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Abstract—This paper presents the analysis and results of
modelling of various photovoltaic (PV) systems. Two general
models are discussed and presented: an analytical model and an
equivalent circuit model, both formulated for main PV
technologies currently available on the market. Analytical model
does not require any PV system specific input data or
parameter, and is formulated as a generic performance model of
a considered PV technology. Equivalent circuit model, however,
requires specific input data and adjustment of the model
parameters, in order to provide an accurate representation of a
modelled PV system. The paper provides direct comparison of
models based on manufacturer’s specification data and available
measurements, as well as the discussion of obtained results.

Index Terms—Measurement-based modelling and validation,
photovoltaic (PV) systems and technologies.

1. INTRODUCTION

The Feed-in Tariff (FiT) scheme was introduced in the UK
on the 1 of April 2010 as a financial support for small-scale
renewable and low-carbon electricity generation technologies
with capacity less than 5 MW. In just two years, the total
capacity of FiT confirmed and registered installations
increased from 152MW in 2010 to more than 1 GW
(1090.8 MW, in 247,953 installations) at the end of the first
quarter (Q1) of 2012, of which 999.9 MW or 91.6% were
photovoltaic (PV) systems, [1]. The total electricity generation
from solar PV in the UK reached 173 GWh in QI of 2012
(from 4 GWh in Q1 of 2010), with about 95% of all PV
installations being domestic/residential sub-4 kW systems, [2].
As the similar trends are observed for global installed PV
capacity, which in 2010 reached nearly 40 GW (an increase of
131% or 16.6 GW from 2009, and nearly seventeen times
more than 2.4 GW installed in 2007, [3]), this clearly suggests
that correct models of various PV technologies are becoming
increasingly important for the analysis of existing networks
and, particularly, future power supply systems.

This paper presents the results of the research aimed at
obtaining improved yet simple models of various PV
technologies and systems. Two general models are discussed
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and compared: an analytical generic PV model, expressed
through the corresponding exponential equations, and an
equivalent circuit PV model, based on a simplified Shockley
diode representation. Both models are formulated for four
main PV technologies currently available on the market.
Model parameters are adjusted using the manufacturer’s
specifications and available measurements at a test PV site in
Belgium and then directly compared. The obtained results are
discussed and main conclusions are provided.

II. DEVELOPED PV MODELS

Two methodologies for PV modelling, together with the
developed corresponding PV models of main PV technologies
and systems, are presented in this section.

A. Analytical Generic PV Model

In order to identify limited number of “generic PV
models”, which are capable of representing majority of micro
and small scale PV (uPV) systems and technologies, a
database containing more than 240 different PV systems from
different manufacturers is established and analysed in [4]. This
work resulted in the identification of four “generic uPV power
curves”, (Pgupy ;1 t0 Pgupy 4), which correspond to the four
main PV  technologies available on the market:
monocrystalline, polycrystalline, thin film (amorphous) and
thin film (high-efficiency), respectively. Their normalized
electrical power outputs (per m* of the panel/module area and
including typical efficiency of the inverter used for grid
connection) are analytically described by (1)-(4) and also
shown as efficiency curves in Figure 1:

P,  =0.134(1-¢"")s, (1)
P, ,=0.136(1-¢*")S, )
P, ,=0.09(1-e""")s, | 3)
P, . =0.163(1-¢"")S, @)

where: S;, is the pPV panel’s input solar irradiance in W/m?,
Pgupy 1 to Pgupy 4 are electrical power outputs of the four
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generic pPV models, expressed in W/m? of the total PV panel
area for given input solar irradiance.

When an aggregate mix of the above four generic pPV models
is analysed, a “master generic pPV” power curve (Pgupy i)
can be obtained, (4), based on the contributions of the four
individual generic models to the aggregate PV generation mix.
From the analysis of the PV database, the following
percentage contributions are assumed for “master generic
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B. Equivalent Circuit PV Model

PV panels are basically large areas made of p-n diodes
(cells), capable of converting solar irradiance into direct
current (dc) electricity, [3]. The basic equation (I-V
characteristic) of the ideal PV cell is:

gV

L,=1,~1,(e"" =1, ©)
where: I, is output dc current, /,, is photovoltaic current
(proportional to input solar irradiance), /; is diode reverse
saturation current, ¢ is the electron charge (1.60217646 x 107"
C), Vis voltage of the cell, a is the diode ideality constant, & is
the Boltzmann’s constant (1.3806503 x 107 J/K) and T is the
temperature (in Kelvins) of the p-n junction.

For a correct representation of the actual I-V characteristic
of the real PV panel/array shown in Figure 2, the ideal PV cell
equation (6) should be modified in accordance to, [5]:

- 0124

Efficienc:
o oo
283

uPV” model: Generic PV1 - 40%, Generic PV2 - 43%,
Generic PV3 - 9% and Generic PV4 - 8%. Master generic
puPV model is also shown in Figure 1:

PGyPViM = 0133(1 —e )Sirr H (5)
where: Pg,py u 1s electrical power output of the master generic
uPV model, again expressed in W/m® of the total PV panel
area for given input solar irradiance.
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where: V,, is output dc voltage, V, is thermal voltage
(NKT/q, for N, number of cells connected in series), R,

represents equivalent series resistance and R, represents
equivalent parallel resistance (losses due to recombination of
charge carriers). If all the parameters are known, (7) can be
used to produce the I-V curve/characteristic of any PV
module. However, R, and R; are generally not known until a
final PV array is designed and installed.
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Figure 2. Equivalent circuit model of an actual PV cell.



The manufacturers’ datasheets provide information on the
short circuit current, I, which is the maximum current
available at the PV cell terminals (assuming a very high value
of R, and a very low value of Ry).

Under this condition, /,,,, = I, and photovoltaic current is:

I =

pv

s, ®)

+ K,A;) s

where: 1,,, is photovoltaic current measured for nominal or
standard test conditions (STC, 25°C and 1000 W/m?), K is the
temperature coefficient of I, (given in either %/C or mA/’C,
depending on the manufacturer), 47 is the difference between
the actual temperature and nominal temperature (7-7,) in °K, S
and S, are actual and nominal (1000 W/m?) solar irradiance.
The diode saturation current can be expressed as:

pv.n

I + K A
= = ©)
e -1

where: V,. is open circuit voltage and K, is temperature
coefficient of V,. The diode ideality constant, a, is an
unknown parameter, as it is not given in the datasheets
(usually 1 < a < 1.5). The diode constant affects the shape of
the I-V curve and can be altered to tune the PV model and
match the output of a real PV system. Two unknown
parameters, R, and R,, can be calculated using the iterative
method described in [5] by making P,um = Puae at the
maximum power point (MPP) of the I-V curve:

VWRJ"W)J
1

(q(
kTaN,
R‘naxm:V [ v_Id e o

mpp~ p

I/mpp +Rs1mpp )
- P maxe

(10)

where: P, is the maximum power output calculated by the
I-V model described by (7), P is the maximum power
output given in the datasheet, or measured in actual
installation, ¥, is the maximum power point voltage (V) and
1Ly 1s the maximum power point current (A). This equation
can be solved iteratively to obtain values for R, and R, (e.g. by
assuming R, = 0 as the initial value).

III. MODELLING OF PV PANELS

Analytical models presented in Section II.A with (1)-(4)
do not require any PV panel specific input data or parameters.
They are formulated as the generic (i.e. average) performance
models of four main PV technologies, and are particularly
suitable for the analysis of the impact and effects of a large
number of PV systems and installations. These models can be
easily aggregated to provide a simple and correct
representation of power outputs of a specific mix of different
PV technologies, as given by (5), and then used in various
power system studies (e.g. [6]-[8]).

On the other hand, equivalent circuit model presented in
Section II.B with (6)-(10) requires specific input data and
parameters, as well as the adjustment of the other model
parameters, in order to provide an accurate representation of a
modelled PV system. Due to its simplicity and ability to
correctly represent different PV technologies, this model is
one of the most commonly used for the analysis (e.g. [9]-
[12]). However, in the majority of the previous work, this

model and its parameters are derived using the manufacturers’
specification datasheets of the considered PV panel (e.g. [11]-
[12]), while it was not clarified how the model can be used for
the further analysis of the actual field PV applications and
what adjustment, if any, would be required. The analysis
presented in the further text directly compares the results
obtained when the equivalent circuit PV model is derived
based on the manufacturer specification data and when the
model is readjusted based on the actual field measurements.

A. PV Model Based on Manufacturer Specification Data

The PV panel from [13] is considered for the analysis in
this section, as it was one of the four PV technologies installed
at a test site in Belgium, [14]. For this PV panel, the
equivalent circuit model is derived to closely match the
corresponding data given in the manufacturer’s specification.
The results illustrated in Fig. 3a (I-V characteristic of the PV
panel) confirm that the model can provide an almost exact
match with the manufacturer’s data for a set of model
parameter values given in Table I. The further results in
Figure 3b provide a more detailed information on the
characteristics of a modelled PV panel for a range of input
solar irradiance values and various temperatures of the panel.
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Figure 3. The I-V curves of equivalent circuit PV model obtained using the
manufacturer’s specification data, [13].



TABLE L. PARAMETERS OF THE EQUIVALENT CIRCUIT PV MODEL
DERIVED FROM THE MANUFACTURER’S DATA (T:25UC)

Model Input Solar Irradiance, S;, (W/m?)

Parameter 1000 800 600 400

a 1.3 1.3 1.3 1.3

Rp () 275 198 146 129
Rs () 0.22 0.19 0.14 0.129

1, (A) 8.47e-8 8.47e-8 8.47e-8 8.47e-8

Ipv (A) 8.3 6.65 4.989 3.32
Pmax_m (W) 180.4 143.7 106.4 71.9

Vmpp (V) 23 23 23 23
Impp (A) 7.83 6.25 4.65 3.13
Isc (A) 8.3 6.64 4.98 3.32
Voc (V) 29.5 29.13 28.67 28.03

B. PV Model Based on Measurement Data

For the validation of the previously described analytical
and equivalent circuit PV models, i.e. for obtaining or
adjusting required model parameters, measurements from a
test PV site in Belgium (at LEMCKO Energy and Power
Quality Lab, [14]) are used. At this site, four main PV
technologies: monocrystalline, polycrystalline, thin film
(amorphous) and thin film (high-efficiency) were installed in
three different configurations: open, closed and tracker. The
closed configuration is a fixed PV array installation, tilted at a
suitable angle with the back of the PV panels enclosed,
therefore preventing cooling by air. The open configuration is
similar to the closed one, except that the back of the PV panels
is open and exposed to air, allowing for convection cooling.
The tracker configuration utilizes a light sensor controller, in
order to maximize incident solar irradiation on the PV arrays.

The data collected from the test site for various PV
configurations contains measurements of solar irradiance, ac
output power, temperature, wind speed, and time/date of
recordings. The measurements were recorded simultaneously
for four PV technologies in all configurations in regular five
minutes intervals. The measurements were collected over a
period of two years, from September 2010 to September 2012,
and these data are used in this section to re-adjust the
equivalent circuit PV model developed in previous section
using the manufacturer specification.
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Figure 4. Measured ac power outputs for input solar irradiance (S;»=400 /
600 / 800 / 1,000 +£5% W/m?), temperature T=25+1°C, no wind speed
(<1m/s) and three configurations of a PV panel from [13].

The manufacturer of PV panel [13] provided specification
data for closed configuration, no forced cooling, temperature
of exactly 25°C and adjusted input solar irradiance values of
Six=400; 600; 800; and 1,000 W/m?, Figure 3a. Therefore, the
measurements that closely correspond to these conditions
(T=25+1°C and S;;=400+5%, 600+£5%, 800+5%, 1,000 £5%
W/m?® and wind speed less than 1m/s) are extracted from the
available 2-year recordings for all three configurations (open,
closed and tracker) of a PV panel [13]. The raw measurement
data, shown in Figure 4 for series connected seven panels, are
then processed, in order to remove “outliers” (too high, or too
low measurements due to data logging problems and errors)
and to recalculate measured ac powers to actual output dc
powers and currents/voltages of the PV panel. Additionally,
inverter manufacturer’s specification ([15]) is used to estimate
the average inverter’s efficiency (92%), assuming that inverter
will control and operate PV panel around the maximum power
point (MPP). Processed measurement data, corresponding to
dc power outputs of a single PV panel operated in closed,
open and tracker configurations, are shown in Figure 5.
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Figure 5. Calculated dc power outputs of a single PV panel: a) closed
configuration, b) open configuration, and c) tracker configuration.



The results in Figure 5 show that for the same values of
temperature (T=25+1°C) and input solar irradiance
(Sir=400+5%, 600+£5%, 800+5% W/m?), PV panel will
produce higher power output in tracker configuration, than in
open configuration, than in closed configuration. It can be also
seen from Figure 4 that for S;;=1000+5% W/m?, the inverter
control will limit power output below the rated power of the
inverter (P,.=1100W).

Table II lists the parameters of the equivalent circuit PV
model for all three configurations, after they are adjusted
using the measured data.

TABLE II. PARAMETERS OF THE EQUIVALENT CIRCUIT PV MODEL
DERIVED FROM THE MEASUREMENT DATA (T=25+1°C)

Model Input Solar Irradiance, S;., (W/mz)
Parameter 1000+5% | 800+5% | 600+5% 400+5%
a 1.3 1.3 1.3 1.3
£ [Rp(Q) 68 74.5 75 113.72
Z [Rs (@) 0.29 0.265 0.26 0.1615
5; I, (A) 8.47¢-8 | 8.47¢-8 8.47¢-8 8.47¢-8
£ [Ipv (A) 8.34 6.66 4.99 3.33
S [Pmax_m (W) | 17073 [ 140.11 100.63 67.28
< [Vmpp (V) 23 23 23 23
2 [Impp (A) 7.42 6.09 438 2.93
O [Isc (A) 8.3 6.64 4.98 3.32
Voc (V) 29.41 29.1 28.56 27.91
a 1.8 1.8 1.8 1.8
£ [Rp (@ 96.87 180 422 533
£ [Rs (Q) 0.146 0.05 0.01 0.009
S 1, (A) 1.41e-5 | 1.4le5 1.41e-5 1.41e-5
£ [1pv (A) 8.31 6.64 498 3.32
S [Pmax m (W) | 168.94 | 145.93 114.79 73.76
© [Vmpp (V) 23 23 23 23
2 [Impp (A) 7.35 6.32 4.98 3.2
© [Isc (A) 8.3 6.64 4.98 332
Voc (V) 29.41 29.04 28.6 27.7
a 1.8 1.8 1.8 1.8
S [Rp (@) 16731 295 503 661
= [Rs(Q) 0.152 0.06 0.01 0.01
2L A 1.41e-5 | 1.4le-5 1.41e-5 1.41e-5
< [IpvA) 8.3 6.64 4.98 3.32
S [Pmax m(W) | 17078 | 149.95 122.72 76.33
5 [Vmpp (V) 23 23 23 23
< | Impp (A) 7.43 6.48 5.32 3.31
& [Isc (A) 8.3 6.64 4.98 3.32
Voc (V) 29.41 29.12 28.76 27.79

IV. COMPARISON OF RESULTS FOR DIFFERENT PV MODELS

This section compares the results obtained using the
previously discussed analytical and equivalent circuit PV
panel models for the considered PV panel. Analytical model
provides only PV panel power outputs and efficiencies (as a
function of input solar irradiance), while equivalent circuit
model can provide all PV panel characteristics and can be
adjusted for the actual field application using the available
measurements for closed, open and tracker configurations.

A. Comparison of the I-V curves

The corresponding I-V curves for the equivalent circuit PV
models adjusted using the measurements in all three
configurations are illustrated in Figure 6. It can be seen from
Figure 6a that considered PV panel in closed configuration
produces lower power outputs than what is suggested by the

model based on the manufacturer’s specification data. On the
other hand, the power outputs of the modelled PV panel will
increase in open configuration and even more in tracker
configuration (except when inverter limits PV panel power
outputs below its rated power).
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Figure 6. Comparison of I-V curves for model adjusted based on
manufacturer specification data and based on measurements: a) closed
configuration, b) open configuration, and c) tracker configuration.

B.  Comparison of the Efficiency Values

One of the most important characteristics of the PV panels
is their efficiency as a function of input solar irradiance,
expressed per m’ of the panel area. This information is crucial
in selecting optimal PV panel for a given application, where
available local solar irradiance levels at a roof or wall areas
dedicated for PV installation, as well as the capital costs and
tariffs, are used to assess the annual power/energy outputs and
to estimate the expected pay-back period of the investment.



Table III compares the calculated efficiencies of the
considered PV panel [13], obtained using the corresponding
analytical models given by (2) and (5) and equivalent circuit
models adjusted using the manufacturer’s specification data
and available measurements for closed, open and tracker
configurations.

TABLE III. EFFICIENCIES OF THE PV PANEL [13] FOR DIFFERENT INPUT
SOLAR IRRADIANCE VALUES CALCULATED USING THE ANALYTICAL AND
EQUIVALENT CIRCUIT MODELS

Model Input Solar Irradiance, S;., (W/mz)
1000 800 600 400
E‘:ﬁ:'tf;f*(‘;) 13.6% | 13.6% | 13.6% | 13.6%
E‘;z:gxg) 133% | 133% | 133% | 133%
Equivalent Circuit
Mgnufacturer Data 14.1% 13.9% 14.1% 14.1%
Equivalent Circuit
Measurement Data 13.2% 13.2% 13.7% 13.4%
Closed Configuration
Equivalent Circuit
Measurement Data 14.5% 15% 14.3% 13.3%
Open Configuration
Equivalent Circuit
Measurement Data 14.9% 16% 14.7% 13.4%
Tracker Configuration

The results for the calculated efficiencies in Table 111 show
that the performance of the considered PV panel will be
overestimated if the manufacturer’s specification data is used
to assess the efficiency of the panel installed in closed
configuration (the difference over the range of considered
input solar irradiance values is between 0.4%-0.9%). The
performance of the panel in closed configuration is correctly
estimated with both analytical models, with differences in the
range of 0.1%-0.4%. On the other hand, calculated PV panel
efficiencies for open and tracker configurations are higher
than the efficiencies calculated using the manufacturer’s
specification data, except for S;;=1000 W/m?, when, as
discussed previously, inverter limits the PV panel power
output. The biggest differences are calculated for
S, =600 W/m?, when PV panel achieves 1.1% higher
efficiency in open configuration and 2.1% higher efficiency in
tracker configuration.

V. CONCLUSIONS

Two general models of PV systems and technologies are
presented and discussed in this paper: an analytical model and
an equivalent circuit model. Analytical model is formulated as
the generic (i.e. average) performance model of the four main
PV technologies currently available on the market, and is
particularly suitable for the analysis of a large number of PV
systems and installations. This model does not require any PV
panel specific input data or parameters (except the
type/technology of the panel), which allows to use it for a
simple and correct representation of the aggregated power
outputs of a specific mix of different PV technologies. On the
other hand, equivalent circuit model requires specific input
data and parameters, as well as the adjustment of the other
model parameters, in order to provide an accurate

representation of a modelled PV system. Due to its simplicity
and ability to correctly represent different PV technologies,
this model is one of the most commonly used, but its
parameters are typically derived using the manufacturers’
specification datasheets.

In order to clarify how equivalent circuit PV model can be
used for the further analysis of the actual field PV applications
and what adjustment, if any, would be required, the paper
derived corresponding models of a selected PV panel using
the manufacturer’s specification data and actual field
measurements. The differences in the calculated model
parameters suggest that model based on the manufacturer’s
specification should be adjusted to correctly represent
considered PV panel in all three configurations.

The analysis in the paper provides a direct comparison of
the results for PV panel I-V characteristics, power outputs and
efficiencies for different configurations. These results
demonstrate that a correct PV model should take into account
both the actual configuration of the panel and control of the
inverter used for grid interconnection of the PV panel.
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