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ABSTRACT Models of photovoltaic devices are an important tool for the estimation of their I-V charac-
teristics. These characteristics, in turn, can be used to optimize production, compare devices, or predict the
output power under different illumination conditions. Equivalent circuit models are the most common model
types utilized. Although these models and the estimation of their parameters are thoroughly investigated,
little is known about their performance under indoor illumination conditions. This, however, is essential for
applications where photovoltaic devices are used indoors, such as for PV-powered sensors, wearables or
Internet of Things devices. In this paper, a comprehensive and quantitative study of parameter estimation
methods for the two-diode model is conducted, focusing particularly on the performance at indoor illumina-
tion levels. We reviewed and implemented a set of six common parameter estimation methods, and evaluate
the performance of the estimated parameters on a typical photovoltaic module utilized in indoor scenarios.
The results of this investigation demonstrate that there is a large performance variation between different
parameter estimation methods, and that many methods have difficulties to estimate accurate parameters at
low illumination conditions. Moreover, the majority of methods result in physically infeasible parameters,
at least under some of the evaluated conditions. When applying physically motivated parameter scaling
methods to these parameters, large estimation errors are observed, which limits the model’s applicability for
power estimation purposes.

INDEX TERMS Indoor photovoltaics, energy harvesting, photovoltaic cell models, two-diode model,

parameter estimation.

I. INTRODUCTION

Energy harvesting facilitates the possibility to implement
self-powered electronic systems, such as wireless sensors and
IoT edge devices [1]-[4]. These devices can utilize different
ambient energy sources, including vibrations, temperature
gradients, and ambient light. Among these sources, ambi-
ent light is an attractive alternative due to the technological
maturity of photovoltaic (PV) transducers, and the general
availability of ambient light in many application scenar-
ios [5]. However, ambient light conditions, including their
spectra and intensities, differ significantly from each other
in outdoor and indoor environments. Outdoor applications
are dominated by sunlight, whereas ambient light in indoor
applications often originates from artificial light sources with
much lower intensities than those observed outdoors [6]-[9].
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The scope of this paper lies within artificially illuminated
indoor environments.

In order to estimate the available energy in an energy
harvesting system prior to its deployment, accurate models
are needed. For ambient light energy harvesting, this requires
as a first step an accurate model of the PV panel to estimate
its electrical output under different illumination conditions
[10]-[12]. Different models for this purpose have been sug-
gested, with the most commonly used models being the
one-diode and two-diode models. These models are based
on electrical equivalent circuit representations that include
key device properties, such as the photo current, pn-junction
behavior, and resistive losses as lumped circuit elements [13].
To fit the models to a particular PV device, the model parame-
ters are typically extracted from experimental measurements
and/or data provided by the manufacturer. To adjust the
extracted parameters to other operating conditions, moreover,
parameter scaling methods are being used [11], [14]-[16].
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Although extensive research efforts have been conducted
on the modeling of PV cells and parameter estimation tech-
niques, the existing research focuses to a large extent on
outdoor conditions [17]-[25]. As a result, the performance of
models, parameter estimation and parameter scaling are typ-
ically only evaluated for the solar spectrum (i.e. commonly
AM1.5), and high irradiation levels. In contrast, evaluations
under indoor illumination conditions are much more limited.
In an earlier study, we have evaluated the performance of
the one-diode model and a set of commonly used parameter
estimation and scaling methods under indoor conditions [26].
This study has demonstrated that most estimation methods
can result in model parameters that accurately capture the
device’s I-V characteristic at the illumination level that the
estimation has been performed at, but that these parameters in
the majority of cases do not scale well to other illuminations
levels. In cases where the resulting models are used for the
estimation of output power in different illumination scenar-
ios, this is a major limitation.

The two-diode model has been identified as being supe-
rior at low illumination levels as compared to the one-diode
model [27]. The main reason for this is its second diode that
can take the recombination losses within the depletion region
into account. The enhanced performance of the two-diode
model is commonly agreed upon in the scientific literature.
However, studies conducted in indoor scenarios (i.e. with
very low illumination levels) show mixed results leading to
conflicting conclusions. In [11], for example, Tinsley et al.
have demonstrated a direct comparison of the one-diode
and two-diode models superiority of the two-diode model,
whereas in [28], the authors found the one-diode model to
perform better.

Consequently, in this paper we investigate the two-diode
model through a systematic review and comparison of differ-
ent parameter estimation methods, as well as their effects on
the model performance under indoor illumination conditions.
A set of six (6) parameter estimation methods has been
selected from the literature based on their popularity, per-
formances reported in earlier comparisons, and the approach
utilized. The methods were implemented and applied to a
common indoor PV panel of the same type as in [26], in order
to evaluate the performance of the modeled I-V curves,
variations in model parameters, and effects of parameter
scaling.

With this, the main contributions of this article can be
summarized as follows: (i) the evaluation of the two-diode
model with its extracted parameters at indoor illumination
levels provides a comparison between the model’s perfor-
mance under indoor and outdoor conditions; (ii) the appli-
cation of different parameter estimation methods provides
a quantitative and qualitative comparison of these methods;
and (iii) the utilization of the same materials and methods as
in [26] enables a direct comparison between one-diode and
two-diode model at indoor illumination conditions.

The remainder of this article is structured in the following
manner. Section II provides an analysis of related works.
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Section III summarizes the fundamental concepts related to
the two-diode model. In Section IV, we describe the selected
parameter estimation methods. Section V provides informa-
tion on the data acquisition, the data sets, the implementation
of estimation methods, and how the evaluations have been
conducted. Section VI presents the results, which is followed
by discussions and conclusions in Section VII.

Il. RELATED WORK

Due to the importance of accurate PV device modeling and
the complex nature of the diode-based models, parameter
estimation has been, and continues to be, a highly active
research area. Consequently, different parameter estimation
methods were introduced in the literature. Several reviews of
these methods have been performed, of which the most recent
reviews, which include methods for the two-diode model, are
those provided in [17]-[19], [21], [23]-[25]. The majority of
these reviews are qualitative in nature and group the param-
eter estimation methods into classes. A common approach is
to separate the methods into analytical approaches and meta-
heuristic approaches [17], [24], [25]. Analytical approaches
are commonly based on physical reasoning and often include
some simplifications. In contrast, meta-heuristic approaches
treat the parameter estimation as a non-linear optimiza-
tion problem, utilizing algorithms such as Particle Swarm
Optimization [29], Differential Evolution [30], or Artifi-
cial Neural Networks [31]. The analytical methods are,
moreover, commonly subdivided into whether or not they
require iterative approaches in order to find feasible model
parameters.

Methods have also been classified based on the num-
ber of model parameters that they estimate [17], [23],
as well as the input data that they require [19]. The num-
ber of parameters to be estimated has for example been
reduced by assuming certain model parameters to be constant
[32]-[34], or by simplifying the underlying model itself [35].
The data required by the parameter estimation methods
are, in the best case, limited to manufacturer informa-
tion (i.e. typically datasheet values such as the remarkable
points), whereas many methods require additional data in
form of experimental measurements [17], [19]. The lat-
ter methods often utilize the error between the I-V or
P-V characteristics produced by the model and experiment,
to stop parameter iterations when a desired tolerance is
achieved.

As the majority of reviews compare methods in a qual-
itative manner and focus on outdoor applications (i.e. typ-
ically high solar irradiance levels), a knowledge gap exists
in regards to the performance of the two-diode model under
indoor illumination conditions. A few individual works exist
that have proposed methods that apply the two-diode model in
indoor conditions [11], [28], but their results are conflicting.
In order to address this gap, in this work we present the
results of a quantitative comparison of a selection of param-
eter estimation methods for the two-diode models at indoor
illumination levels.
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lill. THE TWO-DIODE MODEL

The two-diode model is a common method to describe the key
properties of PV devices. The electrical equivalent circuit of
this model is illustrated in Figure 1. The circuit consists of
a photosensitive current source, two parallel diodes, a shunt
resistance, and a series resistance. Mathematically, the termi-
nal voltage and current of the PV cell can be related as

V + Rl

—ldl—ldz—R—h, (1
S

which with the help of Shockley’s diode equation can be

described as
q(V + RyI)
1 ZIPV_IO] |:€.Xp<an -1

— 1 L) |- =22 2
? |:exp< kT Rsh @

In this 1, is the photo current, Ip; and Iy, are the diodes’
saturation currents; n1 and n, are the diodes’ ideality factors;
q is the electron charge; k is the Boltzmann constant; and 7 is
the p-n junction temperature in Kelvin. Furthermore, Ry and
Ry, are the series resistance and shunt resistance, respectively.
As a simplification of equation (2), the thermal voltage can be
defined as

I1=1,

kT
Vi=—. 3
q
Iy Rs —[>
14 — °
Ty Lo
Rsp \%

FIGURE 1. Electrical equivalent circuit of the two-diode PV model.

PV devices, moreover, commonly contain multiple PV
cells in order to boost output voltage and current through
serial and parallel cell connection, respectively. This can be
taken into consideration for the model, with

V + Rl
I =1, — I — ] -1
pv 01 I:exp< nleVl ) ]

~tof e VAR ] _ V4RI @
02 N, V, Ry

Herein, Ny denotes the number of PV cells connected in
series, and Iy, Io1 and Iy are current values of multiple
cells in parallel. Ry and Ry, represent resistive losses that
result from the device implementation. Ry lumps losses due
to contact resistances and non-ideal semiconductors, and Ry,
represents leakage losses in p-n junctions. In order to achieve
a high fill factor, it is desirable for Ry to be small, while Ry,
is large.

The seven unknown parameters of the two-diode model,
Ipy, 101, lo2, n1, n2, Ry and Ry, are typically not included
by manufacturers in the device datasheet. They therefore
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need to be estimated analytically or experimentally. This is
commonly referred to as the parameter estimation problem,
and as stated earlier different methods can be applied. The
hypotheses and approaches of the methods under investiga-
tion in this work, are outlined in the following section.

IV. PARAMETER ESTIMATION METHODS

Six parameter estimation methods for the two-diode model
have been selected for the comparison in this article. As a con-
sequence of the considerable number of methods proposed
in the literature, several criteria have been applied for the
method selection. The selected methods are relatively recent
(i.e. proposed during the last ten years), and they are based
on different approaches and reasoning. Their uptake in the
research community (e.g. appearance in review articles), and
completeness of information required for reproduction, have
also been taken into consideration.

As a results, the methods selected are those pro-
posed by Ishaque er al. [34], [36], Maoucha et al. [37],
Abdulal et al. [32], Babu and Gurjar [35], Hejri et al. [33],
as well as Gbadega-Peter and Saha [38]. Each method is
briefly described in the following subsections, and key infor-
mation is summarized in Table 1.

A. METHOD OF ISHAQUE et al. (2011)
Ishaque et al. [34] propose an iterative approach to estimate
the parameters of the two-diode model. This approach can be
interpreted as a two-diode adoption of the method proposed
by the authors in [39] for the one-diode model. The authors
reduce the set of parameters to be identified based on two
assumptions. Firstly, they set the parameters for the diodes’
ideality to n; = 1 and np = 2, which is a common simplifi-
cation based on Shockley’s diffusion theory [40]. Secondly,
they approximate the diodes’ saturation currents to be of same
value (i.e. Ip;1 = Ip2). Consequently, they reduce the seven
unknowns of equation (2) to four unknowns, namely Iy, /o,
R, and Ryy,.

This reduced set of parameters is estimated based on the
following approach. The photo current is estimated with

G
Ipv = (Isc_STC + KiAT) s (5)
Gsrc

where I5. st is the short-circuit current at standard test con-
ditions (STC); K; is the short-circuit temperature coefficient;
and G and Ggyc are the solar irradiance and solar irradiance
at STC, respectively.

The saturation currents are estimated based on

101 _ 102 _ (Isc_STC + KiAT) 7

expl(Voc_stc + KyAT)/Vi] — 1
with V. s7c being the open circuit voltage at STC, and K,
the open-circuit temperature coefficient.

Finally, Ry and Ry, are obtained through iteration and
comparison of the estimated maximum power with the true
maximum power. R; is initialized with zero, and R, with

Vmp Voc - Vmp

R0 = - . @)
* Isc - Imp Imp

(6)
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TABLE 1. Overview of two-diode parameter estimation methods.

Assumed Estimated . . 1
Method Year  Method parameters parameters Required input
Ishaque 2011 Minimize Py, error ni, n2 Ipy, Io, Rs, Rgp, Rs range, Py tol.
Solve system of V(0.3Voe), 1(0.3Voe), V(0.9Voe), 1(0.9V5c),

Maoucha 2012 |/ r equations (1, n2) Ipv, To1, To2, Rs, Rsp o ni rmcz)gcje, na mngz o
Abdulal 2014  Minimize FF error ni n2, Ipy, I, Rs, Rsp, I-V curve, na range, F'F tol.

Babu 2014  Minimize Py, error - n1,n2, Ipy, o1, Io2 ni range, Ppyyp tol.

.. Sol it f

Hejri 2014 ngn\l/iengi Zcrﬁlgtions ni, ng Ipv, o1, lo2, Rs, Rsp, Rs range, tol.
Gbadega- Minimize P,y and n1, n2, Ipy,

Peter 2019 Ipmp error - To1, To2, Rs. Rap, Rs range, n1 range, Pmyp tol., Imp tol.

Vmp and I, are the voltage and current at the maximum
power point (MPP), respectively. With the initial conditions
of R, and Ry, defined, Ry is increased on each iteration, and
Ry, is calculated, such that

Vmp(vmp + ImpRs)

Rsp = , ®)
’ Vmp{IPV —A— B} - Vmplmp
with
V + IR
A= 101[exp<L) — 1], 9
ni Vt
V + IR
B = Ioz[exp<L) —1]. (10)
n2V,

The iterative loop is stopped once the MPP error has fallen
below a predefined tolerance value.

B. METHOD OF MAOUCHA et al. (2012)

Maoucha et al. [37] introduce a parameter estimation method
based on a measured I-V curve. Similarly to [34], the seven
model parameters are reduced to five by assuming the diodes’
ideality factors to be constant (i.e. n1 = 1 and ny = 2). The
remaining five parameters are obtained by solving an equa-
tion system of five equations. In order to define this equation
system, the authors suggest five representative points of the
I-V curve to be extracted with

(V1,I1) = (0, I;) short-circuit point
(Va, ) = (0.3V,, 1[0.3V,c]) 'V and I at 30% of V.
(V3,13) = (Vip, Iyp) maximum power point
(Va, 14) = 0.9V, 1[0.9V,c])  V and I at 90% of V.
(Vs,Is) = (V,e, 0)  open-circuit point
The resulting equation system is given in [37, Eq.(3)],
and is proposed by the authors to be solved based on the

Trust-Region Method. The following initialization values are
suggested by the authors

[1017 1027 n17 n21 Iplh RS7 Rsh]
=107, 107" 1,2,1073, 2, 50]

In order to further improve the obtained parameters,
Maoucha et al. propose to evaluate the method with differ-
ent values for the diodes’ ideality factors. Value ranges of
(1 <ny <5)and (2 < np < 7) are suggested.
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C. METHOD OF ABDULAL et al. (2014)

In [32], Abdulal et al. propose an estimation method
for the two-diode model parameters based on a graphical
approach. The method is similar to the estimation methods for
one-diode model parameters proposed by Phang ef al. [41]
and De Blas er al. [42], obtaining estimates of R; and
Ry, based on the reciprocal slopes of the I-V curves at
short-circuit and open-circuit conditions. The resistance val-
ues are thus estimated as

dv
Ry = Ry =— ﬁ

av
R = Rypo = — a

Moreover, Iy, Io1 and I are obtained in the same manner
as proposed by Ishaque et al., simplifying the saturation
currents of both diodes to be of same value. These values can
thus be estimated using equations (5) and (6).

Once these values have been obtained, the diodes’ ideality
factors are estimated following an iterative approach. With
fixed to 1, ny is initialized to 1 and increased by 0.1 on each
iteration. In each iteration of ny, equation (2) is numerically
solved and its corresponding fill factor (FF) is calculated
according to

(11)

V:V()c

(12)

I:Isc

Vinpl,
FF = _27"mp (13)
VOCISC

The difference between the calculated FF and the expected FF
(obtained through measurement or reported by the manufac-
turer) is used as a metric to evaluate the current ny value. The
iteration is stopped once the FF error falls below a predefined
threshold.

D. METHOD OF BABU AND GURJAR (2014)

In [35], the authors propose a parameter estimation method
based on a simplification of the two-diode model presented
in Figure 1. In order to simplify the model and reduce the
number of parameters to be estimated, the authors remove
the resistors Ry and Ry;,. As such, the parameter estimation
problem is reduced to a set of five parameters, namely 1,,,
Ip1, Ipp, n1 and ny.
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Similarly to others, the authors propose to estimate Iy,
based on equation (5), and Iy is estimated according to
(se + K;AT))
exp[(Voec + KyAT) - q/(NskTny)] — 1) .
The saturation current of the second diode I, is estimated
based on a fixed relationship with Iy, such that

I T% I 15
02—(ﬁ> o1 - (15)

This relationship between Ip; and Iy originates in itself
from [43].

Finally, the authors utilize an iterative approach to find
appropriate solutions for n; and ny. nj is initialized to 1 and
incremented on every iteration. For each nj a corresponding
ny is determined, such that

Iy = (14)

qVoc
N Tk ln(lp"_lm(EXP(‘IV/(NSKmT))—l) n 1)

lo2

n = (16)

With all parameters estimated, the I-V equation is numer-
ically solved for a voltage range between 0 and V.. The
estimated current at the MPP is compared to the expected
current, and the iteration is ended when a sufficiently small
error is achieved.

E. METHOD OF HEJRI et al. (2014)

Hejri et al. [33] propose a mixed analytical-numerical method
in order to estimate the parameters of the two-diode model.
The set of parameters is reduced, by calculating /,,, according
to equation (5), and approximating n; = 1 and np = 2. The
remaining parameters are determined numerically, by solving
the following set of equations

Iy Ior (I_Rslﬂ)exp<vmp+&lmp)
Vip — NsVi Vinp NV

I I V, Rl
+ 02 X (1 —Rsﬂ>exp<—mp + 5% mp)
Viup 2NV,

+i<1 —Rsl’"—”> (17)

I I Voc Rl
5 ! NS L t NS L t
Voc —Rslsc

+ I exp VOC _ exp R S I sSc +
02 2N,V, 2NV, Ry

(18)

Vo + Ryl Voo — V,
—exp( mp + S’"”)]+ "‘Rh’"” (19)
Y

1 IOl Rslsc
Ry, — R,)| —
R S)[Rsh MDA <Nsv,
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I Ryl
2 () —1=0 (20)
AR VITAT

In order to find suitable initial values for the numerical
solution of this equation system, the authors propose an ana-
lytical approach based on a number of assumptions. Firstly,
they analytically solve Ry based on the first-, second- and
third-order approximation of the term exp(kR;) [33, Eq. (25)].
They then estimate Ip; and Iy, based on the simplifications

Vinp+Rsm,
Iscexp <— 2]‘\/,;"% ) - <ISC - Imp>exp (— W)
lor =
VO(‘ Vmp +RY ll‘l1[)
v, ) TP\ TN
21

P\ 2w,
‘/171 +Rv1m
Iscexp<—M”\§[> — <ISC — Imp)exp(— —”MV[ ")

I =
Ve \_ _ Vap+Rslp
exP( zzvxvr) exl’( NV,

Finally, an initial value of Ry, is estimated with

éx,
V.

(22)

R;
101 Rslsc IOZ Rslsc
N,V AP ( NV, ) + an, v, €xp ( 2N, V; )

Hejri et al. provide two additional comments on the pro-
posed method. On the one hand, equations (17)—(20) do not
always converge, which can be handled by a further simpli-
fication that removes Ip; and Ipy from the equation system.
On the other hand, the analytical solution for Ry does not
always lead to a reasonable value, in which case the authors
recommend to choose Ry = 0 as initial value.

Ry = (23)

F. METHOD OF GBADEGA-PETER AND SAHA (2019)

In [38], the authors propose a method that combines the
methods of Ishaque et al. [34] and Babu and Gurjar [35].
First, 1, Ip1 and Iy are estimated following equations (5),
(14) and (15), respectively.

Afterwards two nested iterative loops are created to esti-
mate suitable values for n; and ny (following the method
in [35]), as well as Ry and Ry, (following the method in [34]).
For this, n1 and Ry are initiated and the corresponding values
for Ry, and ny are calculated according to equations (16)
and (8), respectively.

For each iteration of ny, Ry and thus Ry, is iterated until
the power estimation error at MPP has been reduced to a
predefined tolerance. Moreover, n; (and consequently ny) is
iterated until the current estimation error at MPP reaches a
predefined tolerance as well.

V. IMPLEMENTATION AND EVALUATION APPROACH
The quantitative evaluation of the previously presented
parameter estimation methods follows an approach highly

1Required inputs in addition to the remarkable points, which are required
by all methods.
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similar to the one presented in [26]. Each parameter esti-
mation method is implemented and applied to I-V datasets
of the same PV panel. The resulting parameters are inserted
into the two-diode model, which then is used to estimate the
I-V characteristics of the PV panel at different illumination
conditions. Finally, the estimated I-V characteristics are eval-
uated against the experimentally obtained datasets in order to
quantitatively measure the model performance.

In the following subsections, each step in this process
is described in further detail. This description includes the
content and acquisition of the datasets, details on method
implementations, as well as evaluation metrics used.

A. PV PANEL DATASETS

For the evaluation of the power estimation methods, an IXYS
SLMD600HI0L PV module has been used, representing a
typical PV panel for indoor applications. This panel contains
10 PV cells of monocrystalline silicon, which are connected
in series, resulting in a size of of 22 x 35 mm?. Essential
information, such as its remarkable points, are provided by
the manufacturer in the device datasheet [44].

Two I-V curve datasets, obtained at different illumination
conditions, have been used in this study. The first is a dataset
of the PV panel under outdoor illuminations conditions,
whereas the other contains I-V characteristics at indoor illu-
mination levels.

The dataset for outdoor conditions has been obtained
through the PV panel manufacturer, which limits the infor-
mation of the exact experimental setup for data generation.
However, it is known that a production-grade solar simulator
was utilized. The dataset consists of I-V curve measurements
at STC (1000 W and 25 °C), and at approximately 200 W and
25°C. This dataset is mainly used to include a reference for
parameter estimation at high solar irradiance levels, as most
parameter estimation methods have been created under this
condition (i.e. STC).

The main dataset in this study is the one at indoor illu-
mination conditions. This dataset has been experimentally
generated for the SLMD600H10L PV panel. The PV panel
was during these experiments illuminated by a warm LED
lamp (8 W, 2700 K). Typical indoor illumination levels in
the range from 1001x to 10001x were generated [45]-[47].
In order to minimize changes to the light spectrum, the dif-
ferent illumination levels were achieved by adjustments to
the distance between light source and PV panel, rather than
dimkming the light source. An AMS TSL2561 ambient light
sensor was used to verify the intended illumination condition.

For the measurement of the PV panel’s I-V characteristics,
a Keysight B2901A source/measure unit (SMU) was used,
sweeping the voltage with a 3 mV step-size. The temperature
of the panel was maintained at 25 °C through active cooling.

B. METHOD IMPLEMENTATIONS

The previously presented parameter estimation methods were
implemented as MATLAB® functions. Each function uses
input data (e.g. remarkable points) as a parameter list, and
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FIGURE 2. IXYS SLMD600H10L PV panel response to outdoor irradiance
conditions (25 °C). (a) Resulting I-V characteristics; (b) Resulting P-V
characteristics.

produces a set of the seven two-diode model parameter esti-
mates, namely n1, n2, Iy, lo1, lo2, Rs and Rgy,. The description
of each method in the literature, was followed as closely as
possible. However, some assumptions and implementation
decisions had to be made. These are briefly described in the
following paragraphs below.

1) NUMERICAL SOLVERS
A subset of the methods include non-linear equations that
need to be solved numerically. However, not all meth-
ods recommend the same numerical solver to be used.
Maoucha et al. [37] prescribe to solve their equation system
based on the Trusted-Region-Method, whereas in [33] the
authors propose to utilize the Newton-Raphson method.
Once the model parameters have been estimated, all eval-
uated methods require the numerical solution of equation (4)
to estimate the I-V characteristic of the PV panel. In order to
treat all estimated parameters in the same manner, in all cases
the default numerical solver for non-linear equations fsolve
was used in MATLAB®.

2) PARAMETER ASSUMPTIONS
The two-diode model requires the identification of seven
model parameters. Most parameter estimation methods
reduce this set of parameters to simplify the parameter esti-
mation. A typical approach utilized by many methods, for
example, is to simplify the ideality factors, such that n; = 1
and np = 2. Such assumptions are commonly well-defined in
the description of the respective methods.

In contrast, most methods introduce additional parameters
(or conditions) that need to be defined for the implementation.
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FIGURE 3. IXYS SLMD600H10L PV panel response to indoor illumination

conditions (25 °C). (a) Resulting I-V characteristics; (b) Resulting P-V
characteristics.

Power [uW]

A typical example are the start values, increments, and stop
conditions of iterative approaches. These values are often
not clearly defined, and might depend to some degree on
the underlying PV technology and the scale of the device to
be modeled (e.g. acceptable tolerances). Consequently, their
determination requires some trial-and-error, which might not
always lead to the true optimum. However, the effect of this
deviation from the true optimum typically has a low effect.
Other values can be obtained more systematically, such
as Ryo, Rgno in [32]. For these values, the reciprocal slopes
of the I-V curve at (V,.0) and (0,/.) are utilized. Sim-
ilar approaches have previously been used by Celik and
Acikgoz [48] and and De Blas et al. [42]. The estimation
accuracy of these values, however, can depend on the reso-
lution and quality of the underlying I-V curve measurements.
In this work, we estimated R,y and R0 such that
Ry = u (24)
I
4
Rpo = (25)
Isc - I/

where (I;, V;) and (Ix, Vi) are the jth and kth point on the
I-V curve, respectively. For j, typically the first index after
(I, 0) is selected, whereas for k the last index before (0, V)
is a common choice. In order to reduce the impact of noisy
measurement data, multiple slopes with different values for
Jj and k, can be averaged. For our study, m slopes have been
used, where m is selected to minimize the RMS error of the
estimated parameters.

3) PARAMETER SCALING

In order to be able to estimate I-V characteristics at other envi-
ronmental conditions than those the PV model parameters
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have been estimated for, parameter scaling is required. This
means that the parameter dependency on the illumination
level and the ambient temperature is taken into consider-
ation. For PV panels illuminated by artificial indoor light
sources, temperature effects can typically be neglected [49].
This reduces the parameter scaling to the consideration of
illumination level dependency.

Different parameter dependencies to the illumination level
have been proposed in the literature. Methods range from
those that only assume the photo current /,, to scale with
illumination [36], to those that assume a dependency for
all parameters [14]. A frequently applied method is the one
proposed in [15]. In this method, the photo current increases
linearly with illumination level, whereas shunt resistance
decreases linearly with illumination level. These two param-
eters can thus determined according to

G

Ipv = ?eflpv,ref (26)
G .

Ry = %Rsh,ref (27)

where 1, s and Ry, s are the photo current and shunt
resistance at the reference irradiance G, respectively. The
other model parameters remain constant under changing illu-
mination.

This method is applied to evaluate the scalability of the
estimated parameters for all methods investigated in this
work.

C. PERFORMANCE METRICS

For a quantitative evaluation of the models that result from the
different parameter estimation methods, performance metrics
need to be defined. A number of different metrics are being
used in the literature with a detailed summary being available
in [17].

For this study, the root mean squared error (RMSE) and the
normalized root mean squared error (NRMSE) were selected.
The RMSE provides an absolute error value in the unit of the
model output (i.e. electrical current). In contrast, the NRMSE
provides a relative error value, for which we in this case
have chosen to normalize the RMSE error with the short
circuit current I;.. The NRMSE thus enables a comparison
of errors under different conditions (i.e. different scales). The
two metrics are calculated such that

!

1 2
7 Z(Im,x - Ie,x) ) (28)

x=1

RMSE

RMSE =

NRMSE =

- 100%. (29)

sc
Here I,,, x and I, x denote each current value of the model and
experiment in the dataset of common length /, respectively.

VI. RESULTS
In this section, we present and discuss the results of the
quantitative evaluation that has been performed. The obtained
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FIGURE 4. Comparison of estimated I-V curves at (a) 1000 W/m2 and
(b) 100 Ix. The measured I-V characteristics (red, solid curve) is provided
as reference.

results are the basis for a comparison between the param-
eter estimation methods for the two-diode model, as well
as between the two-diode model and the one-diode model
in general. The key results are given in Figures 4, 5 and 6,
and Tables 2, 3 and 4. The results contain quantitative data
on parameter estimation under different reference conditions
(Figure 4 and Tables 2, 3, 4), as well as parameter scaling to
different illumination levels (Figures 5 and 6).

A. RESULTS FOR PARAMETER ESTIMATION

The two-diode model parameters that have been estimated
by each of the previously described methods are listed
in Tables 2 and 3. Table 2 provides the results of parameter
estimation at two outdoor irradiance levels (i.e. 1000 W m~2
and 200 W m~2), whereas Table 3 provides the results for two
indoor illumination levels (i.e. 1000 1x and 100 1x). In addition
to the estimated parameters, the tables contain the resulting
I-V curve errors for each set of parameters, utilizing the
metrics defined in Section V.

The results show that there is a large variation in parameter
values, and in the resulting errors. The variation in parameter
values affects all parameters, except the photo current Iy,
which stays in a reasonable margin close to the short circuit
current value. In a considerable number of cases, the set of
estimated parameters includes physically infeasible param-
eters, such as negative current or resistor values, or extreme
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Parameters, estimated at 1000 Ix, are scaled to (a) 500Ix and (b) 1001x,
respectively.

idealty factors. Actually, every method resulted in such infea-
sible parameters in at least one of the tested illumination
conditions. This suggests that the parameters in the individual
methods are tweaked for specific error metrics, rather than
fulfilling the physical meaning they are assigned. Some gen-
eral trends can be found in the results, including typically
larger R; and Ry, values with decreasing illumination levels.
Otherwise, however, the estimated parameters appear to be
more random.
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TABLE 2. Comparison of the methods’ estimated parameters under outdoor conditions.

Method G [W/mQ] ni ng 101 [A} 102 [A} Ipv [mA] RS [Q} Rsh [Q] RMSE [A] NRMSE [%]
Ishaque 1000 1 2 3.66e—13 9.26e—8 23.40 -1.55 5214.1 1.10e—3 4.66
q 200 1 2 1.88e—12 9.20e—8 4.50 -6.33 16978.8 2.20e—4 4.82
Maoucha 1000 3 2.5 —8.45e—6  2.63e—6 23.44 4.00 3372.1 5.10e—5 0.22
200 3 2.5 —7.02e—7 9.46e—7 4.50 1.73 53905.8 3.29e—5 0.72
Abdulal 1000 1 4.0 3.66e—13 9.26e—8 23.40 41.66 1450.1 2.66e—3 11.27
ua 200 1 3.1 1.88¢—12  9.20e—8  4.50 330 288420  5.60e—4 12.28
Bab 1000 24 —1.14e12 7.36e—T7 1.91e—6 23.41 - - 4.43e—4 1.88
u 200 246  —4.97el2 6.93e—7 1.80e—6 4.50 - - 5.66e—5 1.24
Heiri 1000 1 2 9.51e—14 6.92e—8 23.6 14.85 7470.7 6.5le—4 2.76
g 200 1 2 9.87e—13 4.47e—8 4.60 138.58 21575.8 1.94e—4 4.25
Gbadega- 1000 1.49 1.70 1.24e—9 3.23e—9 23.60 9.90 1814.6 6.65e—4 2.82
Peter 200 1.89 2.19 4.99e—8 1.29e—7 4.60 7.92 6830 1.64e—4 3.60
TABLE 3. Comparison of the methods’ estimated parameters under indoor conditions.
Method  Ey [IX] m na o1 [A] Io2[A]  Ipy[uAl  Rs[Q]  Rs.[Q] RMSE[A] NRMSE[%]
Ish 1000 1 2 5.92e—10 2.08e—7 72.24 -2060.3 401 895.1 4.25e—6 5.85
shaque 100 1 2 1.48¢—8  3.52e—7 6.93 220000  4.93e7  5.99e—7 7.82
Maoucha 1000 2.5 7 8.04e—7 —6.08e—6 72.69 464.26 238093.4 1.11le—7 0.15
u 100 1.6 2 1.69e—7 —2.46e—T7 9.64 35279.5  245283.2 3.11le—7 4.06
Abdulal 1000 1 23 5.92e—10 2.08e—7 72.60 10700 414000 9.77e—6 13.45
100 1 300 1.48e—8 5.32e—7 7.66 83600 883000 1.69e—6 22.06
Babu 1000 2.42 2.56el14 5.72e—7 1.48e—6 72.62 - - 3.25e—7 0.45
100 291 —3.3lelb 1.0le—6 2.62e—6 7.66 - - 9.70e—8 1.27
Heiri 1000 1 2 6.02e—10 —3.58e—9 72.60 9550 1.09e6 3.03e—6 4.17
g 100 1 2 2.19e—8 —1.62e—7 7.66 88800 2.09¢e6 3.43e—7 4.48
Gbadega- 1000 1.78 1.01le—7 2.63e—7 7.26e—5 72.60 9.90 1.35e5 4.32e—6 5.95
Peter 100 3.07 12.94 1.15e—6 2.98e—6 7.66 9.90 —8.69ebH 1.26e—7 1.64

The errors of the I-V curves resulting from the estimated
parameters also show considerable variation. In the majority
of cases, the error remains below 5 % (NRMSE), but some
of the methods produce significantly larger errors than that.
The method by Abdulal et al. [32] for example, results under
all conditions in errors larger 10 %. In contrast, the methods
by Maoucha et al. [37], as well as Babu and Gurjar [35]
produce the lowest errors under most conditions. Something
that differentiates these two methods from most others is that
they allow for the adjustment of both ideality factors. This
provides them with a larger degree of freedom to optimize
for a small error. The method of Babu and Gurjar [35] is a
clear example that this flexibility results in low I-V curve
errors, but does not lead to reasonable physical parameters.
Particularly, the ideality factor of the second diode in the
model obtains extreme values when using this estimation
method.

Although the I-V curve errors are for most methods in
the same magnitude, the resulting I-V curve shapes differ
quite significantly. This is illustrated on the two most extreme
conditions (i.e., outdoor: 1000 W m~2, indoor: 100 IX) in
Figure 4. Interestingly, the curve forms show much more
variations for the two-diode methods, as compared to typical
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one-diode methods (cf. Figure 4 in [26]). A potential expla-
nation for this is the fact that the two-diode model has a larger
number of parameters. This forces most parameter estimation
methods to assume constant value for some of the parameters.
In many methods, this results in assumed values for 7 and n,
which have a considerable influence on the curve shape.

Table 4 compares the measured and extracted remark-
able points for the four light conditions previously analyzed.
These results show that the majority of methods lead to
I-V curves that quite accurately estimate the V,. and Iq..
In contrast, larger estimation errors need to be expected when
estimating the maximum power point. The data in Table 4
also demonstrates an increasing error for lower illumination
conditions.

B. RESULTS FOR PARAMETER SCALING

When using the model to estimate PV cell output at differ-
ent illumination conditions — for example for output power
estimations — it is common that the model parameters are
estimated under a reference condition, before scaling them
to novel conditions. Figure 5 depicts the resulting errors for
parameters that have been estimated at 10001x, and have
consecutively been scaled to 500 1x and 100 1x.

VOLUME 9, 2021



X. Ma et al.: On the Performance of the Two-Diode Model for PV Cells Under Indoor Artificial Lighting

IEEE Access

TABLE 4. Comparison of the remarkable points extracted from each method’s I-V curve prediction under different illumination conditions.

Meas Abdulal Babu Hejri Ishaque Maoucha Gbadega-Peter

7" Value Error Value Error Value Error Value Error Value Error Value Error

B‘N Voc [V 6.393  6.336 0.89 % 6.393  0.00% 6.368 0.39 % 6.124 4.21% 6.393 0.00 % 6.393 8.54 %
g Vinp [V 5.143  4.808 6.51 % 5024  231% 4.982 3.13% 5.080 1.22% 5.080 1.22% 5.171 0.54 %
§ Isc [mA 23.60 22.76 3.56 % 2341 0.81% 2353 0.30 % 23.41 0.81 % 23.41 0.81 % 23.45 0.64 %
— Inp [mA 20.63 18.55 10.08% 2087 1.16% 20.73 0.48% 20.60 0.15% 20.60 0.15% 19.36 6.16 %
" Voe [V 5.549  5.549 0.00 % 5549  0.00% 5.528 0.38% 5.270 5.03 % 5.549 0.00 % 5.549 0.00 %
3‘ E Vinp [V 4247  3.602 15.19% 4254 0.16% 4.121 2.97% 4.290 1.01 % 4.254 0.16 % 4.380 3.13%
= Isc [mA 4.56 4.56 0.00 % 4.50 1.32% 4.53 0.66 % 4.50 1.32% 4.50 1.32% 4.55 0.22%
™ Imp [mMA 3.93 4.15 5.60 % 3.92 0.25 % 3.88 1.27% 3.85 2.04 % 3.88 1.27% 3.59 8.65 %
o Voc [V 3.011 2981 1.00 % 3.008  0.10% 2.998 0.43% 2.722 9.60 % 3.011 0.00 % 3.011 0.00 %
> Vinp [V 2.080 1.909 8.22% 2095 0.72% 1.954 6.06 % 2.083 0.14% 2.095 0.72% 2.191 5.34 %
= Isc [uA 72.62  70.75 2.58% 72.62  0.00% 71.99 0.87 % 72.67 0.07 % 72.78 0.22 % 72.61 0.01 %
- Imp [uA 56.86  56.09 1.35% 56.45 0.72%  59.68 4.96 % 56.77 0.16 % 56.22 1.13% 4894  13.93%
Voe [V 1.606  1.540 4.11% 1.606 0.00% 1579 1.68% 1.327  17.37%  1.606 0.00 % 1.607 0.06 %

g Vinp [V 1.006  0.879 12.62% 0978 2.78% 0.885 12.03%  0.933 7.26 % 0.943 6.26 % 0.975 3.08 %
S Isc [uA 7.66 6.88 10.18 % 7.66 0.00 % 7.50 2.09 % 7.03 8.22% 8.44 10.18 % 7.66 0.00 %
Imp WA 4.69 4.37 6.82 % 4.92 4.90 % 5.08 8.32% 5.13 9.38% 4.67 0.43 % 4.96 5.76 %

The results show that there is a large variation in the esti-
mation error, even for scaled parameters. Estimation errors
range from 2.2 % (Babu, 500 Ix) to 379.7 % (Gbadega-Peter,
100 Ix). It can also be observed that, for the majority of meth-
ods, the estimation error increases when scaling to 100 Ix, that
means a light condition further away from the reference con-
dition. The parameters performing best when being scaled to
other conditions are those estimated with the method by Babu
and Gurjar [35]. This method resulted also in parameters with
low errors in the parameter estimation. However, high perfor-
mance in parameter estimation does not automatically lead to
parameters that scale well. This is for example demonstrated
by the method proposed by Maoucha et al. [37]. This method
resulted in parameters performing among the best when being
estimated for a specific condition, but performed among the
worst when being scaled to other conditions.

A potential explanation for the relatively high performance
of the parameters estimated by the method of Babu and Gurjar
[35], is its simplification to neglect the model resistances.
As a result, the model only utilizes one parameter that needs
to be scaled with different illumination conditions, namely
Ipy. All other methods require the scaling of Ry, as well.
Consequently, Babu and Gurjar’s method does not adjust the
[-V curve form with changing illumination, which appears to
be beneficial when scaling is performed over a sufficiently
small range of conditions.

Figure 6 provides comparable scaling results for com-
monly used parameter estimation methods of the one-diode
model [26]. Similarly to the parameter estimation, the com-
parison of scaling results demonstrates in general larger esti-
mation errors for the two-diode model than for the one-diode
model. A likely explanation for this is the large number of
infeasible model parameters that are obtained as a result of
the two-diode model parameter estimation methods. With a
limited physical meaning of the obtained parameters, their
scaling according to physically motivated assumptions makes
little sense.
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VII. CONCLUSION

Equivalent circuit models and parameter estimation meth-
ods for their parameters are being researched intensively.
However, little is known about their performance in indoor
illumination conditions, and method comparisons are mainly
qualitative in nature. In this work, we evaluated parame-
ter estimation methods for the two-diode equivalent circuit
model. A selection of six representative methods have been
implemented and evaluated quantitatively. The results are
presented separately for parameter estimation at specific illu-
mination conditions, and the effect on parameter scaling to
other conditions than those initially estimated for.

The results demonstrate that there is a considerable vari-
ation in the performance of parameter estimation methods.
Although the majority of methods results in acceptable per-
formance of the estimated parameters (< 5 %) at high irradi-
ation, their performance typically degrades with decreasing
illumination levels. Only a few methods continue to provide
accurate estimations of the I-V curve shape even at low
illumination. It was found that these methods allowed for
the variation of the diode ideality factors, and thus provided
more freedom to alter the curve form of the I-V characteristic.
It was moreover found that many estimation methods result
in infeasible parameters. Although these parameters may lead
to low I-V curve errors — which is a metric they typically
optimize for — the resulting parameters have little physical
meaning. It can therefore be concluded that a physical inter-
pretation of the estimated parameters, in the majority of cases,
is unreasonable.

This has consequences on the scaling of parameters based
on physical reasoning. The results of scaling the estimated
parameters to illumination conditions other than those they
have been estimated at, demonstrate that scaling in the
majority of cases leads to significant estimation errors. The
only method that maintained acceptable estimation accuracy
(< 5 %) was the method proposed by Babu and Gurjar [35].
This method differentiates itself from the others as it utilizes
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a simplified two-diode model that neglects resistive losses.
This suggests that a simpler model may be more robust in
these situations.

This is supported by the comparison of the results with
those of typical methods for the one-diode model. Although
the performance of the model depends on the individ-
ual parameter estimation method utilized, the general trend
shows that the one-diode model outperforms the two-diode
model under the evaluated conditions. The second diode in
the two-diode model is typically associated with a higher per-
formance especially at low illumination conditions. However,
in practice the additional parameters of the model require
assumptions to enable parameter estimation. The results in
this study suggest that the negative effect of these assump-
tions may outweigh the model’s general improved level of
detail.

In general, the findings of this study suggest that the
two-diode model should be used with care when estimations
are to be performed at indoor illumination levels and for
PV devices typically used in such conditions. The model
performance is extremely sensitive to the parameter estima-
tion method employed, and in principle none of the methods
provides performances that clearly motivate a more complex
model. The common benefit of diode models to contain
physically deduced parameters is challenged by the obtained
results. With all investigated parameter estimation methods
leading to physically infeasible parameters under some con-
ditions, a question about the purpose of physical models for
power estimation is raised.
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