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A New Photovoltaic Module Efficiency Model for
Energy Prediction and Rating
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Abstract—The IEC 61853 photovoltaic (PV) module energy rat-
ing standard requires measuring module power (and hence, effi-
ciency) over a matrix of irradiance and temperature conditions.
These matrix points represent nearly the full range of operating
conditions encountered in the field in all but the most extreme
locations and create an opportunity to develop alternative ap-
proaches for calculating system performance. In this article, a new
PV module efficiency model is presented and compared with five
published models using matrix data collected from four different
PV module types. The results of the comparative analysis demon-
strated that the new model improves on the existing ones exhibiting
root-mean-square errors in normalized efficiency well below 0.01
for all cases and PV modules. The analysis also highlighted its
ability to interpolate and extrapolate performance between and
beyond measured matrix points of irradiance and temperature,
establishing it as a robust yet relatively simple model for several
applications that are detailed throughout this article.

Index Terms—Energy rating, modeling, performance analysis,
photovoltaics.

I. INTRODUCTION

A LTHOUGH the IEC 61215 [1] standard for photovoltaic
(PV) module rating at standard test conditions (STC)

is the basis for comparing nominal performances of different
technologies or types, the procedure does not provide adequate
information on how a module would respond to a range of
operating conditions.

In order to simulate the performance of a specific PV system,
one needs to know how efficiently the PV modules convert the
available (or effective) irradiance into electrical power at a given
operating temperature. For this purpose, the IEC 61853 [2]–[5]
standard was developed, which includes the requirements for
characterizing PV performance under different conditions and
also provides the basis for realistic energy rating [6]. Part one of
this standard (i.e., IEC 61853-1) [2] requires that module power
(as well as other parameters) be measured and reported at 22 dif-
ferent combinations of irradiance and temperature (indicated by
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the� symbol in Table I), covering nearly the full range of operat-
ing conditions in all but the most extreme locations. IEC 61853-3
[4] stipulates that to calculate module efficiency at arbitrary
irradiance levels and temperatures, bilinear interpolation should
be used within the range of the measurement matrix, and “linear
extrapolation” outside this range. The standard also includes the
possibility to use an “equivalent” method, which creates an op-
portunity to develop alternative approaches to existing models—
such as the single-diode models (SDM) [7] and the Sandia
Array Performance Model (SAPM) [8]—for calculating system
performance.

Such models have been extensively used in the literature
and industry and can calculate several useful parameters on
current–voltage IV characteristic curves, or even full IV curves.
Consequently, the calibration of these models extends beyond
parameterization of power or efficiency, which is often not a
trivial optimization task [9]. A potentially simpler approach,
enabled by the IEC 61853 measurements, is presented, validated,
and compared in this study for predicting power or efficiency.
Existing model-based methods that calculate efficiency as a
function of irradiance and temperature, namely 1) bilinear in-
terpolation, 2) Heydenreich (HEY) model [10], 3) MotherPV
model [11], 4) Photovoltaic Geographical Information System
(PVGIS) model [12], 5a) Mechanistic Performance Model with
five terms (MPM5) [13], and 5b) MPM with six terms (MPM6)
[13] are also described and applied for comparative purposes.
The study focuses on empirical models whose parameters are
determined by regression; approaches based on machine learn-
ing (e.g., [14]) are not considered.

II. OVERVIEW OF EXISTING MODELS

Both power and efficiency will be referred to as “measured”
in this study even though only power can be directly measured;
efficiency is the calculated ratio of output (electrical power)
to input (solar irradiance multiplied by area). These measured
quantities can be converted freely although it should be noted
that some operations are not equivalent when applied to one or
the other. For example, linearly interpolated power is not equal
to power calculated from linearly interpolated efficiency.

A. Bilinear Interpolation

Standard bilinear interpolation/extrapolation requires a rec-
tilinear grid of known values. In order to apply bilinear inter-
polation to power matrix data, it is necessary to define how to
extrapolate outside the confines of the irregular grid of matrix
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TABLE I
22 MATRIX DATA POINTS DEFINED IN IEC 61853-1

Fig. 1. Normalized PV module efficiency as a function of irradiance and
temperature with bilinear interpolation and extrapolation.

data. Fig. 1 shows the result of a bilinear interpolation and
extrapolation to normalized efficiency matrix data. The areas
outlined by red rectangles are fully enclosed by matrix measure-
ments and are easily defined by standard bilinear interpolation
procedures. Areas outlined in blue are either partially bounded
by measurements or not at all bounded (e.g., low irradiance–high
temperature corner rectangle). Extrapolation of values in these
areas require additional steps.

1) Each of the empty grid points may have a filled neighbor-
ing grid point at an adjacent temperature and/or irradiance,
or at neither.

2) If an empty grid point has both adjacent neighbors, there is
also a diagonal neighbor between the adjacent neighbors.
These three points form a geometric plane.

3) Assign to the empty grid point a value that makes it
coplanar with these three neighbors: Simply add the values
of the adjacent neighbors and subtract the value of the
diagonal neighbor.

4) Apply this procedure iteratively to fill the grid. The order
in which this is done does not influence the end result.

For extrapolating diagonally away from each of the four
corners of the completed grid, the usual bilinear interpo-
lation/extrapolation equations are recommended, which may

produce a flat or curved extrapolation plane. An open-source
implementation of this algorithm is available on GitHub [15].

B. HEY Model

This model [10] is intuitively constructed using the same
basic building blocks as the single-diode model [9], i.e., a cur-
rent/voltage source with two loss mechanisms, similar to a series
and a shunt resistance. The current and voltage are assumed to be
linear and logarithmic, respectively, with irradiance [10]. Thus,
the power can be written as the sum of these three components,
weighted by the factors a, b, and c given as

P (G) = a G2 + b G ln (G) + c ln2 (G) (1)

where P is the power and G is irradiance. The efficiency (η) can
be calculated by dividing (1) by G

η (G) = a G+ b ln (G) + c

[
(ln2 (G)

G

]
(2)

which is further modified to ensure that η(0) = 0 such as

η (G) = a G+ b ln (G+ 1) + c

[
(ln2 (G+ exp (1))

(G+ 1)
− 1

]
(3)

whereas the effect of temperature is applied in a second step

η (G, T ) = η (G) [1 + γpmp (T − 25)] (4)

where γpmp is the temperature coefficient of power. Despite its
intuitive development building on the physical components of
the single-diode model, the resulting equation does not produce
physically meaningful fits. One would expect the middle term,
the power source, to have a positive coefficient, and the resistive
losses to have negative coefficients, but the authors do not impose
such restrictions. It is not uncommon to find fitting results where
the power source appears to consume power (b < 0) and the
series resistor generates power (a > 0).

C. MotherPV Model

MotherPV is an acronym for “meteorological, optical, and
thermal histories for the energy rating of photovoltaics” and the
efficiency is expressed as follows [11]:

ηrel (S) = 1 + a (S − 1) + b ln (S) + c(S − 1)2 + dln2 (S)
(5)

where S is the normalized irradiance (i.e., G/1000). The develop-
ment of this expression not only follows a geometrical rather an
electrical reasoning for the first two terms, but also incorporates
the logarithmic relationship between voltage and irradiance. The
rightmost two terms were a later addition to allow the expression
to fit the wider variety of curves seen in thin-film modules [11].

The temperature coefficient γ is applied in a second step just
like in HEY model, but it is a function of irradiance rather than
a constant. This is given in [16] as

γ (S) = γref [1 + a′ (S − 1) + b′ ln (S)] (6)

ηrel (S, dT ) = ηrel (S) [1 + γ (S) dT ] (7)
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where dT is the temperature difference from the reference (i.e.,
T−25 °C). In contrast to the HEY model, MotherPV is formu-
lated to ensure that ηrel(10) = 1, which means that it can only be
used for accurately normalized relative efficiencies (PRdc). The
authors also claim that the ηrel(S→0) = 0, but this is incorrect.

D. PVGIS Model

The PVGIS model [12] has its origins in the early versions
of the SAPM [8]. In fact, it simply uses the product of the
equations for current and voltage at maximum power point (Impp

and Vmpp, respectively) of the latter [17] (slightly reformulated
here)

Impp (S, dT ) = c1 S + α dT S (8)

Vmpp (S, dT ) = c2 + c3 logS + c4(logS)
2 + βdT. (9)

The product of (8) and (9) is then divided by irradiance
and nominal power to obtain the PVGIS equation for relative
efficiency [12] such as

ηrel (S, dT ) = 1 + k1 logS + k2(logS)
2 + k3dT

+ k4dT logS+k5dT (logS)
2+k6dT

2. (10)

The equation for Impp [i.e., (8)] is a simple temperature correc-
tion like usually done for short-circuit current, but the derivation
of the equation for Vmpp [i.e., (9)] is not clear. According to
King et al. [17], the equation “uses a second-order relationship
for Vmpp that implicitly contains the influence of factors such
as series resistance and nonideal shunting behavior of cells
at low irradiance levels.” Yordanov provides a sophisticated
postanalysis of the PVGIS model and its parameters [18], but
nevertheless the original reasoning appears lost.

On the practical side, the authors of the PVGIS model in-
dicate that the coefficients k1–k6 are determined by a custom
least-squares fitting procedure. The link to the source code is
no longer available, but since the equation is an ordinary least
squares (OLS) problem, which has a unique solution (given
enough data points), any other approach should produce the
same coefficients.

E. MPM Model

The MPM [13] comes in two variations, both of which include
a term to model the effect of wind. Since the other models
discussed here do not include the wind effects and considering
that the performance matrices are not measured at different wind
speeds, MPM was used without the wind factor. Therefore, the
equations that follow have one term less than their names imply.
The two variations are as follows:

MPM5 : η (S, dT ) = c1 + c2dT + c3 logS + c4S (11)

MPM6 : η (S, dT ) = c1 + c2dT + c3 logS + c4S +
c6

S
(12)

where c6 ≤ 0. Thus, the second variation simply adds a term
that is inversely proportional to irradiance. The constraint on c6

is not found in publications but was recommended by the author
in private correspondence.

III. NEW MODEL DESCRIPTION

A new model was developed in this work, from a starting point
similar to Heydenreich, using a current source (A), a diode (D),
and two resistive losses (series, Rs, and parallel, Rsh), hence the
name “ADR”

P = PAD − PRs − PRsh. (13)

Without connecting these components as a circuit, this can
also be written as

P = IV − I2Rs − V 2

Rsh
. (14)

Current is taken to be proportional to irradiance, or rather S

I (S) = ki S (15)

where ki is a constant. Therefore, P can be rewritten as a function
of S as

P (S) = ki S · V (S)− k2
iS

2Rs − V (S)2

Rsh
. (16)

In the single-diode models, Rsh has an inverse relationship
with irradiance; an effect that is approximated by the following
equation in the DeSoto model [19]:

Rsh =
Rsh,ref

S
(17)

Incorporating (17) into (16) leads to

P (S) = ki S · V (S)− k2
iS

2Rs − S
V (S)2

Rsh,ref
. (18)

Now all three terms on the right-hand have a factor S that
conveniently divides out when calculating efficiency:

η (S) =
P (S)

1000 S A
(19)

η (S) =
1

1000 A
·
[
kiV (S)− k2

iSRs − V (S)2

Rsh,ref

]
(20)

η (S) =
ki

1000 A
·
[
V (S)− kiSRs − V (S)2

kiRsh,ref

]
(21)

where G is written as 1000S and A is the module area.
The next steps make the model normalized and scalable in

order to have the same coefficients for modules with same
efficiency profiles yet different physical dimensions. V(S) is
replaced by a normalized voltage v(S)

v (S) =
V (S)

V (1)
. (22)

Hence

η (S) = ka

[
v (S)− krsS − krshv(S)

2
]

(23)
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In order to get efficiency equal to ka at reference conditions,
(23) can be rewritten as

η (S) = ka

[
(1 + krs + krsh) v (S)− krsS − krshv(S)

2
]
.

(24)
And finally, the influence of temperature on efficiency is added

into the voltage function since this is the dominant temperature
dependency [20]. This produces the main model equation (note:
the four model equations are marked with an asterisk)

η (S, T ) = ka

[
(1 + krs + krsh) v (S, T )− krsS

−krshv(S, T )
2
]
. ∗(25)

The dependency of voltage on irradiance and temperature is
now developed from the expressions for Voc of the single-diode
equation. Series resistance does not influence Voc because when
no current is flowing, there is no voltage drop, so it can be
ignored. Furthermore, shunt resistance in commercial modules
is usually high enough (see PV module libraries in [21]) that its
influence on Voc is low and can also be ignored. The simplified
equation is

Voc ∼ nkT

q
ln

(
IL
Io

+ 1

)
(26)

where nkT/q is the thermal voltage, IL is the light-generated
current, and I0 is the dark saturation current. Since the temper-
ature dependency of I0 is much stronger than thermal voltage,
the latter is also ignored and replaced by a constant kv

V (S, T ) = kv ln

(
IL (S)

Io (T )
+ 1

)
. (27)

Similar to IL, which is a scaled version of S, Io is also scaled
to create So (dark irradiance)

V (S, T ) = kv ln

(
S

So (T )
+ 1

)
. ∗(28)

The temperature dependency of Io is approximated by slightly
different equations in various single-diode models, some of
which take into account the temperature dependency of the
semiconductor band gap as well (e.g., [19]). But the special
effects are small, and log(Io) plotted against temperature is
actually not far from a straight line [22]. Therefore, the model’s
temperature dependency is finally represented by a single linear
dependency in the exponent of the dark irradiance

So (T ) = 10kd+tcd(T−25 ◦C) . ∗(29)

Finally, the normalized voltage becomes

v (S, T ) =
V (S, T )

V (1, 25 ◦C)
∗(30)

where the constant kv conveniently cancels out in this
normalization.

To summarize, the new ADR model consists of the four
equations marked with an asterisk, (25), (28), (29), and (30),
and has five fitting parameters: ka, kd, tcd, krs, and krsh. The
equations are used as follows to calculate efficiency.

1) Calculate So(25 °C) and then V(1, 25 °C) using (29) and
(28), respectively.

2) Calculate So(T) and then V(S, T) using (29) and (28),
respectively.

3) Calculate the normalized voltage, v(S, T) using (30).
4) Calculate the efficiency, η(S, T) using ∗(25).
Due to the normalization steps, the coefficients carry the

following meanings.
1) ka is the absolute scaling factor, which is equal to the

efficiency at reference conditions. This factor allows the
model to be used with relative or absolute efficiencies, and
to accommodate data sets which are not perfectly normal-
ized but have a slight bias at the reference conditions.

2) kd is the “dark irradiance” or diode coefficient, which
influences the voltage increase with irradiance.

3) tcd is the temperature coefficient of the diode coefficient,
which indirectly influences voltage. Because it is the only
temperature coefficient in the model, its value will also re-
flect secondary temperature dependencies that are present
in the PV module.

4) krs and krsh are the series and shunt resistance loss factors,
respectively. Because of the normalization they can be
read as power loss fractions at reference conditions. For
example, if krs is 0.05, the internal loss assigned to the
series resistance has a magnitude equal to 5% of the
module output.

Despite these meaningful descriptions, the model remains an
approximation of real performance where the model resistance
factors, in particular, may not correspond exactly to physical
resistance losses within the PV module. This caveat holds true
for the single-diode models as well. Nevertheless, these factors
will still be useful for comparisons, either between different
modules, or data sets of the same module but from different
sources or times; e.g., when studying degradation.

The ADR model, examples, and fitting coefficients for the
investigated PV modules are available in the GitHub repository
pvpltools-python [15].

IV. VALIDATION AND COMPARATIVE ANALYSIS

The six models (Bilinear, HEY, MotherPV, PVGIS, MPM, and
ADR) were compared by fitting them to matrix data collected
from four different PV module types: CdTe (First Solar S4v3),
Poly-c-Si (Jinko Solar JKM260P-60), n-type Mono-c-Si (LG
LG320N1K-A5), and HIT c-Si (Panasonic N325SA16). The
different modules will be referred to with their corresponding
manufacturer and cell technology for simplicity; i.e., First Solar
CdTe, Jinko poly, LG mono, and Panasonic HIT. Module char-
acterization reports and/or data are publicly available elsewhere
[First Solar CdTe module in [23] and the remaining modules in
the PV Performance Modeling Collaborative (PVPMC) website
[24]]. The testing was performed by CFV Labs, an ISO 17025-
accredited lab, in conformity with IEC 61853-1:2011 Section
8.1. All silicon modules were tested during the same period in
2019, whereas the First Solar CdTe module was characterized
in 2016. The root-mean-square error (RMSE) of normalized
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Fig. 2. Obtained RMSE values for all measured points when all points were
also used to fit the models (i.e., Case 1). Bilinear interpolation is zero because
it perfectly matches all points, by definition.

Fig. 3. Obtained RMSE values for the additional points (� in Table I, which
represent “abnormal” operating conditions) when IEC 61853 points were used
to fit the models (i.e., Case 2).

efficiency was used as a metric and following five cases were
defined to enable the comparative analysis.

1) Fit with all (22) matrix data points specified in the IEC
61853 standard (� in Table I) plus five additional points
(� in Table I). RMSE was calculated for all points (see
Fig. 2).

2) Fit with all (22) matrix data points specified in the IEC
61853 standard (� in Table I). RMSE was calculated for
the five additional data points (� in Table I), as shown in
Fig. 3.

3) Fit with all data (� and � in Table I) except for irradiance
levels equal to 1100 and 1000 W/m2 to see how well the
models extrapolate to higher irradiance levels. RMSE was
calculated for the high irradiance points (see Fig. 4).

4) Fit with all data (� and � in Table I) except for irradi-
ance levels equal to 100 and 200 W/m2 to see how well
the models extrapolate to lower irradiance levels. RMSE
calculated for the low irradiance points (see Fig. 5).

5) Fit with all data (� and � in Table I) plus a data point
where power/efficiency = 0 when irradiance = 0 W/m2

(since some of the models are undefined at irradiance =
0 W/m2, a point at 1 mW/m2 was added instead). RMSE
calculated for points ≥100 W/m2 (see Fig. 6).

Figs. 2–6 illustrate the models’ RMSE values for each of the
five test cases and all four PV modules. The lowest RMSE for all

Fig. 4. Obtained RMSE values for the high irradiance points (1000 and
1100 W/m2) when extrapolated from lower irradiance levels (i.e., Case 3).

Fig. 5. Obtained RMSE values for the low irradiance points (100 and
200 W/m2) when extrapolated from higher irradiance levels (i.e., Case 4).

Fig. 6. Obtained RMSE values for points ≥ 100 W/m2 by also considering a
“measurement” close to 0 W/m2, in addition to the remaining IEC 61853 points
(i.e., Case 5). PVGIS, MPM5, and MPM6 exhibit increased RMSE values as
compared with Fig. 2.

models was exhibited in Case 1, which fits to the most data points
(Fig. 2). For this case, the RMSE for bilinear interpolation is zero
because it perfectly matches all points by definition; all other
models are below 0.01 (except in the case of First Solar CdTe and
HEY). As shown in Fig. 3, the RMSE of “abnormal” operating
conditions (low irradiance and high temperature, marked by
� in Table I) increases up to ∼0.027 (First Solar CdTe and
HEY, again) when only the 22 points defined in the IEC 61853
standard are used for fitting. In Fig. 4, the HEY model exhibits
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Fig. 7. Efficiency curves produced by each model for the four PV module types. Each graph shows the results of all the overlaid tests. The curves for the ADR
model are nearly identical for all the test cases, demonstrating its ability to produce consistent model coefficients under a variety of “challenging” conditions.

the highest errors (up to ∼0.025) when extrapolating to higher
irradiance values. The results for Case 4 (Fig. 5) demonstrate
that all models, except for MPM5 and ADR, are not accurate
when low irradiance data points are excluded from the fitting,
exhibiting RMSE values beyond 0.02 or even 0.05 in the case of
MotherPV and MPM6 (First Solar CdTe and Panasonic HIT).

Finally, when considering a “measurement” of zero efficiency at
close to 0 W/m2 (i.e., 1 mW/m2), the PVGIS, MPM5, and MPM6
exhibit increased RMSE values as compared with Fig. 2. Overall,
the ADR model exhibited RMSE values well below 0.01 at all
cases; its performance can also be qualitatively verified from
the plot matrix of relative module efficiency against irradiance
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under different temperatures for all PV modules (columns) and
models (rows) (see Fig. 7). The measured data points are plotted
as circles and the lines are the model fits from all the overlaid
test cases. The curves for the ADR model are nearly identical for
all the test cases, demonstrating its ability to produce consistent
model coefficients under a variety of challenging conditions,
making it the most robust of the examined models. Furthermore,
it can also be observed that for all models and test cases, the
RMSE of the First Solar CdTe module is higher than the other
modules; this could be attributed to the slightly higher scatter
in the source data (not visible in Fig. 7) caused by measure-
ment challenges, such as metastability. Nevertheless, the results
demonstrated that most models cannot fit the First Solar CdTe
performance surface as well as the ADR model.

All fitted coefficients for all modules and test cases are pub-
licly available [25].

V. DISCUSSION

The four previously published models (HEY, MotherPV,
PVGIS, and MPM) are formulated primarily as linear combi-
nations of terms in irradiance and/or temperature. Thus, the
coefficients of those terms can generally be found by linear
regression. In general, having more terms in a linear regression
usually leads to better fits to the data. However, “closer” may
not always be “better.” The regression calculation is blind to
what lies between and beyond the measured points, but the
result of the regression will be used precisely for that purpose,
i.e., to estimate efficiency between and beyond the measured
points. This is where the choice of terms and the general form
of the modeling equations play a crucial role by constraining
the set of possible solutions to a set of reasonable or plausible
ones. The HEY model illustrates this principle by constraining
itself to zero efficiency at zero irradiance. But not every term
in the model equation must be related to a physical explana-
tion. This is seen in the PVGIS model where both current and
voltage have the usual temperature coefficients, but when these
equations are multiplied, the unusual term dT2 is produced.
When equations are rearranged and combined, the meanings
may be obfuscated, but this does not invalidate any part of the
equations.

One thing all the models have in common is a term in the
logarithm of irradiance, whose origins lie in the single-diode
model and is associated with the operating voltage of a PV
module. However, the simplified term log(S) is positive for G >
1000 W/m2, negative for G < 1000 W/m2, and tends to large
negative values at low irradiance levels. It appears, therefore,
that some meaning was lost since this simplification no longer
represents the true voltage behavior of a PV module.

Stepping back from the individual terms and looking at the
ensemble, none of the models has purely orthogonal terms,
which would mean they act independently of each other on
module efficiency. A simple test for orthogonality is to remove
a term from the model and observe whether the coefficients of
the other terms change. But it also seems quite clear that terms
based on the same variable cannot be orthogonal in this sense.

A related but more important criterion is that no term should
be a linear combination of the other terms because this leads to
nonunique solutions. The situation becomes somewhat treach-
erous if one term is nearly a linear combination of one or more
other terms. In this case, the coefficients could go substantially
in different directions with little influence on the quality of the
fit because their effects nearly cancel each other out. This is the
case with the term 1/S in (12) of the MPM6 model, which can be
approximated quite well with a linear combination of the terms
in MPM5 over the irradiance data range 100–1100 W/m2. The
same applies to the term ln2S in (9) of the MotherPV model.

A final aspect to consider is normalization. Efficiency is
already a normalized quantity, but it can be convenient to nor-
malize it further with respect to the efficiency at 1000 W/m2 and
25 °C. Two of the models, MotherPV and PVGIS, include the
constant 1.0, and can only be used with normalized efficiency;
HEY and MPM are flexible in this regard, but will produce dif-
ferent coefficients depending on whether they receive absolute
or normalized efficiency. The downside of the former is that
when presented with poorly normalized data, the fits can suffer.

Ransome and Sutterlueti [13] claim that the coefficients of the
MPM are normalized, whereas those of most other models are
not. The normalization of a coefficient would imply dividing
by a reference value of some sort, but this does not appear
to be done in any of these models, including MPM. The only
apparent normalization within the models is that of irradiance
(S = G/GSTC), which is done in the majority of models and has
the effect of keeping coefficients in a more reasonable numeric
range. This is not to say that normalization is not useful or
important, but only that it is not a differentiating factor in the
models reviewed in this work.

The ADR model was developed expressly to address the
shortcomings or disadvantages observed with the other models.
Its single-diode model roots help it extrapolate realistically and
reliably beyond the matrix measurement points with relatively
few parameters. Those parameters are not orthogonal, but still
largely independent of one another. Furthermore, the separate
scaling parameter ka ensures that the other four parameters
capture the core qualities of the module and can be meaningfully
compared between modules and models.

VI. CONCLUSION

It was demonstrated, in very concrete terms, how the IEC
61853-1 module power/efficiency measurement data can be
leveraged for modeling and simulation purposes. In order to
use the data as a basis for PV system simulation, a robust
method is needed to interpolate and extrapolate from the matrix
measurement conditions to the full range of outdoor operating
conditions. This can be bilinear interpolation/extrapolation, as
suggested in IEC 61853 for energy-rating purposes, or it can be
one of several model-based methods—including the new ADR
method described in this work.

Having access to several data sets for different module types
has enabled an investigation of how well these methods and
models perform at the task of representing and reproducing PV



534 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 2, MARCH 2021

module behavior. Multiple test criteria were developed for the
methods incorporating not only the data, but also the overall
knowledge on PV module behavior.

The new ADR PV module efficiency model has been devel-
oped using the well-established single-diode model as a starting
point. Its advantage in relation to the single-diode models is
that it has a single purpose (to model efficiency) and therefore,
determining the parameters is comparatively easy. By contrast
the single-diode model is expected to reproduce entire IV curves,
so the fitting process is more complex and accuracy in efficiency
may be sacrificed for accuracy on other points on the IV curve.
The advantages of the ADR model compared with other ef-
ficiency models are clearly seen in the presented test results,
which collectively show that the new model reproduces more
closely the known behavior of PV modules, especially when
extrapolating beyond the measurements.

While the ADR model’s main target application is PV system
simulation, the process of fitting the model to a set of effi-
ciency measurements (which may be a full or partial matrix
of indoor measurements or data collected outdoors) can lead
to useful insights as well, such as identifying possible outliers,
or assessing whether there is a bias. And last—but certainly not
least—IEC 61853-3 states that “in general, it is necessary to per-
form a two-dimensional bilinear interpolation, or equivalent …”
(emphasis added). This implies that the ADR model could be
used in conformity with the standard energy rating procedure
as well.

As more and more IEC 61853 data sets are produced—and
especially made public (e.g., PV Lifetime project)—broader val-
idation of both new and existing models will be made possible.
Also important is the comparison with outdoor measurements in
operating PV systems. In fact, the four module types examined in
this article have been deployed by Sandia National Laboratories
in Albuquerque, New Mexico, USA, for several years already.
Future work will compare models to this field performance data.
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