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L I S

Abstract: The new PV technologies, such as bifacial modules, brings the challenge of analyzing the response of
numerical models and their fit to actual measurements. Thus, this study explores various models available in the
literature for simulating the IV curve behavior of bifacial photovoltaic modules. The analysis contains traditional
models, such as single and double-diode models, and empirical or analytical methodologies. Therefore, this
paper proposes and implements a model performance assessment framework. This framework aims to establish a
common basis for comparison and verify the applicability of each model by contrasting it with experimental data
under controlled conditions of irradiance and temperature. The study utilizes bifacial modules of PERC+, HJT, and
n-PERT technologies, tracing IV curves using a high-precision A+A+A+ solar simulator and conducting two sets
of laboratory illumination measurements: single-sided and double-sided. In the first case, each face of the module
is illuminated separately, while in the latter, the incident frontal illuminating light is reflected on a reflective
surface. Experimental data obtained from these measurements are used to evaluate three different approximations
for bifacial IV curve models in the case of double-sided illumination. The employed model for single-sided
illumination is a single-diode model. The evaluation of various models revealed that shadowing from frames and
junction boxes contributes to an increase in the error of modeled IV curves. However, among the three evaluated
bifacial electrical models, one exhibited superior performance, with current errors approaching approximately
20%. To mitigate this discrepancy, a proposed methodology highlighted the significance of accurately estimating
I,, suggesting its potential to reduce errors.

Keywords: PV models; bifacial module; experimental data

1. Introduction

Bifacial photovoltaic (PV) technology, in contrast to its monofacial counterparts, offers the unique
capability of harnessing solar energy from both the front and rear sides of the PV module. This
technology increased significance and is projected to capture a substantial 70% market share by
2030 [1]. The advantages of adopting bifacial PV technology over monofacial systems are diverse
and compelling. First, the ability to capture light from both sides leads to notable gains in energy
production [2—4]. Bifacial PV systems exhibit enhanced energy yield by leveraging reflected light from
the ground, surrounding surfaces, and even the sky. Second, the deployment of bifacial modules, even
with a simple arrangement, contributes to a reduction in the levelized cost of energy. However, this
cost reduction can be further optimized by utilizing increased albedo, emphasizing the importance
of considering the reflective properties of the installation area [5]. Last, bifacial PV technology
demonstrates its value of climate change since it could offer higher power outputs for future irradiance
scenarios than monofacial PV, making them a promising choice for sustainable energy generation [6].
In this scenario, it is important to have reliable tools that can accurately predict the energy production
of PV modules or arrangements under different environmental conditions. Since different locations
have their unique temperature levels, irradiance, humidity, and other factors, it is essential to consider
these variables when modeling energy production. For that purpose, several electrical, thermal, and
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optical models have been developed to represent the behavior of PV devices. Considering that bifacial
PV technology is relatively new, it is necessary to conduct more research to determine if current models
are good enough to represent its behavior or if new modeling approaches are required to lead to more
accurate predictions of energy production.

The electrical output of a PV device can be simulated using diverse models. One commonly

parameters: photocurrent (I,;,), diode ideality factor (17), diode saturation current (I5), series resistance
(Rs), and shunt resistance (Ry,) [? ]. However, as the single-diode model inherently assumes a
monofacial setup, adjustments are required to accommodate the contribution of both faces of a bifacial
device. The initial approximation to transform the monofacial model into a bifacial representation
involves introducing an equivalent I,,. This equivalent current is derived from the combination of
front and rear irradiances [17? ? ]. An alternative representation proposed in [13? | for bifacial devices
involves adapting the single diode model by connecting two circuits in parallel. In this configuration,
one branch represents the frontal face with its respective parameters. In contrast, the other branch
represents the rear. The addition of the currents generated in both branches yields I,y. Studies have
indicated that the configuration utilizing the equivalent current source exhibits superior performance
compared to the parallel configuration [? ]. In certain cases, the single-diode model has been further
simplified by disregarding resistive effects and eliminating series and shunt resistances [18]. Another
formulation extensively used for monofacial PV devices is the double diode model [? ? ], which has
also been adapted to analyze of bifacial PV devices. This model has demonstrated remarkable accuracy
under standard test conditions (STC) and in various temperature and irradiance conditions [? ? ].
The topology of the model closely resembles that of the single-diode model, with an additional diode
included in parallel. Incorporating an additional diode into the two-diode model introduces two new
parameters, resulting in a formulation with seven parameters. These parameters include photocurrent
(Ipn), diode ideality factors (11, np), diode saturation currents (I, Isp), series resistance (Rs), and shunt
resistance (Rgy). Some authors have applied this formulation to bifacial PV devices [14,15]. Other
formulations beyond the single and double diode models have been proposed. In [16], two monofacial
electrical models are utilized. The first is an analytical model proposed by Eduardo et al. [? ], while
the second is an empirical model proposed by King et al. [? ]. Both models demonstrated effective
performance for non-real-time monitoring, particularly in clear sky conditions, with the analytical
model exhibiting greater accuracy compared to the empirical model.

In fact, several electrical models have been proposed to represent the behavior of bifacial PV
modules. Table 1 offers a comprehensive overview of how these models have been validated. Outdoor
measurements emerge as the primary method utilized. However, some studies employ simulations
to delve into specific aspects or scenarios. While validation methods predominantly rely on energy
output and power to compare model and experimental results, the analysis of the IV curve is equally
crucial. It provides valuable insights into the fit of the selected parameters and reveals any disparities
between experimental data and the proposed model. In summary, the validation of the proposed
electrical model to represent bifacial technology have relied on outdoor data or simulations, which
may lack the control necessary for robust analysis. The limitations of outdoor measurements, such
as less control over irradiance distribution and module temperature, underscore the necessity for
alternative validation methods.

This article assesses existing electrical models for bifacial PV technology by utilizing high-quality
data obtained in an indoor solar simulator. By conducting evaluations in a controlled environment,
this research seeks to provide a comprehensive understanding of the performance of various electrical
models for bifacial PV modules based on an accurate and reliable assessments. The high-quality
experimental data consists in a set of IV curve of several PV modules of different manufacturers and
technologies under controlled irradiance and temperature conditions, which are obtained in a A+A+A+
Eternalsun sun simulator. Controlled conditions of irradiance are very important since the PV modules
are sensitive to spectral distribution of solar irradiance [7], and specifically, the presence of clouds
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difficult its prediction [8]. Having a controlled ambient helps to avoid the errors coming from the
optical model and the different noise sources related to clouds, reflections, and shadowing.

Table 1. Proposed validation methods.

Validation Proposed Evaluation . Measurement
method Ref model method PV device Technology conditions
Temperature: 25-55°C.
Outdoor [13]  Farallel IV curve Cell Notreported 1 - fiance: 1000 W/m?.
measurement single diode .
Modul Not ted Albedo: 0.16.
oduie ot reporte Irradiance: 900 & 20 W/m?.
Outdoor . Annual bifacial gain Vertical east-west orientation.
measurement [14] Double diode and energy output Cell N-type Two different albedo.
Outdoor Sinele and Frontal irradiance at 1000 W /m?
[15] & . IV curve Module N-type while rear irradiance varies
measurement double diode o "
between 0% and 30%.
Outdoor tsrle?(il g odrigld :n d Power and Daily performance estimation,
2] cumulative Module Not reported  considering summer and
measurement parallel . d
configuration energy winter days.
Monofacial Variation in albedo levels
Outdoor [16] Analyhcgl. DC power and bifacial  PERC lefgrent _levels of temperature
measurement and empirical PV arra and irradiance depending on
y weather conditions.
Daily and yearly
. . . . . performance estimation,
Simulation [17]  Single diode Energy yield Module Not reported considering sunny and
cloudy days.
IV curves for STC condition: 25°C and
Simulation [18]  Single diode monofacial and Module Not reported 1000 W/ m?.
bifacial module 20°C and 800 W/m?.

This research seeks to identify the most accurate electrical model for bifacial PV technology.
By comparing the simulated results of different models against meticulously collected indoor data,
the research aims to discern which model best captures the complex behavior of bifacial modules.
Additionally, the study aims to assess the sensitivity of the best electrical models to variations in
electrical parameters, providing insights into the factors that significantly impact model accuracy.
This study is structured into several key sections. It begins with a concise review of the indoor
characterization of bifacial PV devices, followed by an examination of proposed bifacial models found
in existing literature. The methodology section provides a detailed exposition of the experimental
setup and the associated data processing methodologies. Subsequent sections present the results
obtained from both single-sided and double-sided measurements. Finally, the study culminates with
comprehensive conclusions drawn from the synthesis of gathered data and the analyses conducted
throughout the investigation.

2. Characterization of Bifacial PV Devices

Characterization of PV devices provides relevant information regarding their performance, in-
cluding max power rating, efficiency, estimation of annual energy yield, sizing of system components,
and determination of product value [9]. Standard IEC 60904-1-2 [10] provides recommended electrical
parameters for reporting and the corresponding measurement methods for bifacial PV devices. This
overview will center on two types of illumination: single and double-sided. Specifically, the emphasis
will be on indoor measurements, focusing on laboratory tests.

2.1. Single-Sided Illumination

When measuring IV curves on bifacial devices, one consideration is to illuminate only one side.
The standard IEC 60904-1-2 specifies that the limit of irradiance on the non-illuminated side should be
less than 3 Wm 2. There are multiple methods available to achieve this requirement:

¢ Use a non-reflective material behind the non-illuminate side.
¢ Limit the exposure of the module illuminating with a source of the size of the module.
¢ Cover the non-illuminated side with a black surface.
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Liang et al. [11] investigated the considerations outlined in the standard and devised an experimen-
tal setup comprising two distinct darkrooms. They aimed to generate varying background reflections
to examine their impact on characterization results. Their findings revealed that the non-uniformity of
irradiance influences two parameters: fill factor and maximum power. Moreover, irradiances exceeding
3 Wm 2 were found to introduce uncertainties to the maximum power measurements. It is important
to carefully consider the conditions under which the rear surface is exposed during single-sided
characterization to minimize the effects of reflections and non-uniform irradiance. Implementing the
recommended methods from the standard is crucial in addressing these issues. Razongles et al. [12]
examined parasitic reflections occurring when the bifacial module is positioned away from the black
screen surface to mitigate the effects above. They suggested placing a black screen directly on the back
of the module to minimize reflections.

2.2. Double-Sided Illumination

In the case of double-sided illumination, it is crucial to accurately measure both frontal and rear
irradiances and develop a method to illuminate both faces consistently. There are various arrangements
and measurement techniques. For instance, Lagunas et al. [19] utilized a 10ms pulse class-A flash
simulator to illuminate the device, with two glasses and mirrors positioned at a 45° tilt from the
direction of the light pulse. A mesh was employed to control rear face light. Irradiance was measured
using a reference cell, while current and voltage were gauged using probes. This setup enabled distinct
irradiance levels on each side of the PV device. Different scenarios were examined to compare the IV
curve behavior when the device was illuminated separately from each side or simultaneously. Results
revealed that simultaneous illumination from both sides led to a lower maximum power point than
the sum of currents obtained under separate illumination conditions.

Zhang et al. [20] comprehensively compared one-sided and two-sided illumination. Their experi-
mental setup involved a light source directed towards a bifacial cell, and a white smooth plate capable
of reflecting incident light. The same configuration was used for single-sided measurements, albeit
with adjustments made to the distance between the laminates and the light source. They evaluated
three different types of bifacial cells: n-type, p-type, and HJT. In contrast to the findings of Lagunas et
al., they observed that two-sided illumination resulted in higher levels of maximum power points than
to one-sided illumination.

Finally, Razongles et al. [12] implemented two indoor setups. The first is implemented for large
modules, where two identical Eternal Sun sun simulators were ubicated at each device surface. With
this configuration the irradiance can be totally controlled for both surfaces. The second setup utilized
an aluminum-mirror arrangement specifically designed for 4-cell modules. This setup is very similar
to the proposal of Lagunas et al., using a mesh as a filter to control the irradiance on the rear face.

Across the various presented setups, several commonalities emerge. Firstly, each setup utilizes
reference cells to measure irradiances accurately. Additionally, there is a consistent practice of attenu-
ating incident light on the rear face of the setup, emulating the albedo effect. These methodological
consistencies serve as foundational pillars for the forthcoming exposition of our proposed setup, to be
detailed in the Methodology section.

3. Bifacial Electrical Models

Previously, various models were discussed to elucidate the approaches adopted by different
authors representing the electrical characteristics of bifacial PV modules. Among these models, the
single-diode model (SDM) stands as a conventional choice. It is depicted in Equation (1), where the
current sources symbolize both the frontal and rear sides of the bifacial module. Figure 1 shows a
schematic representation of this model.

va+1pv ’Rs> o 1:| . (va+1pv 'Rs) (1)

Ipv = Iph,f -+ Iph,r — I l:eXp ( N. Vi on Rsh


https://doi.org/10.20944/preprints202410.0709.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 October 2024

doi:10.20944/preprints202410.0709.v1

50f 20

Ow Ow ¥ =5

Iy

Figure 1. Single diode model adapted for bifacial PV devices.

An alternative representation of the single diode model employs two parallel branches, each
corresponding to one side of the module. This configuration is illustrated in Figure 2. The resultant
current, denotated by I, in Equation (2) is the sum of Equation (3) and Equation (4).

Ipv = If + I 2)
Voo +1¢- R Voo +1¢- R
R I
L 1] - 3
If Iph,f IS,f lexp ( NS . ‘/t,f -n ) Rsh,f ( )
Voo + 1 - Rg s Voo + I - Rsr
L =1,,—1I DA e A NS G . 4
' P 7 [GXP ( Ns - Viy-n ) ] Rsh,r @
Ipo
I, Rs,r
I
Res =

Q) Lnf \/  Ranf Vpo Rop,r \/

<

D

Lisy '\ Ly

Figure 2. Paralell configuration of the single diode model for bifacial PV devices.

Another commonly employed model is the double-diode model (DDM), as depicted in Equa-
tion (5). This formulation introduces an additional diode-current, necessitating the inclusion of two
additional terms for I, and n. A visual representation is found in Figure 3.

Voo + Iy - Rs Vo + Ly - Rs Voo + Lo - Rs
I, =1 L, —1 R Uil IR ) R U R TR ) N A M 5
po = pif F Lphr = Is1 [exp( Ns-Vi-ng ) ] s2 {exp( Ns- Vi -1y Ry, ()
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Figure 3. Double diode model adapted for bifacial PV devices.

3.1. The Bifacial Representation

As previously discussed, various models derive the IV curve and energy production for bifacial
PV devices. Regardless of the specific model used, a crucial consideration lies in how these models
effectively represent the bifacial nature of the device. Following parameter estimation, decisions must
be made regarding each element in the circuit. In the work of [14], for instance, they proposed rescaling
the parameters I ,, I, I, and R, for both the front and rear faces while neglecting R, . This rescaling
process is accomplished by incorporating the respective frontal and rear irradiances, as shown in

Equations (6) and (7).
If,SC . Gf + IT,SC . Gr
Tpn(pen) = Gorc (6)
X Gr+ X, -G
_ T f roor

Where the term X represents I, I;p, and Rs. It is important to note that I, ;¢ is not a parameter
found in datasheets. Furthermore, calculating I ,, Is2 ;, and R, requires data for the rear face, which
can be obtained from measurements.

In [15], both single and double-diode models were implemented. For parameter calculation, they
conducted a two-stage optimization process. The current source is determined using the bifaciality
factor (¢1,,), as shown in Equation (8):

Lpn(fr) = Tpn(1 + ¢1,) ®)

Subsequently, a new series resistance, denoted as R4, is introduced to R;, resulting in a combined
series term of Rs + R4 - ¢1,.. The mathematical representation of the single-diode model is depicted
in Equation (9). To incorporate the double-diode model, it simply needs to add the term corresponding
to the second diode.

Vo + Ipo - (Rs + Rygq - 4’155)) B 1] ~ Voo + Ipo - (Rs + Raga - P1,.) ©)

Ipz; = Iph(l + ¢Isc) - 151 |:exp< Ns - V- n RSh

In other studies, such as [17], a single-diode model is implemented by considering only the
frontal face parameters. As given by Equation (10), the adjustments for bifacial representation involve
rescaling the irradiances for the I, term when parameter extraction is performed under non-STC
conditions.

G
Iph - ?ff(lph,ref + “(T - Tref)) (10)

Here, Gg is the equivalent irradiance obtained from Equation (11).
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GE=Gs+Gr ¢ (11)

The subscript “ref” refers to standard test conditions (STC), « represents the temperature coeffi-
cient for I, and ¢ denotes the bifaciality factor.

In the case of [16], the bifacial behavior is quantified by the “bifacial gain of irradiance”, defined
in Equation (12).

G,
BG, =100 —(1 — 12
g GPOA ( 771055) ( )

Notably, the authors applied the model to outdoor experimental data, hence the usage of Gpp 4,
representing the irradiance in the plane of the array, and 7,5, indicating the loss of power due to
non-homogeneity in the rear irradiance.

3.2. Models Evaluation

After reviewing the presented models and their respective validations, three have been chosen for
a comprehensive evaluation of their performance using experimental data under controlled irradiance
and stable temperature conditions. The selection criteria are based on their replicability and the diverse
modeling approaches employed. The chosen models are as follows:

® Guetal. [17] The single-diode model requires 5 parameters. The estimation method the authors
proposed for these parameters is implemented as described by Equations (13)—(17).

ﬁ : Tref - Vac,ref

Vires = Ny T fa E¢-Ns (13)

Iph,ref -3 Ns o K'Tref
Iph,ref ~ Lse,ref (14)

—Voc ref
Isrer = 1, exp | 15
s;ref sc,ref P (Ns . Vt,ref ( )
Ry, rof = (Vmp,ref - Imp,ref ) Rs,ref)(vmp,ref — Ns - Vt,ref) (16)
’ (Vmp,ref - Imp,ref : Rs,ref)(lsc,ref - mp,ref) —N; - Vt,ref : Imp,ref
V +1 ‘R

Imp,ref = Iph,ref - Is,ref exp ( = rEfNS ”‘lZ}:; - r6f> - 1‘| - 17)

(Vmp,ref + Imp,ref : Rs,ref) [(Vmp,ref - Imp,ref ’ Rs,ref)Usc,ref - mp,ref) - N;- Vt,ref ’ Imp,ref]
(Vmp,ref + Imp,ref ’ Rs,ref)(Vmp,ref — N - Vt,ref)

Once the 5 parameters are calculated, they are adjusted to their actual irradiance and temperature
conditions. The photocurrent (I,;) is defined in Equation (10), while the remaining parameters
are computed using equations Equations (18)—(21):

3
st () oo 5 (7). "

Rs = Rs,ref (19)
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G
Rsh = Gr;f . Rsh,ref (20)
T
Vi= — -V, (1)
t Tref tref

* Janssen et al. [14] Utilizes a double-diode model, where initially 7 parameters have to be
estimated. However, based on the author’s considerations, 3 parameters are assumed: Ry, = o,
n1 = 1 and np = 2. Then, to obtain the first diode saturation current, the formulation proposed
by [21] is employed, given by Equation (22).

I 4o (T_ Tref)

IS].,TEf = V. (T-T,
exp ( oc+,[i1(.Vt ref)) -1

(22)

On the other hand, the second diode saturation current is calculated by Equation (23).

2
T5
IsZ,ref = <377> Is1 (23)

Finally, the series resistance is calculated by Equation (19). Just I, and I ; are transformed to
its original ambient conditions, the first is done by applying Equation (6), and the second is
accomplished by the application of Equation (24).

3
N G S Y 1 T
Ly = Ls(i) ref (Tr€f> exp<nik Ty T (24)

* Bhang et al. [13] Proposed a single-diode model with a parallel configuration, resulting in the
estimation of 10 parameters, 5 for the frontal face and the other 5 for the rear. A W-Lambert
parameter estimation is employed to obtain it, utilizing the measured values at STC for both
faces. Finally, the parameters are corrected utilizing Equations (10) and (18)—(20).

4. Methodology
4.1. Setup

This section describes the equipment utilized for measurements, beginning with PV bifacial
modules and then proceeding to the sun simulator.

4.1.1. Bifacial Modules

Table 2 displays the various modules subjected to measurement. Different technologies were
employed, with a predominant use of PERC+ and HJT. The last column indicates the specific test to be
conducted, which will be elucidated in the subsequent sections. It is worth mentioning that GOPV
PSDA6, HET GO 25 and n-PERT modules are frameless, whereas Risen, Trina, and SunPower modules
are equipped with frames.

Table 2. Modules utilized for IV curve tracing with the sun simulator.

Module Pmax (W)  Technology  Test
Risen RSM72-6-370BMDG 370 PERC+ SS, DS
GOPV PSDA 6 393 HJT SS
HET GO 25 355 HJT SS
n-PERT 348 n-PERT SS
Trina TSM-490DEG18MC.20(II) 490 PERC+ DS

SunPower SPR-P6-500-COM-S-BF 500 PERC+ SS, DS
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4.1.2. Solar Simulator

The Eternalsun sun simulator (A+A+A+ class) is employed to illuminate and trace IV curves for
the selected modules. The sun simulator utilizes a single long-pulse filtered xenon tube lamp in the
bottom chamber. Consequently, the module and reference cell must be oriented towards the bottom to
receive the light. The irradiance levels can be controlled within 100 to 1200 Wm 2.

The upper chamber is mobile, allowing it to be lowered to cover the module completely, prevent-
ing the entry of external light. The interior of the upper chamber is black, eliminating any reflection of
the emitted light. Once the upper chamber is lowered, temperature control is possible within a range
of 10 to 75°C.

A reference cell is connected to measure irradiance, and within the interior of the bottom chamber,
there is another cell named the “monitor cell”, which measures both irradiance and temperature.

Temperature measurement employs two instruments: the first utilizes four T-type thermocouples,
primarily when tracing IV curves at different temperatures, as it allows temperatures above 100°C.
The second is an IR thermal sensor, allowing temperature measurements up to approximately 49°C.

4.2. Measurement

The following sections describe the two tests conducted, the first one using single-sided illumina-
tion and the second one with double-sided illumination.

4.2.1. Single-Sided Illumination (SS)

The PV modules listed in Table 2 underwent the tracing of their IV curves at STC conditions, as
depicted in Figure 4. For temperature measurement, four T-type thermocouples are affixed to the
module using aluminum foil tape following the method outlined in the standard IEC 60891.

Thermocouples

Figure 4. Solar simulator setup for single-sided measurement.

4.2.2. Double-Sided Illumination (DS)

For this measurement, a 90% reflective film is employed to cover the surface of the upper chamber.
This arrangement allows for the light emitted from the bottom to be partially reflected by this surface,
thereby illuminating the rear face of the bifacial module.

As the reflected light onto the rear surface is not uniform, it becomes crucial to measure the
irradiance across the surface of the modules. The modules were virtually divided into nine sections,
marked by the red X symbols in Figure 6. The resulting irradiance distributions are named “irradiance
matrix”. Irradiance measurements were conducted with a reference cell positioned in each section.
Additionally, an extra point is included below position 2C, which is the reference cell’s position after
irradiance measurement. This adjustment helps prevent shadowing on the rear face during IV curve
tracing.

With this configuration, the upper chamber remains lifted to maintain reflection onto the surface.
In this case, temperature cannot be controlled. However, frontal irradiance can also be regulated,
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affecting the rear irradiance. The module is exposed to irradiances ranging from 100 to 1000 Wm ™2, in
100 Wm~2 increments. For every data point, the rear irradiance is measured in the position below 2C.

Reflective
surface

IR sensor

Rear irradiance
measurement with
reference cell

c| X X X

X

Figure 6. Rear irradiance measuring points to evaluate uniformity in the surface of the module.

4.3. Data Processing and Model Approach

The processing will be divided into two parts, each corresponding to a different test. Among the
seven models listed in Table 1, three have been chosen for their replicability, a selection process that
will be detailed further below.

4.3.1. Single-Sided Illumination Measurement (SS)

In this measurement, the frontal and rear faces are tested to obtain their respective IV curves
for STC conditions. It is important to note that the bifacial models previously discussed cannot be
applied here, as two IV curves are traced separately. The primary objective of this test is to examine the
behavior of each module face independently and to observe any potential differences between them.

In this scenario, the single-diode model is applied to analyze each IV curve. The standard test
condition (STC) measured points (Isc, Voc, Impp, and Viupp) are employed for both the frontal and
rear faces. Subsequently, these data points are inputted into the 5-parameter model for each face of
the module. Following parameter acquisition, the models are used to simulate the IV curves. The
comparison between the simulated and experimental IV curves involves calculating percent errors for
voltage values, considering I for current and Py, for power. Figure 7 summarizes every step of this
measurement.
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Figure 7. Single-sided illumination measurement explanation scheme.

4.3.2. Double-Sided Illumination Measurement (DS)

In this case the measured irradiances in Figure 6 are used to determine the minimum irradiance
value under the assumption that this value limits the short-circuit current, given that each cell operates
as a miniature current source [22]. This minimum value, along with the STC measured points, serves
as input for evaluating the proposed models by [13,14,17].

Once the irradiances are measured, the reference cell is located under the 2C position, and IV
curves are traced in the range from 100 to 1000 Wm 2 for the frontal side. The data used for evaluating
the models is the STC data corresponding to I, Voc, Impp, and Viupp, previously obtained by the
single-sided illumination measurement.

Double sided
illumination (DS)

Irradiance
measuring at 9
point of the module
at the rear side

—>

IV curve tracing

Plot experimental

from 100 to 1000
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non STC condition

Identify model with
the lowest error

Iph, lo, n, Rs,
Rsh from DS
IV curve

A\ 4
Sensibility analysis

varying parameters
of chosen model

Figure 8. Double-sided illumination measurement explanation scheme.

Analogous to S5 measurements, percent errors are calculated by comparing experimental and

modeled data to ascertain the model with the best performance. Once this model is identified, it
undergoes comparison with direct parameter extraction using IV curves under DS illumination.
Subsequently, a sensitivity evaluation is conducted to determine which parameters have the most
significant impact on IV curve tracing.

5. Results and Discussion
The results are divided into two sections: single-sided and double-sided measurements. The best
model from the double-sided measurements is then chosen for further parameter evaluation.

5.1. Single-Sided Illumination Measurement

IV curves for the five modules under STC conditions are modeled with SDM and contrasted with
experimental data. Figures 9a, 10a, 11a, 12a and 13a display both frontal and rear IV curves for each
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module, while Figures 9b, 10b, 11b, 12b and 13b illustrate the differences between the estimated and
measured values across the complete IV curve. These differences are particularly pronounced near
the maximum power point. The module which presents the most appreciable differences between
estimated and modeled current is SunPower, reaching a percentage error close to 20% on the rear side,
while the smaller differences are found in HET GO 25, with a maximum error in its rear side slightly
superior to —2.5%.

When the rear side is illuminated at 1000 Wm~2, the shadowing effect caused by the frames
becomes apparent. This effect manifests as steps in the IV curve, leading to corresponding steps in the
difference between the model and experimental data. In certain instances, such as with the SunPower
module, additional shadowing occurs due to the connection box, leading to more pronounced steps
along the IV curve and a significant disparity near the maximum power point. This effect could explain
the behavior detailed previously, when the rear side reached the maximum differences. While this
behavior may not significantly affect maximum power estimation in tilted configurations, it could
pose challenges in vertical east-west orientations since the sun illuminates directly both sides.

In cases where shadowing effects are minimal, such as HET GO25, HJT GOPV PSDA 6 and
nPERT modules, both frontal and rear face IV curves exhibit smaller errors, and the error plots behave
very similar along the curve. Errors in current do not exceed £5% at the maximum difference point,
indicating a high level of agreement between the experimental data and the model.

It is evident when comparing IV curve for frame or frameless modules, where the most affected
was the SunPower, whose rear side was affected to the level of reaching errors close to 20%. For
frameless modules, the higher error levels were reached in the maximum power point. Finally, when
shadowing effects are minimal V, for frontal and rear sides are very close, like modules HET GO 25 or
HJT GOPV PSDA 6, while clear differences appears in the modules SunPower, Risen and n-PERT.

10 Module: Risen RSM72-6-370BMDG _ G front: 1000 G rear: 1000 T: 25

Module: Risen RSM72-6-370BMDG G front: 1000 G rear: 1000 T: 25
= 4 N\

Current (A)
Current error (%)

Model frontal
Model rear

—— Experimental frontal
—— Experimental rear

—— Frontal error
0 10

—— Rear error

0 10 20 30 20

Voltage (V) Voltage (V)

(a) (b)
Figure 9. (a) IV curves for frontal and rear faces of Risen RSM72-6-370BMDG and (b) current difference
between experimental data and model results.

30 40 50

Module: SunPower SPR-P6-500-COM-S-BF G front: 1000 G rear: 1000 T: 25 Module: SunPower SPR-P6-500-COM-S-BF G front: 1000 G rear: 1000 T: 25
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Figure 10. (a) IV curves for frontal and rear faces of SunPower SPR-P6-500-COM-S-BF and (b) current
difference between experimental data and model results.
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Figure 11. (a) IV curves for frontal and rear faces of HET GO25 and (b) current difference between
experimental data and model results.
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Figure 12. (a) IV curves for frontal and rear faces of HJT GOPV PSDA 6 and (b) current difference
between experimental data and model results.
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Figure 13. (a) IV curves for frontal and rear faces of n-PERT and (b) current difference between
experimental data and model results.

5.2. Double-Sided Illumination Measurement

For this dataset, the three models (Gu et al., Janssen et al. and Bhang et al.) are evaluated and
compared with experimental data. IV and PV curves are traced, as seen in Figures 14a, 15a and 16a,
and their respective differences are plotted to identify which one exhibits the minimum and maximum
deviations from the experimental data, shown in Figures 14b, 15b and 16b.

SunPower and Risen modules’ frontal and rear faces were separately tested in the SS measurement.
Although both exhibited a gap due to the shadowing effect, their IV curves aligned well in the ;. and
Ve regions, with the most significant deviations observed near the maximum power point, which can
be seen in the error plots. However, in the bifacial IV and PV curves, while the estimation of I closely
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matched the actual data, deviations appeared as the curves approached the maximum power point
and Voc region. Power and current differences between experimental and modeled data were evident
for the two mentioned modules, and depending on the evaluated model, this differences can reach
values near 100%, which is the case of Bhang ef al. model.

When comparing the current and power differences, it was observed that the single-diode model
proposed by Gu et al. provided the closest representation of the complete IV curve, which can be seen
from the error plots, where the maximum difference is close to 30%. It was followed by Janssen et al.’s
double diode model with parameter escalation by irradiances, which tends to have more differences
while approaching to maximum power point and V,. region. Finally, the parallel single diode model
showed poor performance as it tended to underestimate P,y and V., generating the higher differences
at the end of the IV curve caused by the poor voltage estimation.

From the analyzed behavior when the frontal face is illuminated at 1000 Wm ™2, it is noted that
the maximum power point and Voc are the two critical points for comparing each model and its fitting
with experimental data. To observe what happens at other irradiance points, the difference between
modeled and experimental Pmax, and the difference between the current in the last data point of the
plot, is calculated, showed in Figures 17-19. The results showed that the best fit for the remaining
points is still the proposed model by Gu et al.

Module: Risen RSM-72-6-370BMDG G front: 1000 G rear: 129 T: 22.457
147 PV Janssen PV Gu PV Bhang —— PV Exp
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500

175

P Gu

12

IV Janssen

IVBhang —— IV Exp

10

Current (A)

20 30
Voltage (V)

(a)

400

Current error (%)

—— P Janssen
120{—— |Janssen

100
80
60
40

20

1Gu

—— PBhang
—— | Bhang

S
S & o N o

S »n o
Power error (%)

N
o

j

20
Voltage (V)

(b)

30 40 50

Figure 14. (a) IV and PV curves for experimental and modeled data, an (b) current and power differ-
ences between each model and experimental data, illustrated for module Risen RSM72-6-370BMDG.
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Figure 15. (a) IV and PV curves for experimental and modeled data, an (b) current and power
differences between each model and experimental data, illustrated for module SunPower SPR-P6-500-

COM-S-BE
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Figure 16. (a) IV and PV curves for experimental and modeled data, an (b) current and power
differences between each model and experimental data, illustrated for module Trina TSM-DE18M(II).
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Figure 17. Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the Risen RSM-72-6-370BMDG module.
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Figure 18. Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the SunPower SPR-P6-500-COM-S-BF module.
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Figure 19. Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the Trina TSM-DE 18M(II) module.
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5.2.1. Parameters Evaluation

Finally, for a comparison with the parameters calculated from each employed model and the
actual IV curve, direct parameter extraction is conducted using experimental data obtained from DS
measurements. The obtained parameters are shown in Table 3. Since Bhang et al. model utilizes each
set of parameters directly estimated, it will not be analyzed in this section.

Table 3. Parameters obtained from every bifacial model employed and compared with direct extraction

using SDM and DDM.

Module Model Lon In1 I R; Ry m )
SDM parameter 1, 59)3  gog35.10-7 - 01415 inf 162 -
extraction
Guetal 107488  9.3922-10~7 - 01638 inf 161 -

Risen DDMparameter 165043 4945.10-7  6.4410-10~7 01415 inf 150 220
extraction
Janssen et al. 106366  4.7612-1011  12335-10"10 01285 - 1.00  2.00
SDMparameter 5513, 19338.10°6 - 00120 inf 142 -
extraction
Guetal. 156654  1.1825-107° - 00146 inf 143 -

Sun Power ~ DDM parameter 7 6 .

’ 155432 8.7542-10 2.2680 - 10 00200 inf 140 220
extraction
Janssen et al. 155987  1.0311-10~° 2.6716-10~° 0.0122 - 1.00  2.00
SDMparameter 1, 709 47042.10~7 - 00223 inf 165 -
extraction
Guetal. 128143  82291-10°% - 00817 inf 150 -

Trina DDM parameter 1, g0 57750.10~7  71500.107 00223 inf 160 220
extraction
Janssen et al. 12.8116  7.1552-10712  1.8538-10"!  0.0759 - 1.00  2.00

Gu et al. and Janssen et al. use SDM and DDM respectively, each obtained parameter is compared
with the corresponding model parameter estimation. Each parameter obtained from direct extraction is
evaluated in the IV curve and its respective error when compared with experimental data is calculated
and presented in Figures 20-22. It is evident that the errors for both models decreased considerably;,
considering that Gu et al.’s model reached percent errors above 20% and with direct parameter
extraction does not exceed 10%. In the case of Janssen et al.’s model, using their approximations to
obtain the DDM parameters they reached error higher than 75% in the worst case, while the direct
DDM extraction, as well as the SDM extraction, does not exceed 10%.

Gu et al. and Janssen et al. used different methods, SDM and DDM respectively, to get certain
parameters. Each parameter obtained was compared with what the models predicted. Then, these
parameters are used to trace the modeled IV curve. Then, the percent error for modeled and exper-
imental IV curves are calculated, shown in Figures 20-22. When direct extraction is applied errors
decreased significantly compared to the models’ predictions, considering that Gu et al.’s model reached
percent errors above 20% and with direct parameter extraction does not exceed 10%. In the case of
Janssen et al.’s model, using their approximations to obtain the DDM parameters they reached error
higher than 75% in the worst case, while the direct DDM extraction, as well as the SDM extraction,
does not exceed 10%.
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Figure 20. IV and PV curves percent error for direct parameter extraction for (a) SDM (b) DDM for
module Risen RSM72-6-370BMDG, considering parameters showed in Table 3.
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Figure 21. IV and PV curves percent error for direct parameter extraction for (a) SDM (b) DDM for
module SunPower SPR-P6-500-COM-S-BE, considering parameters showed in Table 3.
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Figure 22. IV and PV curves percent error for direct parameter extraction for (a) SDM (b) DDM for
module Trina TSM-DE18M(II), considering parameters showed in Table 3.

From the comparison, it seems that the principal problem associated at Janssen ef al.’s model is
their parameter estimation for n; and 1y, since they are assumed instead of being calculated. Another
difference is the value of I,; and I,>, with 4 magnitude orders of difference. The photocurrent also
shows differences, however, they are minimal compared to the effects caused by the use of the other
parameters.

On the other hand, since Gu et al.’s model is the one that presents the best performance, it will be
subjected to a sensibility analysis of its parameters to identify which one has the greatest impact on its
€erTor.

Figures 23-25 illustrate various scenarios wherein each parameter, as derived through the method
delineated by Gu, is contrasted with those acquired via SDM parameter extraction from experimental
IV curve analysis. The designation “Gu” denotes parameters obtained without any alterations, while
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“Iph” signifies parameters obtained with the substitution of photocurrent values sourced directly
from parameter extraction. Similar designations, namely “Io”, “Rs”, “Rsh”, and “n” denote scenarios
wherein all parameters remain consistent with those obtained through Gu’s method, except for the
specific parameter indicated in the legend, which is substituted with its SDM-extracted counterpart.
Notably, the designation “Est” denotes the error observed when all parameters are derived exclusively
through SDM parameter estimation.

The figures presented in Figures 23 and 24 highlight that the most accurate results were achieved
through SDM parameter estimation using experimental IV curves. The influence of I, variations is
most pronounced at the onset of the IV curve, which accounts for the near-zero errors observed in the
“Iph” and “Est” cases. Conversely, the “Gu” and “Rsh” scenarios exhibit similar behavior, as they both
utilize identical parameters due to Ry, resulting in co. Subsequently, the most effective substitution
leading to minimized errors post SDM parameter estimation involves replacing I,.

The case obtained in Figure 25 behaves differently compared to the previous ones since the
replacement of I, and n generated errors that resulted higher than 50% for the case of n and even
higher than 200% for the case of I,. Those differences can be caused principally for the impact that
those two parameters have in the shape of IV curve, which can be generate differences in Vy..

Module: Risen RSM-72-6-370BMDG G front: 1000 G rear: 129 T: 22.457

Current error (%)
~
&

20 40 50
Voltage (V)

Figure 23. Current error when obtained parameters are changed for the estimated SDM parameters for
module Risen RSM-72-6-370BMDG.
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Figure 24. Current error when obtained parameters are changed for the estimated SDM parameters for
module SunPower SPR-P6-500-COM-S-BE.
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Figure 25. Current error when obtained parameters are changed for the estimated SDM parameters for
module Trina TSM-DE18M(II).
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6. Conclusions

The evaluation conducted with SS illumination highlights the significant impact of shadowing in-
duced by frames or junction boxes, not only resulting in elevated errors in current but also manifesting
as disparities in V,c when comparing frontal and rear IV curves.

Among the array of models scrutinized in existing literature, the assessment focused on three
proposals aimed at determining the optimal fit for IV and PV curves of bifacial PV modules: a single-
diode model, a parallel single-diode model, and a double-diode model. Chosen primarily for their
replicability, these models were subjected to a meticulous methodology encompassing parameter
treatment advocated by each respective author, spanning both frontal and rear sides of the modules to
derive the final IV curve. Our evaluation unveiled that the model proposed by Gu et al. yielded the
lowest errors, approximately 20% in the worst case. However, efforts to mitigate these errors through
direct parameter extraction with SDM revealed notable disparities between estimations. Notably, the
parameter with the most pronounced impact was Io, which demonstrated the potential to reduce
errors if accurately calculated, as evidenced in the case of SunPower modules, where errors decreased
from approximately 10% to 7.5%. Conversely, inaccurate determination of Io, as observed in the case
of Trina modules, resulted in errors exceeding 200% when directly extracted I, was replaced.

This research significantly contributes to the literature by offering an evaluation of existing
models using data collected under controlled conditions, thereby reducing uncertainty in irradiance
and temperature. Furthermore, this analysis identifies the parameters and their respective effects,
shedding light on the parameter with the most substantial impact on the curve.

This study suggests two potential avenues for future research. Firstly, there is a need for the
evaluation of the same models under outdoor conditions, encompassing diverse temperatures and
non-uniform irradiance patterns. Such research would provide insights into model performance under
real-world environmental variations. Secondly, there is an opportunity for the development of a novel
approach to accurately estimate the requisite parameters, with the aim of minimizing errors in model
predictions. This endeavor would contribute to advancing the accuracy and reliability of PV module
modeling techniques.
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