
use anEKOMS-40Mpyranometer (ISO 9060:2018 Class C,
spectrally flat) for GPOA and an IMT Si-420 reference cell
(measurement error±3.0W/m2 between 100–1500W/m2,
4.5W/m2 below) on the backside for RPOA, placed 30%
below the center torque tube. The rear irradiance sensor
placement on both systems follows recommendations
resulting from previous work done on the same PV array,
which also accounts for the thick center torque tube of the
support structure [6]. Two sets of irradiance sensors were



Fig. 1. Outdoor PV module IV measurement system deployed
Risø, DTU.

M. Bartholomäus et al.: EPJ Photovoltaics 16, 12 (2025) 3
necessary because sensor readings are only saved upon an
IV measurement, and the two systems are not synchro-
nized.

Additionally, global horizontal irradiance (GHI),
diffuse horizontal irradiance (DHI), and direct normal
irradiance (DNI) are measured at DTU’s on-site weather
station.
The PVmodules deployed on the system are of different
types. Data are available for three different bifacial half-cut
PERC module types with aluminum frames, which all
became commercially available in 2021 or later (aged 1 to
3 years).

The rated power ranges from 545Wp to 600Wp. On the
2-channel system, two identical modules are deployed, one
of which (A1) is made monofacial by applying a rubber
coating on the back side. Table 1 lists relevant information
about the PV modules used in this study.

2.2 Measured data used for model benchmarking

The measurements were taken from April 2023 for one full
year, representing all seasons of the Danish climate. The
conditions span a range of up to GPOA,max=1027.2W/m2

(after removing outliers above the third quartile plus 1.5
times the inter-quartile range)and�15 °C<Tmod< 60.9 °C)
and are shown in Figure 2, where each temperature sensor is
plotted along with the GPOA and RPOA sensors.

It can be observed that the temperature behaviour is
similar for all modules with a small spread. Differences
between temperature readings on different modules are
expected as module temperature is influenced by various
factors such as differences in module types, cell and module
mismatch, or uneven soiling of the modules. The mono-
facial module A1 displays higher temperature values than
its bifacial counterpart, A2, likely caused by the added rear
side insulation from the rubber coating.Module B1 uses the
temperature sensor of B2 due to missing data for that
period, but as they are identical modules, the approxima-
tion is reasonable.

The two front irradiance sensors have a mean bias error
of 10.24W/m2 (of the sensor of the 9-channel-system)
between them over the whole year (RMSE=67.49W/m2).
They are mounted to the same plane of the array, but
differences might be due to the different sensor classes and
calibration, measurement uncertainty, different angular
response, or slight variation in their positioning.

The rear irradiance sensors show very similar readings
at a mean bias error of MBE= –5.23W/m2 (of the sensor of
the 9-channel-system) at a nRMSE of 11.34W/m2. Small
differences are expected due to differences in the sensor
placement (above or below the torque tube, distance to the
torque tube), ground cover, distance from the row edge,
etc. These differences are observed before any filtering.

2.3 Modelling the IV characteristic curve of bifacial
PV modules

Three models are compared in this work and benchmarked
on measured outdoor module-level IV curves. Figure 3
shows a flowchart of the modelling chain to estimate the IV
curves of bifacial modules. Generally, the inputs are
measured values of global horizontal irradiance, direct
normal irradiance, diffuse horizontal irradiance, RPOA and
GPOA, back-of-module temperature, and PV module/
system-specific inputs, including datasheet specifications
such as the STC electrical parameters, bifaciality and
temperature coefficients.



Table 1. PV module datasheet specifications of the three module types used. Repeated module types are deployed side
by side and are measured and modelled separately. Module A1 is made monofacial by applying a rubber cover on the back
side.

Module name RSM120-8-BMDG EG-M72-HL/BF-DG EG-M60-HU/BF-DG
Deployment start Sep-21 Apr-23 Apr-23
Channel A1(monof.), A2 B1, B2, B3 C1, C2, C3

Pmp [Wp] 595 545 600
Isc [A] 18.43 13.63 18.40
Imp [A] 17.15 12.88 17.35
Vmp [V] 34.70 42.32 34.59
Voc [V] 41.25 50.12 41.69
Bifaciality [%] 70 70 70
Efficiency [%] 21.00 21.09 21.20
asc [mA/K] 7.37 6.12 7.34
Cell count 60� 2 72� 2 60� 2
Cell size M12 M10 M12
Dimensions [mm] 2172� 1303 2285� 1134 2172� 1303

Fig. 2. Example of measured module temperatures, GPOA and
RPOA irradiance acquired by the system in Figure 1, for a clear sky
day (July 8th, 2023).
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2.3.1 Electrical modelling

The module IV characteristics are modelled as an
equivalent circuit single diode model with two current
sources following [4]. All models are trained on datasheet
specifications as that is the most widely available input for
PV engineers in PV plant design, performance assessment,
and fault detection. It is, therefore, of interest to assess how
accurate these models are. Deville et al. point out that
using system-specific modelling input such as flash test
measurements greatly improves the modelling accuracy
and may be more important than model selection for
modelling the maximum power point of monofacial PV
systems [19]. However, it is uncommon in situations outside
of PV laboratories to have access to such data.
Three parametrization approaches are used: DeSoto
[13], CEC [12] and PVsyst [11]. For the DeSoto model, the
pvlib function “sdm.fit_desoto” was used, where the
convergence criteria (‘xtol’) needed to be adjusted to a
wider range in order to make themodel converge. An xtol of
1.9e-3 was used for the group A modules, an xtol of 3.7e-3
for group B, and 1.8e-3 for group C. Else, default values
were used for all parameters. The pvlib function for the
CEC model (“sdm.fit_cec_sam”) was applied without
modification. For the PVsyst [11] model, the PVsyst
software was used for model fitting, and the results were
exported to python using PAN files, as the PVsyst fitting
method in pvlib-python (“sdm.fit_pvsyst_sandia”) [21]
uses measured IV curves. Apart from the here mentioned
modifications, the parametrization always used default
parameters. The models each use a slightly different set of
input parameters, but commonly use datasheet IV
parameters (such as Isc,Voc, Imp andVmp) and temperature
coefficients.

The single diode equation is subsequently solved with
the corresponding pvlib-python “pvsystem.calc_params”
function and the resulting five parameter values are used
with pvlib-pythons “singlediode” to simulate IV curves at
100 points per curve.

2.3.2 Optical modelling

To model the bifacial behaviour, the rear irradiance
weighted by the module bifaciality is added to the front
irradiance to obtain total irradiance as described by
Equation (1), to account for the two photocurrent sources.

Geff ¼ GPOA;corr þ bifi �RPOA ð1Þ
where GPOA,corr is the measured front side irradiance
corrected by incidence angle modifier (IAM) losses, bifi is
the bifaciality of themodule per datasheet specification and
RPOA is the measured rear side irradiance. This is
essentially equal to modelling two identical SDM circuits



Fig. 3. IV characteristics modelling flowchart. The irradiance modelling chain is marked in blue, temperature modelling in purple and
the electrical modelling chain in red.
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for the front and the back side, with respective irradiance
inputs and weighting the backside contribution with
the bifaciality factor. One module is monofacial,
therefore rear irradiance was not added to its effective
irradiance.

Whereas for the rear irradiance measurements, the
sensor readings can be used directly, the front side
irradiance in the plane of array, GPOA,meas, is corrected
by IAM losses, which are modelled using theMartin & Ruiz
model [22]. The IAM loss needs to be applied only to the
direct irradiance component of the irradiance in the plane
of array, GPOA, direct. This direct component is estimated
with the Perez [23] transposition model, using GHI, DNI
and DHI measured at DTU’s on-site weather station, as
well as modelled Air Mass (AM) from [24] and extra
terrestrial radiation from [25]. The modelled IAM loss on
the direct component is then subtracted from the measured
plane of array irradiance of the pyranometer, following
Equation (2).

GPOA; corr ¼ GPOA;meas �GPOA; direct � IAM: ð2Þ

2.4 Temperature modelling

Module temperaturemeasured on the backside is converted
to cell temperature using the relation established in
Equation (12) of the Sandia Model by King et al. [14]
for open rack glass-cell-glass modules. The cell temperature
is then used as a modelling input.

2.5 Measurement data filtering

Light measurement data filtering was done with the aim of
removing outliers due to measurement failures or external



Fig. 4. Deviation of datasheet specifications versus flash test
measurements of the eight modules included in this study. Shown
are 5 relevant points on the IV curve and the bifaciality factor.
Flash tests were done with an Endeas Quicksun at STC before
module deployment.

Table 2. Modelling error of each model at Pmp, Isc andVoc
as an average of all bifacial modules. All values are given in
%.

Pmp Isc Voc

Model nMBE nRMSE nMBE nRMSE nMBE nRMSE

DeSoto �0.71 9.30 3.14 8.50 0.17 3.08

CEC 4.09 9.76 2.58 8.28 1.54 1.89

PVsyst 2.99 9.46 2.54 8.27 1.25 1.62
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events (for example, due to fast-changing irradiance during
the sweep, failed measurements, snow, and shade while
leaving the rangeof conditions asbroadaspossible.Datawas
filtered for physical limits of irradiance and module
temperature. Last, a solar elevation filter was applied to
filter nighttime, early morning, and late evening data due to
theknown limitationof irradiance sensors tobe inaccurateat
low irradiance or high angle of incidence (AOI), as well as
horizon shading occurring at these times. A summary of the
measurement data filters used are presented below:

–
 GHI >– 4W/m2
–
 50W=m2 < GPOA < 1200W=m2
–
 �40 °C <Tmod < 85 °C

–
 Solar elevation > 10°

–
 Entries with NaN values

–
 Pmp > 0 W

–
 Fill factor > 70%

–
 0.85 < Imp/Isc < 1

–
 0.8 < Vmp/Voc < 1

–
 GPOA/Isc > 130W/m2/A.
This leaves at least 18,126 IV curves (B1) and at most
30,454 (C2) measured and simulated curves per module.

2.6 Error measures

The normalized mean bias error (nMBE) and normalized
root mean squared error (nRMSE) between modelled and
measured IV curves are calculated with Equations (3) and
(4), respectively, to assess modelling results at selected IV
curve points such as Voc, Pmp and Isc:
nMBE:

nMBE ¼ 1

N

XN
i¼1

Mi �Oi

Oi

� �
� 100 ð3Þ

nRMSE:

nRMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

 
Mi �Oi

Oi

�2

vuut � 100 ð4Þ
whereMi is the modelled parameter (f.x. Pmp, Isc,Voc, etc.),
Oi is the equivalent observed parameter, i denotes the
observation index (one for each IV curve), andN is the total
number of observations. Whereas the nMBE (in the
following referred to as “bias”) gives a quantification of
whether a model over- or underestimates on average, the
nRMSE measures how far off the estimated parameter is
from the measured value on average, without over- and
underestimation cancelling each other out, therefore
showing a measure of the variance of the error.
3 Results

3.1 Evaluation of datasheet specifications versus flash
test data

We first assess the deviations of the modules datasheet
specifications from indoor flash test measurements.
Measurements were performed with an Endeas Quicksun
540XLi large area solar simulator (accuracy class AAA per
IEC 60904-9 Ed.1). We performed flash tests before the
module deployment, recording three IV sweeps per module
at STC and used the average. Figure 4 shows the
deviations, where positive values mean that the datasheet
specifications are overestimated.

The datasheet parameters show the largest over-
estimations at Isc and the bifaciality factor, while the
deviations are smaller for Pmp and smallest at Voc. It is
reasonable to foresee that the error of the datasheet
contributes to the modelling error and models would
perform better if they had been parameterized with flash
test specifications. However, since the estimation of some
modelling inputs, such as the temperature coefficients for
current, voltage and power requires IV measurements at a
range of temperatures only achievable with specialized
laboratory equipment such as a climate chamber, it is
hardly possible to circumvent using datasheet parameters
entirely.

3.2 Modelling errors

Overall errors of each model at Pmp, Isc and Voc are
displayed in Table 2, calculated as an average of all bifacial
modules. Positive bias values mean an overestimation by
the respective model.



Fig. 5. Modelling error forPmp. a) nRMSE versus nMBE frommodelled IV characteristic. Individual modules are marked with unique
symbols and the models have dedicated colors. b) Relative differences between modelled and measured Isc, Pmp and Voc values
separated by modules. Colors represent models.

Fig. 6. Influence of effective irradiance (a) and cell temperature (b) on the nMBE of Pmp for each of the models as an average of all
modules.
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Weobserve normalizedMBEs of�0.71 to 4.09% atPmp,
with a significant difference between models, that however
show similar nRMSEs of 9.3 to 9.76%. The Isc estimation
resulted in a nMBE of 2.54 to 3.13% and a nRMSE of 8.27
to 8.5% with all models closely together. Voc is estimated
with the lowest errors at both nMBE (0.17 to 1.54%) and
nRMSE (1.62 to 3.08%). In the following sections we will
explore the estimation error at each IV parameter in more
detail, by analyzing differences between modules as well as
irradiance and temperature dependence.

3.3 Modelling the maximum power point

Figure 5 shows themodelling results with regards toPmp for
all considered PV modules and ECM models investigated.
Figure 5a shows the error space between nRMSE and
nMBE, whereas Figure 5b depicts the relative differences
between modelled and measured IV curves (equal to the
normalized residuals), calculated based on Pmp. Positive
residuals and bias values mean an overestimation by the
model.
For Pmp, the estimation erros can be clustered by
model. The CEC and PVsyst models behave very similarly
at a positive bias of 1.5 to 8%, showing that they are
overestimating Pmp, while the DeSoto model displays a
very small bias (–2% to 1%) at a lower nRMSE on average.
As we have previously discussed, the datasheet specifica-
tions on Pmp are overestimated by about 1–2% and the
bifaciality factor by up to around 4%, which drives models
towards overestimations.

The trend of high or low bias or nRMSE is module-
dependent, the same module seems to have high or low
bias/nRMSE within each model. For example, A-modules
tend to have nRMSEs on the high side within each model.
Next to inaccurate datasheet specifications on these
modules, the higher deviations are likely caused by
degradation, as the A-modules have been fielded 1.5 years
longer than modules from group A and B.

Within each model, the Pmp estimate of the group C
clusters closely together, similarly modules B2 and B3. B1
displays higher nRMSEs compared to its group peers which
is likely caused by the fact that it does not have its own



Fig. 7. Modelling error for Isc. a) nRMSE versus nMBE from modelled IV characteristic. Individual modules are marked with unique
symbols and the models have dedicated colors. b) Relative differences (=nMBE) between modelled and measured Isc, Pmp and Voc

values separated by modules. Colors represent models.

Fig. 8. Influence of effective irradiance (a) and cell temperature (b) on the nMBE of Isc for each of the models.
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temperature sensor. The A-modules are also spread far
apart. This demonstrates that model parametrization on
non-module-specific data, such as datasheet values, does
not account for module-specific differences (e.g. power
mismatch) of modules of the same make.

The Pmp estimation results of the monofacial module
display the highest nRMSE and, except for the DeSoto
model, nMBE within each model group. We do not
attribute the higher errors to the modifications made to the
module, as they are reflected in the modelling by
eliminating the rear irradiance and measuring the module
temperature. We therefore deem the model for this module
comparable to the bifacial models. Hence, we draw the
conclusion that the bifacial assumption is sufficient for
modelling Pmp, making the bifacial modelling at least on
par with equivalent models for Pmp of monofacial modules.
It is not adding significant additional error to the
modelling. Deville et al. report on Pmp modelling of
monofacial modules and found a much smaller normalized
bias (±0.75%) and nRMSE (4.4 to 4.6%) for monofacial PV
systems modelled with the same modules. However, they
use system-specific parametrization inputs from flash test
data instead of datasheet values and filtered data points
with a solar elevation of less than 15-degree elevation
instead of 10, like in this work.

The cell temperature and irradiance dependencies of
Pmp are shown in Figure 6, where the results of all modules
are averaged. The CEC and PVsyst model behave
similarly, where the modelling error increases with effective
irradiance to a maximum of around 7.5%. While the CEC
modelhashigher errors at less thanapproximately400W/m2,
the twomodels are essentially equal for irradiance above that.
On the other hand, the DeSoto model displays a much lower,
negative bias that is stable except for the highest and lowest
irradiances. For the very common application of Pmp
modelling, especially the higher irradiance range is of
importance. In this range, the DeSoto model shows to be
most suitable.

The three models exhibit a high error at the lowest
temperatures, which is likely due to snowfall that has not
been filtered. With increasing temperature, the normalized
bias error drops quickly to under 5%. From there, the CEC
and PVsyst models show a stable, slightly increasing trend,
whereas the DeSoto model has a downward trend, reaching



Fig. 9. Modelling error forVoc. a) nRMSE versus nMBE frommodelled IV characteristic. Individual modules are marked with unique
symbols and the models have dedicated colors. b) Relative differences between modelled and measured Isc, Pmp and Voc values
separated by modules. Colors represent models.

Fig. 10. Influence of effective irradiance (a) and cell temperature (b) on the nMBE of Voc for each of the models.
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negative bias at high temperatures. This reveals that the
CEC and PVsyst models have accurate temperature
behaviour at Pmp of bifacial modules outside of the highest
and lowest module temperatures and apart from a constant
positive bias, present an improvement compared to the
DeSoto model. In addition, datasheet specifications of
temperature dependence are sufficient to accurately model
the temperature behavior of bifacial modules at Pmp.

3.4 Modelling short circuit current

Figure 7 shows the modelling results with regards to Isc. On
estimating bifacial module Isc, the three models perform
very similarly, reaching nMBEs of 0.5–4.5% and a nRMSE
of 7–9.5%, which is less compared to Pmp for both metrics.
The CEC and PVsyst model are almost identical, whereas
the DeSoto is within 1% apart from the others, displaying a
slightly larger positive bias and higher nRSME on two of
the three PVmodule types. The over-estimation of Isc (and
partly, Pmp) of the models may be influenced by the fact
that no degradation, soiling or wire resistance losses were
considered. In addition, the datasheet parameters used for
model calibration are overestimated on Isc (median=2.2%)
and the bifaciality factor, which partly accounts for the
overestimations of the models.

Results also cluster around themodule types;Modules of
type C show a higher bias error than the other ones but are
close together.Modules of typeB showa lower bias error and
normalized RMSE than the other modules but are spread
further apart from each other, similar to the Pmp.

The monofacial module shows the highest normalized
RMSE of all modules, but an average normalized bias (2%)
compared to all modules. As Isc is very irradiance
dependent, this result emphasizes that the assumptions
made for bifacial modelling, which are entirely connected to
the effective irradiance modelling also hold for the
estimation of Isc.

Figure 8 shows the Isc modelling error dependencies to
effective irradiance and solar cell temperature. The Isc
modelling error increases with effective irradiance
independent of the model, showing a consistent trend.
Upon further inspection, we found that this trend is very
similar on all modules, which leads us to believe it is not
caused by module degradation. Similarly, we investigated



Fig. 11. Measured versus modelled Vmp/Voc (top) and Imp/Isc (bottom) ratios. The left column displays the CEC model, the middle
column shows the DeSotomodel and the right column is showing the PVsyst model. Color bars show dependence on effective irradiance
and cell temperature. Data shown are for module A2.
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the bifaciality factor and found onlymarginal improvements
when loweringbifaciality� loweringbifaciality toasmuchas
50%shifts thecurvesdownwardsbyabout1%,butmaintains
their slope. Even applying a linear loss factor to effective
irradiance does not change the slope, but rather shifts it
downwards. When observed over the operating cell
temperature range, it reveals that very high errors occur
at the lowest observed cell temperature. Besides this
phenomenon, which is likely caused by unfiltered snow-
events, the error increases with temperature, in a similar
trend between the models. It reveals all models significantly
misjudge the irradiance and temperature dependency of Isc.

3.5 Modelling open circuit voltage

For estimating the Voc of bifacial PV modules (Fig. 9),
there is a much tighter error distribution for the PVsyst
and CEC models compared to the DeSoto, which is also
reflected in the nRMSE. The models show a small positive
bias in the �1 to 3% range on average, with the DeSoto
model resulting in the smallest average bias. The
monofacial module displays the highest bias within each
model (second highest in DeSoto) and displays the highest
nRMSE for CEC and PVsyst. However, its bifacial
counterpart displays similar errors, so we are not
contributing the error to the modelling assumptions.

The Voc estimation errors of module type C, are close
together within each model, just like for Pmp and Isc,
whereas the other module groups are more spread out from
each other. PVsyst and CEC behave similarly on a module
by module based comparison, whereas the DeSoto model
forms its own cluster in the sense that it has a high nRMSE
(with a lower spread) and shows the lowest average bias in
Voc (similar to Pmp) but a higher normalized RMSE). The
reasons for this behaviour become apparent when analyz-
ing the temperature and irradiance dependencies of the
models.

Figure 10 shows the temperature and irradiance
dependencies of Voc. The open circuit voltage modelling
error is approximately 2% for all models, under low
effective irradiance. With increasing irradiance, the
models behave differently, where CEC and PVsyst are
similar and show slightly decreasing errors, whereas the
DeSoto model has a stronger negative trend reaching
down to �4%.

Unlike Pmp and Isc, Voc is not affected in the low-
temperature range, which also indicates that partial shade
due to snow occurred at very-low temperature data (thePpm
> 0 filter excludes all IV curves impacted by total shade, but
Voc should not be affected when the module is only partially
shaded). Again, the DeSoto model has a different slope
compared to the other two models, displaying improved
temperature dependency of the CEC and PVsyst models at
Voc as well. This curve shows a low error bias at 25 °C but
overestimates Voc at lower and underestimates it at higher
temperatures.This is likely responsible for the further spread
and higher nRMSE values of theDeSotomodel. The DeSoto
bias is low overall because it is both over-and under-
estimating, depending on the irradiance and temperature
conditions, so positive and negative residuals average out.
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3.6 Modelling current and voltage ratios

We assess the current and voltage ratios, Imp/Isc and Vmp/
Voc, as indicators of the slopes of the modelled and
measured IV curves. That is of interest, because a model
estimating these ratios accurately as a function of ambient
conditions can be utilized to detect module degradation,
soiling or shading in the field. It has been previously shown
that the Imp/Isc relation of bifacial modules can be
influenced for example by partial shading [26]. Figure 11
shows the measured and modelled ratios for each of the
models on data from module A2.

TheVmp/Voc ratio is following the unity line to a certain
degree. With decreasing effective irradiance, both the
modelled and the measured ratio rise. There are differences
between the models, where the PVsyst model shows the
best fit, whereas the DeSoto and CEC models overestimate
the ratio for high irradiance and underestimate it for lower
irradiance.

All models, however, struggle to accurately depict the
Imp/Isc ratio. While models see an increasing ratio with
lower module temperature (which is co-linear with effective
irradiance), the measured data does not follow such a
trend. In the measured data, the Imp/Isc is almost
independent of cell temperature and covers a span of
around 15%, while the modelled ratio lies in a tight corridor
of 2–3% for all models, hence it is estimated to be almost
constant. This mismatch could be a potential starting point
for improvement of the investigated models.

4 Conclusions

This work presented a comparison of current equivalent
circuit models estimating the IV characteristics of bifacial
PV modules. Using outdoor IV measurements on a high
accuracy measurement setup, this validation was per-
formed on eight current-generation bifacial PERCmodules
aged one to three years. The analysis included the range of
irradiance and temperature conditions available over a full
year in Denmark.

The results showed that when models are parameter-
ized with datasheet specifications, modellers should expect
significant errors at Pmp, which is the most common
parameter of interest in the PV industry. There is no clear
favorite between the models as they have different
strengths. The DeSoto performed the best on Pmp, but
worse on Voc and Isc. The CEC and PVsyst models
performed similar to each other. For most IV parameters,
the models displayed a positive estimation bias, which was
also influenced by the fact that datasheet parameters used
for model calibration were overestimated. In this analysis,
loss factors for soiling, degradation, or cable losses were
considered negligible and not applied.

Errors are smaller at Voc, compared to Isc and Pmp,
meaningthatmodelerscanrelyonVocestimatesmorethan for
the other parameters. Similarly, the Vmp/Voc ratio is
characterized more accurately than the Imp/Isc ratio, the
latter of which could be investigated for future improvements
to the models.
All models show weaknesses in the irradiance and
temperature dependence at Isc. For Pmp and Voc, the
modelling errors show different temperature and irradiance
dependencies for the different models. The CEC and
PVsyst model have an improved temperature and irradi-
ance dependency ofVoc compared to the DeSotomodel, but
the DeSoto performed better at estimating Pmp.

We observed significant differences in modelling
accuracy between modules of different types and found
that differences between modules of the same type depend
on the module type under investigation � a limitation
originating from the use of generic datasheet parameters
for model parametrization.

A monofacial module showed on par or worse modelling
results compared to the bifacial modules, indicating that
the modelling assumption of a combined effective irradi-
ance for the single diode model is solid and it is not leading
to increased modelling errors.

The analysis can serve as a benchmark for modelling
using datasheet values, as module – or system-specific data
is not usually available. This work was performed on the
module level and should be extended to include the module
mismatch in PV strings.
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