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a  b  s  t  r  a  c  t

The  output  characteristics  of  a photovoltaic  (PV)  array are  highly  non-linear.  Therefore,  an  accurate  and
efficient  PV  model  is required  to study  and analyze  the  operation  of PV  system  in the changing  environ-
mental  conditions.  This  paper  proposes  a precise  PV  simulator  based  on  the  seven-parameter  electric
circuit  model.  The  proposed  simulator  can  generate  the  output  characteristics  of  a PV  system  precisely
at  different  operating  conditions.  It  has  also  enough  flexibility  to  simulate  different  configurations  of
PV panels  with  series/parallel  connections.  The  robustness  of  the  proposed  simulator  is demonstrated
eywords:
hotovoltaic simulator
V
even-parameter model
artial shading
aximum power point tracking
PPT

under  the  partial  shaded  conditions.  Additionally,  the  performance  of the  developed  simulator  is  verified
by  interfacing  it with  the  actual  power  electronic  converter  and  maximum  power  point  tracking  (MPPT)
controller.  The  proposed  PV simulator  will facilitate  the  design  aspects  of  PV  systems  and  help  in behavior
assessment  of newly  developed  controllers  prior  to  practical  implementation.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The demand of electrical energy is increasing day by day and the
orld is more concern about the high oil prices, fossil fuel deficit,

lobal warming and environmental damages. The participation of
enewable and green energy sources in the generation of electrical
nergy is indispensable now-a-days. Among the renewable energy
ources, solar energy is the most promising and photovoltaic (PV)
ystem provides the most direct method to convert solar energy
nto electrical energy. Despite of the intermittency of sunlight,

any PV system have been developed in different countries of the
orld because of its long term benefits, benevolent fed in tariff ini-

iatives and other schemes offered by governments to encourage
he use of renewable energy sources (RES). The world’s cumula-
ive installed capacity of PV was 23GW in year 2009 [1]. In 2011,

ore than 69GW of PV power is installed worldwide that can gen-
rate 85 TWh  of electricity per year [1]. Among all RES the growth
ate of PV power is incomparable and reached almost 70% in year
011 [1]. The large penetration of PV power into the electricity grid

ould have adverse effects on electrical power system. To study

hese effects and to design power electronic converters and MPPT
ontrollers, an efficient and accurate model of PV is required.

∗ Corresponding author. Tel.: +966 13 860 4379.
E-mail addresses: isheraz@kfupm.edu.sa (M.  Sheraz Khalid),

abido@kfupm.edu.sa (M.A. Abido).

ttp://dx.doi.org/10.1016/j.epsr.2014.06.010
378-7796/© 2014 Elsevier B.V. All rights reserved.
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The output of PV is extremely non-linear and it is not suitable to
represent it with a constant or controlled voltage/current source.
Several PV electrical models have been proposed and developed
in literature [2–7]. Some of these models are described vaguely
and some of them are much complex for the simple power system
studies. The simplest model is temperature and radiation scaling of
maximum power point which requires the temperature and irradi-
ation coefficients of MPP  and predicts the performance of PV only
at one point [2]. In [3,4] a method of translation of I–V curve from
one environmental condition to another was presented. Bilinear
interpolation method is presented that requires four practically
determined I–V curves, two at different insolations and two at
different temperatures [4]. These models are quite complex and
require a large amount of data that is not usually provided by the
manufacturers. The most efficient and practical model for PV is
developed in Sandia Lab [5]. This model takes three inputs that are
temperature, irradiation and wind speed and computes the voltage
and current of PV at five main points on the I–V curve. This model
also requires thirty practically determined coefficients to simulate
the behavior of any PV panel [5]. Values of these coefficients are
available for a large number of commercial PV panels [6]. Due  to
the complexity of these models power system studies such as load
flow, maximum power point tracking, and load frequency matching

become difficult and require large computational time. Electrical
characteristics of PV can be modeled by representing it with equiv-
alent electrical circuit [7]. This model has advantage over the other
models due to its electrical circuit nature and behavior of PV can

dx.doi.org/10.1016/j.epsr.2014.06.010
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2014.06.010&domain=pdf
mailto:isheraz@kfupm.edu.sa
mailto:mabido@kfupm.edu.sa
dx.doi.org/10.1016/j.epsr.2014.06.010


2 ower Systems Research 116 (2014) 243–251

b
d

i
a
i
i
d
m
a
t
f
[
o
i
a
p
a
m
c
m
n
i
w
o
s
u
p
m
g

i
a
c
e
t
s

t
P
n
j
f
s
a
fi
o
o
[

o
b
t
r
f
o
s
t
t
o
T
t
t
e
c
P

RS

RSH
V

IL ID

I

ISH
44 M. Sheraz Khalid, M.A. Abido / Electric P

e easily understood and investigated. It is very suitable for the
ynamic and transient study of the power electronic converters.

The electric circuit based model of PV is further classified as an
deal diode model, four-parameter model, five-parameter model
nd two-diode model. These models are different from each other
n accuracy and implementation. The simplest among these models
s the ideal diode model which consists of a single diode and irra-
iation dependent current source [8,9]. Performance of this ideal
odel is enhanced by means of series resistance and it is gener-

lly known as four-parameter model [10,11]. This model is easy
o implement and provides acceptable results. However, its per-
ormance deteriorates at high temperatures and low irradiation
12] and also for thin film technology based PV panels [13]. To
vercome these shortcomings, an improved circuit based model
s developed by adding shunt resistance and it is widely known
s five-parameter model [13–15]. Comparison of four and five-
arameter model is done in [16] for mono-crystalline PV panel
nd showed that the five-parameter model is more efficient in esti-
ating the operating current and power at different atmospheric

onditions. To further improve the efficiency of the circuit based
odel some authors used the two-diode model [12,17]. The model

on-linearity and the number of parameters to be computed dur-
ng simulation are increased by inclusion of an extra diode that

ill make the model computationally inefficient. The competency
f the two-diode model over four- and five-parameter models is
hown in [12]. To make the model computationally efficient, val-
es of some parameters are assumed constant which deteriorate its
erformance under the partial shading condition. Five-parameter
odel is a good compromise between accuracy and simplicity as

iven in [18].
Recently, seven-parameter model has been proposed in [19]

n which efficiency of five-parameter is further improved by
dding two additional parameters and without compromising its
omputational efficiency. Authors have modified the translational
quations by adding two  exponential constants and showed that
he model accuracy has been enhanced and given it the name of
even-parameter model.

There is a need of an accurate and generalized PV simulator
hat can generate output characteristics of a PV panel or a large
V array precisely at different operating conditions, including the
on-uniform irradiation condition. It should be able to work in con-

unction with power electronic converters and MPPT controllers
or their design and control. Several PV simulators have been pre-
ented in the literature based on different PV models discussed
bove [15,20–24]. Most of these are developed in MATLAB script
le and implemented in Simulink using S-function block and some
f them can simulate only a single PV panel. Furthermore, very few
f them have shown their working under partial shaded condition
23,24].

In this paper, a generalized PV simulator is proposed and devel-
ped using the very accurate seven-parameter PV model. To the
est of authors’ knowledge, such simulator is proposed for the first
ime. It is employed using only the blocks of the Simulink and have
esemblance with the actual PV electric circuit model, which will
acilitate the design engineers and researchers in understanding the
verall PV power system. Similar to Simulink blocks, the proposed
imulator is implemented as a masked block and prompts the user
o enter attributes of the PV array under consideration. The effec-
iveness of the proposed simulator is investigated under different
perating conditions including the harsh partial shaded condition.
he robustness of the proposed simulator is analyzed in conjunc-
ion with the DC–DC converter and MPPT controller. It is envisaged

hat the developed simulator can be very helpful for the PV design
ngineers in the simulation study before any experimental verifi-
ation. Additionally, detailed electrical modeling of PV panel and
V array is also discussed.
Fig. 1. PV electric circuit model.

The rest of this paper is described as follows. In Section 2, elec-
trical modeling of a PV is discussed that includes a comprehensive
PV panel and PV array modeling. MATLAB/Simulink implementa-
tion of this model is presented in Section 3. It is followed by results
and discussion in Section 4 and conclusion is made in Section 5.

2. PV modeling

Commercially available PV is in the form of PV panels. Maximum
output power of a single PV panel is in the range of tens of Watts
to some hundreds of Watts that would be acceptable for the small-
scale applications. For large-scale applications, however, series and
parallel combinations of these panels are needed to enhance the
PV output power. Connecting PV panels in series increases the cur-
rent capability of PV source and parallel connection increases the
voltage rating of PV source. This series/parallel combination of PV
panels is commonly known as PV array. Considering the impor-
tance of PV panel as a basic unit of PV array, model of the PV panel
is developed which is then modified to stand for a complete PV
array.

2.1. PV panel modeling

The seven-parameter electric circuit model of PV is shown in
Fig. 1. It consists of light depended current source, a p–n junction
diode and two resistances one in series and another in shunt. Seven
parameters are defined as:
IL Light generated current
I0 Diode saturation current
RS Series resistance
RSH Shunt resistances
“a” Diode modified ideality factor
“m”  Exponential constant for IL
“n” Exponential constant for “a”

where “m” and “n” are the two  additional parameters and are expo-

nential constants for “IL” and “a”, respectively and proposed in Ref.
[19].

Using simple Kirchhoff’s current law following relationship can
be found:

I = IL − ID − ISH (1)

Here ID and ISH depicts the diode current and shunt branch current,
respectively and given by;

ID = I0

{
exp

[
(V + IRS)

a

]
− 1

}
(2)

ISH = V + IRS

RSH
(3)

Putting these expressions of ID and ISH into Eq. (1) gives the

complete I–V characteristics of a PV panel;

I = IL − I0

{
exp

[
(V + IRS)

a

]
− 1

}
− V + IRS

RSH
(4)
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Fig. 2. Panels conne

here I and V represent the current and voltage generated from the
V panel. Modified ideality factor “a” is given by;

 = Nsa′kT

q
(5)

where NS is the number of cell in the PV panel, “a′” is the ideality
actor (it has value between 1 and 2 for real diode), k is the Boltz-

ann’s constant, T is the cell temperature and q is the electronic
harge.

Eq. (4) shows the I–V characteristics of a PV panel and gov-
rned by five parameters (IL, I0, RS, RSH and “a”). Having the five
arameters known, Eq. (4) can be solved. With different atmo-
pheric conditions, these parameters have different values that can
e calculated at any ambient condition using the translational Eqs.
6)–(11) assuming their values at standard test conditions (STC)
25 ◦C, 1000 W/m2) are known.

 = aref

(
Tc

Tc,ref

)n

(6)

L =
(

S

Sref

)m

[IL,ref + �I,sc(Tc − Tc,ref )] (7)

SH = RSH,ref
Sref

S
(8)

S = RS,ref (9)

I0
I0,ref

=
(

Tc

Tc,ref

)3

exp

((
Ns ∗ Tc,ref

aref

)
∗
(

Eg,ref

Tc,ref

∣∣∣−Eg

Tc

∣∣∣
))

(10)

Eg

Eg,ref
= 1 − C(Tc − Tc,ref ) (11)

here m and n represents the additional two parameters and
re exponential constants for “IL” and “a”, respectively. S and Tc

epresent the solar radiation and temperature of the PV panel,

espectively. �I,sc is the temperature coefficient of short circuit cur-
ent and provided by the manufacturer. Eg is the band-gap energy
f the PV cell material and C = 0.0003174 [25]. Quantities with the
ubscript “ref” represent their values at the STC. The values of these
n series in an array.

seven parameters at reference condition are calculated using the
translational equations and the data provided by the manufacturer
[19].

2.2. PV array modeling

As discussed earlier PV panels can be grouped in different
modes to form PV arrays. Some topologies are series array, par-
allel array, series–parallel array and total cross-tied array. Among
these topologies series–parallel array is the most commonly used
because of its flexibility in maintaining the required output voltage
and current with better performance in the partial shaded condi-
tions [26]. Eq. (4) can be modified to represent the I–V relationship
of series–parallel array and written as:

I = Npp ∗ IL − Npp ∗ I0

{
exp

[
(V + IRS(Nss/Npp))

Nss ∗ a

]
− 1

}

−
(

V + IRS(Nss/Npp)
(Nss/Npp)RSH

)
(12)

where IL, I0, RS, RSH, “a” are parameters of single PV panel. NSS and
NPP represent the number of panels connected in series and parallel,
respectively. It can be noticed that NPP is multiplied with the current
associated terms to enhance the current output of PV system and,
similarly, NSS is multiplied with voltage related terms to increase
the voltage output of PV. A theoretical illustration of a series and
parallel connection of PV panels is shown in Figs. 2 and 3, respec-
tively. These figures depicts that the circuit elements of combined
panels can be merged together to form a single equivalent model
that is similar to circuit of one PV panel [27]. Expressions for the
array parameters in relation with the panel parameters are given in
Table 1. The exponential constants, m and n, will remain the same.

Panels are linked in parallel to increase current rating, the values
of ISH, IMP, IL and I0 are altered and multiplied with a number of par-
allel connected panels. The factor “a”, VOC, VMP remains unchanged.

While the RS and RSH are divided by the number of parallel con-
nected panels. Similarly, for panels connected in series to enhance
voltage rating, values of VOC, VMP and factor “a” are multiplied with
the number of series connected panels. Values of ISH, IMP, IL and I0
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Table 1
Array parameters expressions in association with panel parameters.

Panel parameter Modified array
parameters

Panel
parameter

Modified array
parameters

VOC VOC*NSS IL IL*NPP

ISC ISC*NPP I0 I0*NPP

VMP VMP*NSS RS RS*(NSS/NPP)
IMP IMP*NPP RSH RSH*(NSS/NPP)
n  n*NSS a a*NSS

V
c

r
s

3

3

b
a

OC is open circuit voltage, ISC short circuit current, VMP and IMP are the voltage and
urrent at maximum power point, respectively.

emain unaltered and RS and RSH are multiplied by the number of
eries connected panels.

. Modeling of PV simulator

.1. Simulator design
A PV simulator is implemented in MATLAB/Simulink and its
lock representation is shown in Fig. 4(a). Inputs to the simulator
re irradiation, S, and temperature, T, and output is the +ve and −ve

Fig. 4. Implementation of PV simulator in Simulink: (a) PV simu
 parallel in an array.

terminals which can be used to connect PV simulator to power sys-
tem. Fig. 4(b) shows the internal circuitry and the last stage of the
modeling. It depicts that the implemented circuit is quite similar to
the PV electric circuit model and consists of light dependent cur-
rent source, p–n junction diode, and series and shunt resistances.
This stage contains other subsystems that are connected together to
execute I–V characteristics of PV. These subsystems are not shown
for brevity.

It is implemented as a mask block just like the other MAT-
LAB/Simulink blocks and prompts user to enter the necessary
parameters of the PV to be executed. Parameters required are: num-
ber of cells in PV panel, NC, open circuit voltage, VOC, short circuit
current, ISH, voltage at maximum power point, VMP, current at
maximum power point, IMP, temperature coefficients for voltage
and current, �V,OC and �I,SC , number of series-connected panels,
NSS, and parallel-connected panels, NPP, in an array. A sample of
block parameters of PV simulator is shown in Fig. 5.
3.2. Partial shading

The partial shaded condition of PV can be implemented by pla-
cing PV simulator block in series with each other and connecting

lator block. (b) Internal circuit of the PV simulator block.
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Table 2
Specification of selected PV panels taken from data sheet.

Parameter m-Si (Sunpower) CIS shell ST36

Open circuit voltage (VOC) 48.7 V 22.9 V
Short circuit current (ISC) 5.99 A 2.68 A
Max. power voltage (VMP) 41 V 15.8 V
Max. power current (IMP) 5.61 A 2.28 A
Max. Power (PMP) 230 W 36 W
No.  of cells in series (NS) 72 42
ISC temperature coefficient 3.5 mA/C 3.2 mA/◦C
Fig. 5. Block parameters window of PV array simulator in Simulink.

 bypass diode in anti-parallel configuration with each block as
hown in Fig. 6. The number of series connected simulator blocks
equired depends on the number of shaded patterns to be consid-
red. For instant, Fig. 6 shows three PV simulator blocks connected
n series and can carry out the simulation of three different shading
atterns. It can also be used to simulate the PV array at different
emperature conditions. This generalizes the proposed simulator to

mulate PV panel, PV array, and partially shaded arrays with user
efined shading patterns.

Fig. 6. Partial shaded implementation of PV array simulator in Simulink.
VOC temperature coefficient –132.5 mV/◦C –100 mV/◦C

4. Results and discussions

Four different tests were conducted to verify the correctness and
effectiveness of the proposed PV simulator.

4.1. Test 1: efficiency test

The efficiency of the developed PV simulator is validated by
comparing the determined curves generated by the developed PV
simulator with the experimental curves. The experimental curves
data is extracted from the PV panel datasheets using digitizer soft-
ware. Two  PV panels of different technologies are used for this
purpose; these are mono-crystalline (m-Si) [28] and thin film (CIS)
[29]. The specifications of these technologies are given in Table 2.
Table 3 shows the values of seven parameters calculated using the
multi-variable optimization technique, the Nelder–Mead simplex
search algorithm [19].

Fig. 7 shows the determined I–V curves for mono-crystalline
(m-Si) and thin film (CIS) panel for different irradiation levels
and constant temperature of 25 ◦C. These figures illustrate that
the I–V curves obtained from the proposed simulator are in great
accordance with the experimental curves for all the irradiation
levels. The accuracy of the proposed PV simulator encountered
with temperature change is shown in Fig. 8 for both technolo-
gies. The performance of the proposed simulator is examined at
20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C for thin-film. Since the exper-
imental data of only 50 ◦C curve is available in the datasheet for
mono-crystalline, it is tested at this temperature only. It can be seen
that the curves generated from the proposed PV simulator matches
greatly with the experimental curves under all the temperature
variations.

Precision of the proposed simulator is verified by calculating
statistically the root mean square error (RMSE) given by:

RMSE =

√
1
n

∑i=1
n (yi − xi)

2

(1/n)
∑i=1

n xi

(13)
where x and y represent the experimental and measured val-
ues, respectively and n is the number of points taken. RMSE is
calculated for all the given operating conditions and it is deter-
mined for current values computed against the voltage at three

Table 3
Specifications of seven-parameter model.

Parameter m-Si (Sunpower) CIS shell ST36

Light current “IL” (A) 5.97 2.6803
Saturation current “I0” (A) 2.151e−7 4.11965e−05
Series resistance “RS” (�) .00796 1.3901
Parallel resistance “RSH” (�) 89,546.41 38,544.6
Modified ideality factor “a” 2.6971 2.0662
Exponential constant of IL “m” .9865 1.1213
Exponential constant of ‘a’ “n” 1.1056 0.9431
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Fig. 8. I–V curves for different temperatures: (a) mono-crystalline (m-Si) and (b)
lm  (CIS) under constant temperature.

ifferent points on the I–V curve, i.e., open circuit point, short
ircuit point and maximum power point. Fig. 9 shows the RMSE
alues of I–V curves for different irradiation and temperature.
t can be noticed that errors are negligible for all the operat-
ng conditions and its values are increasing with the decrease in
rradiation and increase in temperature and that is in consistent

ith [3,8].
Furthermore, the potential of the developed PV simulator is

ssessed against the PV model presented in Ref. [15]. Fig. 10 shows
he performance comparison. It can be observed that the proposed

odel is more accurate compared to that presented in Ref. [15] as
t follows the real curves with higher precision especially at low
rradiation condition.

.2. Test 2: performance as a large PV array

In this test working of the proposed PV simulator as a large PV
rray is examined under different operating conditions. PV array is
omposed of 50 series- and 20 parallel-connected panels of mono-
rystalline (m-Si). The detailed specifications are given in Table 2.

ig. 11 shows the I–V curves of the considered PV array at differ-
nt irradiation levels with constant temperature of 25 ◦C. Since
he PV array has 20 panels in parallel, its short circuit current
ISC) at STC becomes 20*5.99 = 119.8 A. In addition, its open circuit
thin film (CIS) under constant irradiation.

voltage (VOC) at STC becomes 48.7*50 = 2435 V as it has 50 panels
in series. It is also obvious from the graphs that the value of short
circuit current (ISC) is highly decreased and a value of open cir-
cuit voltage (VOC) is slightly reduced by decreasing the irradiation
level. Fig. 12 shows the I–V curves of assumed PV array at differ-
ent temperatures and constant irradiation level of 1000 W/m2. It
is clear from the graphs that the I–V curve of the PV array are
highly non-linear and short circuit current (ISC) increased slightly
and open circuit voltage (VOC) decreased by increasing the cell
temperature.

This test demonstrates that the proposed PV simulator can emu-
late a large PV array or PV power station and can generate its I–V
curves at different irradiation and temperatures. As these operat-
ing conditions are continuously varying with time, the proposed
simulator can be a valuable tool to analyze the impacts of these
changing condition on the overall power system performance and
response.
4.3. Test 3: PV performance under partial shading condition

In order to test the proposed PV simulator under partial shaded
condition, PV array configuration of Fig. 6 is adopted. It consists
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f three series connected PV panels and each panel illuminated
ith different irradiation level, hence representing as a partially

haded PV array. Panel 1 is operating at 1000 W/m2 25 ◦C, panel 2
t 800 W/m2 25 ◦C, panel 3 at 300 W/m2 25 ◦C. Figs. 13 and 14 show
he I–V and P–V curve characteristics of array. I–V curve shows
he multiple steps and P–V curve shows multiple peaks. Number

f these steps/peaks depends upon the number of shaded pat-
ern used. It can be seen from Fig. 13, at lower voltage level (from

 to 49 V) only panel 1 is functioning and other two panels are
ypassed through the bypass diodes and they do not take part in the
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Fig. 14. P–V curve for partial shaded PV array.

verall output voltage as the irradiation level of panel 1 is higher
han other two panels. In the intermediate voltage level (from 49
o 98 V) panel 1 and panel 2 are operating and panel 3 is bypassed.
rom Fig. 13 it can be noticed that when panel 2 started work-
ng PV array current trim down abruptly to a lower value of 4.8 A.
eason for this drastic change is that the panel 2 is illuminated
ith lesser irradiation and it cannot produce more current than

his value. Similarly, at high voltage level (greater than 98 V) all the
hree panels are functioning and the current is limited by panel

 because it has the lowest irradiation level. This test verifies the
obustness of the designed simulator under the harsh condition of
artial shading.

.4. Test 4: performance with converter and MPPT controller

This test shows the capability of a proposed simulator to work in
onjunction with the power electronic devices and MPPT controller.
ig. 15 shows a complete PV system build in MATLAB/Simulink,
onsisting of PV simulator, DC–DC boost converter, MPPT con-
roller, and a load. The PV simulator will generate voltage and
urrent depending upon the ambient conditions (irradiation and
emperature). The values of the current and voltage are varying
ue to changing atmospheric condition. Therefore, DC–DC boost

onverter is used to maintain the output constant and available
or the load where MPPT works as a controller for the DC–DC
onverter.

Fig. 15. PV system
Fig. 17. Plot of PV panel power (PPV) vs time.

A mc-Si PV panel is used in this test and its electrical data
is given in the Table 2. A non-linear time domain simulation is
carried out and a change in solar radiation is applied to assess
the robustness of the proposed simulator in conjunction with
converter and MPPT controller. Irradiation pattern is shown in
Fig. 16. The solar radiation is decreased from 1000 (W/m2) to
500 (W/m2) between 0.2 s and 0.3 s. Fig. 17 demonstrates the out-
put PV power and illustrates that the MPPT controller is tracking
the maximum power from the PV panel. The results depict the
dynamic performance of the overall system with the proposed
simulator.

This test validates the operation of proposed PV simulator while
interfacing it with power electronic converter and MPPT controller.
 in Simulink.

different operating conditions. Moreover, it can also be used to ver-
ify the effectiveness of MPPT controllers designed for normal and
shaded conditions.
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. Conclusion

In this paper, a comprehensive electrical modeling of PV has
een carried out and a generalized PV simulator has been pro-
osed and designed in MATLAB/Simulink software package. The
roposed simulator has been developed as a masked block. It can
imulate any number of panels connected in series and parallel. It
as shown that the developed simulator can generate the real I–V
nd P–V curve of PV under different operating conditions includ-
ng the harsh condition of partial shading. Further, the designed
imulator can also be utilized in a complete PV system interfaced
ith different power electronic devices and MPPT controllers. Four
ifferent tests have been conducted and the results of these tests
erify the effectiveness of the proposed simulator. It is envisaged
hat the developed PV array simulator can be very helpful for the
V design engineers in the simulation study prior to experimental
erification.
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