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PHoTovoLTAIC CELL MODELS

2.1 Introduction{ TC "2.1 Introduction” \l 2}

In this chapter, both crystal slicon (C-S) solar cell and amorphous slicon (aS) solar
cell models, the most popular in the PV market, are discussed. Techniques to caculate the
parameters of &S cdl are presented.  Also an improved smulation agorithm of a PV system
that can be used in EES and TRNSY S programs was introduced.

2.2 PreviousC-Si Cell Model{ TC " 2.2 PreviousC-S Cell Model" \I 2}

Since the rgpid evolution of PV technology in the 1950s, crystd silicon has remained the
‘workhorse for outdoor gpplications, withstanding chalenges by thin-film cells based on
cadmium sulfide in the 1970s and on amorphous dlicon dloy in the 1980s. Improved cdll
designs and increasingly streamlined manufacturing, combined with excelent fidd reiability and
dability, ensure an ongoing role for this technology into the future. Figure 2.1 shows the
performance levels reached over the 50 years period of development, with the rate of progress

varying quite sgnificantly with meaterid undergtanding.
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Figure 2.1 Evolution of Slicon solar cell efficiencies (Green, 1993){ TC "Figure 2.1 Evolution
of Slicon solar cell efficiencies (Green, 1993)" \I 6 }

A photovoltaic system is composed of building blocks that are eectronic devices (such
as diodes), an assembly of dectronic devices (such as PV modules), eectronic circuits or
systemns (such as power-conditioning equipment) or energy storage elements (such as batteries).
For dl the individua components there exist andytica or quasi-anaytica modes to predict the
electrica behavior under arbitrary conditions of radiation, operating temperature or power leve.
Therefore, the smulation of PV sysems is formaly the same problem as the smulaion of any

other eectronic circuit or system.



The solar cell is anonlinear power source. The output current and voltage depend on

the radiation level and temperature as shown in Figure 2.2. Whenever the weather condition is

changed, the operating point of solar cdl will change.
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Figure 2.2 Thel-V curve of asolar cell under different radiation and temperature{ TC "Fgure

2.2 Thel-V curve of asolar cell under different radiation and temperature.” \I 6 }

(Al-lbrahim,1996)

To predict the performance of a solar cdll, it is important to create a solar cell model.

Many researchers have investigated the photovoltaic cdl by using different models for the

smulation and design purpose (e.g. M. Wolf, 1977 and Appelbaum, 1979).

The solar cdll structure can be represented by the equivaent circuit as shown in Figure

2.3.
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Figure 2.3 Equivdent circuit of asolar cdl { TC "Figure 2.3 Equivaent circuit of asolar cdl ™
\I 6}

A generd solar cdll modd which is based on the circuit in Figure 2.3 can be written as

‘[ &/ + IRsQ u V+ IRS
=1 Io%expng-a- 1y - Ry, (2.1)
where
I Light current (A{TC "I
Light current (A)"\I'7}
lo Dark current (A{TC "lg
Dark current (A)"\I'7}
I Operation current (A TC "I
Operation current (A)"\I'7}
\ Operation voltage (VXTC "V
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Rs Seriesresgtance (O{TC "Rs
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A Therma voltage (V){TC "A

Therma voltage V)" \I 7}

In Equation 2.1 11, lo, Rs, Reh, and A are 5 parameters that depend on the radiation
and temperature.  Therefore the smulaion of a PV cdl must focus on how to find those five
parameters at different weeather conditions.

Unfortunately we are only given three data points from the manufactures, i.e. the open
circuit voltage, the short circuit current and the maximum power point. This informétion is not

enough to find those 5 parameters.

Townsend (1989), Eckstein (1990), Al-lbrahim (1996), andyzed and figured out a 4
parameter model which can be used in a TRNSY S program.

This model neglected the shunt resistance Rgh because the Reh is very large compared
with the Rg for the C-Si cdll. Therefore the Equation 2.1 can be rewritten as

I A+ O U
=1 - Io{e A ; g (2.2
where
I Light current A{TC "I
Light current (A)"\I'7}
lo Dark current (AXTC "lg
Dak current A"\ 7}
I Operation current (A TC "I
Operation current (A)"\I'7}
\% Operation voltage (VHTC "V

Operation voltage

(V)"\'7}



Rs Series resstance (O TC "Rs

Seriesresstance @"\7}

Now only the 4 parameters, I, lg, Rs, and A, need to be evaluated. A method to
caculate these parameters has been developed by Townsend (1989) and Eckstein (1990).
Since there are 4 unknown parameters, 4 conditions of | and V are needed. Manufacturers

usudly provide | and V at short circuit, & open circuit and a maximum power point. The 4th

condition comes from the knowledge of Woc and psc. Equation 2.3 - 2.6 are used to

caculate those parameters of PV cdls a standard condition based on the experimenta data

provided by the manufacturer.
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| oref Short circuit current at reference condition (A)

lores Reverse saturation current at reference condition

Vocref Open circuit voltage at reference condition

Afef | Thermd voltage at reference condition )
| Series resstance a reference condition (O

mpref | Maximum power current a reference condition

Vmpr of Maximum voltage a reference condition

M/oc Temperature coefficient of cdll voltage (VIC)

Mo Temperature coefficient of cdl current (A/C)

Cell temperature at reference condition ©
Eq Band gap of slicon
NS Number of cdlsin seriesin one module

Whenever weather conditions change, the cell parameters change and can be estimated

fromthe following equations.
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Using those parameters, the maximum power point of a PV array aso can be evduated

Rediation leve

Reference radiation leve

Light current at new condition

Cell temperature at new condition

Reverse saturation current at new condition

Thermd voltage a new condition

by using the Newton-Raphson method.

2.3 TRNSYSPV Models{ TC "2.3 TRNSYSPV Models' \I 2}

The deady date PV system operating point a the different radiation leves is a the
intersection of the load line and the |-V characterigic of PV array as shown in Figure 2.4. In

Figure 2.4, the load is a motor and the operating points of the PV system are at (V1, 1) and

V2, 12).
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Figure 2.4 The operating points of PV system{ TC "Figure 2.4 The operating points of PV
sysgem'\| 6}

To evauate the performance of systems which includes a PV array, TRNSY S type 62
was developed and modified by Townsend (1989), Eckstein (1990), Al-lbrahim (1996). The
agorithm is represented in Figure 2.5. The operating point of the PV system can be caculated
by iterating among PV model (equation 2.2) and other load modelsin the TRNSY'S.

TRNSY S has been proven to be an accurate program in predicting and andyzing solar
therma and other energy system. It has a modular structure and consgsts of a variety of
individua subroutines which present red physical devices. These components can be connected
to systems and smulations can be run over different time periods. The TRNSY S smulation

environment makes use of severa terms for describing components, etc. These are:

Type: The component mode, such as a pump. Each Type has a unique Type number

inasmulaion.

Unit: The nth copy of atype used in asmulation. Each Unit has a unique Unit number
to diginguish it from the other Units of the same Type.



Deck: Theinput file used by TRNSY S to identify the Types used, the number of Units
of each Type, and the interconnections between them. The deck can be either a
ample deck describing the interconnections or it can be a TRNSED deck,
which additionally describes a user-interface for the operation of the program.
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Type 62 has two problems. One is the numerica method used among the PV mode
and load models. Because the PV mode is a non linear fuction, the numerical method leads to
caculation complexity. The second one is the solving process and it can not be controlled by
user. Therefore the process can not be "monitored” by users. Sometime the iteration schemeis

not stable.



2.3.1 TRNSYSType64{ TC "2.3.1 TRNSYSType64" \I 3}

To reduce the caculation complexity and to improve the sability of smulation, a new
agorithm has been developed and is shown in the Figure 2.6. Ingead of usng a numerica
method to find the operating point, a linear search method is employed. In the improved modd,
the upper and lower boundary of the current value is determined at the new radiation level and
temperature. The linear search method is used to find the operating point in the range of short
circuit current and zero current because the operating point must be on the 1-V curve of PV
aray, otherwise the system does not work. The program to find optimal configuration of PV
modules has been developed and will be discussed in the chapter 5. The program can evduate
the best configuration of PV modules and guarantee the PV pumping system adways works.

The linear search method, such as Bisection, Golden and fixed step methods, can be
used to find the solution. At this stage, the fixed step method is employed. By reducing the
current value from short circuit current to zero by fixed step, the voltage of the PV array and
load is compared at each iteration. If the difference of voltage of PV array and the voltage of
load is less than the tolerance, then the iteration will stop. Therefore the new dgorithm can

guarantee that operating point can be found.

The maximum power point (MPP) of the PV aray is dso evduated. Firg, fix the
radiation level and temperature information, the new short circuit current can be caculated.
Second, the new short ciruit current and zero is set as the search boundary. The maximum
power point can be found by the Golden linear search method. The flow chart of the agorithm

for evauating the maximum power point is shown in Figure 2.7.
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Figure 2.7 Theflow chart of the new agorithm for evauating the maximum power point of PV
array{ TC "Fgure 2.7 Theflow chart of the new dgorithm for evauating the maximum power
point of PV array" \| 6}

Type64: PV System

The new dgorithm is used in the TRNSY S type 64 and the EES. This type is different
from old types that have been used in TRNSYS. It can accept other components of a PV
system. This means that any load which has a known |-V characteristic can be integrated into
this type. The operating point of the PV system can be found using the linear search method
ingde of this type indead of usng iteraion circle among PV aray and load components. The
flow chart of the type 64 is shown in Figure 2.8.

Parameters of type 64

1. Mode Cdl type

2. Gr of Reference radiation level (WIn2)
31 ref | Light current at reference condition (A)

Al goref Short circuit current &t reference condition (A)

5. |or of Reverse saturation current at reference condition (A)

6. Vocref Open circuit voltage at reference condition (A)

7. AYef | Thermd voltage at reference condition (V)

8{ Ry ef | Series resistance a reference condition (0)

0. lmpref Maximum power current at reference condition current (A)
10. Vmpr of Maximum voltage at reference condition V)

11. MuVOC Temperaure coefficient of cdl voltage (V/C)

12| Mul o Temperature coefficient of cell current  (A/C)




134T et Cell temperature at reference condition (C)
14.E| Band gap of silicon (€V)
15{Ng Number of cdlsin seriesin one module

16.N_S Number of module in series

17.N_P Number of modulein pardld

18.t0 30 Parameters of pump or other loads

Input of type 64

1.Radiation leve (W/In2)

2 Temperature ©

Output of type 64

1.Operating voltage of PV system V)

2.0perating current of PV system (A)

3.Maximum current of PV system (A)

4.Maximum voltage of PV array V)

5.Efficiency of PV array

6.Efficiency of PV system

7.Water output (Liter)

8 Water shortage (Liter)

9 and 10 arefree

The type 64 only uses the radiation and temperature as the inputs. This new agorithm is
aso used in EES. EES and TRNSY S program codes are gppended in Appendix A and B.
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24 a-Si Cell Model{ TC "2.4 a-Si Cell Mode" \I 2}

The future of &S cdl looks strong. Now it appears that commercid, multijunction &S
modules could be in the 7% - 9% efficiency range in the near term and Sgnificant public
announcements have been made by severd companies (e.g. Solarex-Enron and United Solar)

of 10-MW facilities to be built in the future. The &S could have a mgor impact on the PV
market if its cost isin the $1-$2.5 Wp™1 range.

The use of &S solar cells has grown rapidly to a point where they now account for
about 14% of al photovoltaic sdes (on power basis). To date , &S photovoltaic modules
dominate the market for indoor consumer products, but are mainly used outdoors in only low
wattage, the most popular gpplication isto use a aS module charging a battery. They are not
generdly being used in many of the higher wattage gpplications such as cathodic protection and
water pumping etc. Thisis largely due to the fact that the stabilized converson efficiency is not
good. Usudly efficiency of &S photovoltaic modules in range is 5% to 6% at beginning and
decreases with exposure time.  As a reault, the totd sysem cod is rdatively high for
gpplications where the cogt of mounting, framing, wiring and land is high.

On the basis of measurement results from NREL, we have investigated the effects of
modules performance parameters and environmenta factors on the energy ddivery of aS
module and developed a model that can be used for caculating the performance estimation of
aS modd.

2.4.1 Unique performanceof a-S{ TC "2.4.1 Unique performanceof a-S" \l 3}

1) Absorption mechanism of C-S and &S



The mog common semiconductor materid for solar cdl is dlicon. Furthermore,

cryddline slicon cdls and amorphous slicon are outstanding representatives of bulk and

barrier types.

C-S and aS solar cdls represent complementary cell types. The generation of
photocarriers takes place in the semiconductor bulk (C-S) or is confined to the barrier layer (&
Si). Carrier collection hence relies on the diffusion (C-S) or drift (&2S). The absorption length
within a C-S cdll condderable exceeds the barrier-layer thickness. Photo generation thus
occurs in fild-free regions. The photocarriers diffuse to the junction. The filed spike attached

to it sweeps the minority carriers through but blocks the mgjority carriers.

Carrier collectioninaaS cdl, in contragt, is confined to the barrier layer itsdf, i.e. the
electron-hole separating layer, and therefore provides a field-driven photo current. Ided C-S
and &S cdls rely exclusvely on photocarrier collection by diffuson and drift respectively.
Red cdls mosily combine the two collection mechanisms, though one of them may predominate.

A photocarrier can recombine before its arrival at the junction edge (C-Si cdll) or during
its passage through the barrier layer(barrier cell). In order to minimize recombination losses, the
photocarrier diffusion lengths in a C-S cdll should exceed the thickness of the absorber regions
extending over the edge absorption depth. The barrier width (derby length ) and the
photocarrier drift length should then exceed the absorption depth.  Thin-film cdll will profit from
ggnificant barrier collection. Since a very short distance is enough to collect the photo-

generated carriers.

2) Lossmechanism of C-S and &S



In a semiconductor, a photon which energy equas or is larger than the Eg of a solar cell
only generates a carier. Part of the energy of the photon is disspated as heat. From the
thermodynamic point of view, the loss mechaniam of a crysaline cell can be consdered as the
pure radiation which is an explicit function depending on the operating voltage. In amorphous
dlicon alocd dectric fidd may arise from a daic spatid variaion due to lack of long range
order , variations in dengity, or charged defects. Therefore the &S solar cdll has a high dengty
of state and form a recombination center at the end of conduction band and a valence band so
cdled band tail gate. In C-S solar cdl al atoms are in order therefore in the bandgap there is
amost no dengity of state. This an important difference between C-S and aS.. See Figure 2.9.

The loss mechanism of &S solar cdl can be summarized as following,

1). Band-tail recombination that &S has alarge dengty of statesin the band gap.

2). Deep-state denties

3). Defects of the materia

An unigue problem of &S cdl is that its efficiency decreases dong with the exposure
time. The phydcd interpretation of the decay is the light induced degradation (Staebler-
Wronsky Effect). The dominant parameter in the &S materid degradation of modules is the
decrease of the FF and Isc due to areduced carrier collection length. This can be interpreted by
two things, an increase in the number of dangling bonds in the midgap of the intringc &S layer
limiting the ambipolar carrier lifetime, also because the Fermi level moves to thevaance band tail

asshown in Figure 2.9.
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Figure 2.9 The bandgap of C-S and &S cdl{ TC "Figure 2.9 The bandgap of C-S and
aScdl"\I 6}

The single junction crestes metal stable defects via trgpping or recombination events. Single
- junction &S solar cells degrade by about 20% to 40% after a few months of exposure to
sunlight.  With multi -junction structures, the light induced degradation can be reduced to less
than 10%, and stabilized converson efficiencies of about 10% have been demonsrated in the
lab. Low cost automated manufacturing lines indicates that thin film PV will soon gart to

penetrate high voltage markets such as water pumping.



2.4.2 Condderation of a-Si Cell Smulation{ TC "24.2 Consderation of a-S Cell
Simulation" \I 3}

From an gpplication point of view, the degradation of photovoltaic cell converson
efficiency mainly depends on the weather condition such as light intensity, spectra distribution
and cell temperature. Performance of &S cell also depends on the exposure time,

The Egof &S cell is 1.7 eV. Because of the large bandgap, the high spectral response
range of &S cdl is in the range of 400 nm to 800 nm which spectrd digtribution does not
change so much during different seasons ( Green, 1993). It is dso different from C-S cell on
this point. Therefore the spectra distribution will not be considered in our andysis.

On the other hand, the solar cell fabrication technology is being steadily improved, the
deterioration problem can not be smply estimated based on the experiments with old ones. In

this project only the radiation and temperature effects will be considered.

2.4.3 Modedl of a-Si Solar Cell{ TC "2.4.3 Mode of a-Si Solar Cdl" \l 3}

In the present work, the objective is to invedtigate the effects of light intensty and
temperature on the &S solar cell and to develop a mode for smulating the characterigtic of a
S solar cdll. Because mechanism of loss is different between &S and C-S, the generd mode
which isused to smulate C-S solar cdll should be modified.

The accurate performance of a PV solar cdl can be represented by Equation.2.1 .
Generdly, Equation 2.1 can be gpplied to monocrystdline, polycrystdline and amorphous
glicon solar cel.



The Solar Lab's model (Townsend, 1989) is good to simulate the C-S cell. However
the model does not fit measurement of &S solar cdl very well. The main deviation is around the
maximum power point because &S solar cdl does not have as good of a fill factor as the
crysd slicon cdl does. In order to explain the low fill factors measured, the reduced series
resstance of the solar cell and the shunt resstance which are lower than that of crystd slicon
cell should be taken into account.

Therefore Equation 2.1 can be rewritten as following,

4 parameters equation
_ Lo ®o_ 0 V.
=1 - o1 s 1Eg e (2.11)
where
Reverse saturation current A)
[M  Operating point of cdl (A)

I | Lignt current (A)
Operating voltage of cdll (A)
Thermdl voltage V)

Ryy| Seriesresistor of cdll (m)

IL, lo, A and Reh have to be solved. Rsis assumed as zero.

To solve the Equation 2.11, the derivation of 4 independent relations from Equation 2.9
can be made as following.



At open dircuit point,V=Vgc, =0

0. expﬁﬁ—. - g \F/%h (2.12)
At short circuit point,V=0, | = Ig
I =lg (2.13)
At maximum power point,V=Vm, I=Im
by rearranging Equation 2.9 we have
Im=1, -1 } xp?/mo g, vm (2.14)

Aﬂl%Rsh

On theI-V curve, when the P=Pmwhich Pisa maximum power point,

Pm_Vm _

=g V=0 (2.15)
then

VoV

NMm__ Vm (2.16)
T

The Equation 2.2 can be rewritten as,

Y(LV)=1- I +X(V) =0 (2.17)



where

X(V) lggexp g5 12 Rsh (2.18)
differential two sides
V)V TY(LV) _

R R T (2.19)
av)_lo, a6, 1 (2.20)

v ATPeAd Ry

Y(LV)_,

" (2.21)

subgtitute the Equation 2.20, Equation 2.21 and Equation 2.16 into Equation 2.19, we have

Vv 8
m@—expaé/mo 120 (2.22)
IneA €A% Ryp

Equation 2.22 will be the fourth equation for solving the 4 parameters modd. An EES
program was written for solving the four parameters based on the four equations. When the
smulaion of a PV system includes the &S module, the operating point of a PV system can be
found by the procedure as shown in the Figure 2.11.

The procedure of the calculaionis
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Figure 2.11 FHow chart of PV systemincluding &S module{ TC "Figure 2.11 Fow chart
of PV sysem induding &S module' \l 6}

The comparison between the measurement from NREL and the smulation at different
radiation is shown in Figure 2.12. A good fit between the measurement and smulaion is
observed. Here the RM S difference which is defined as Equation 2.16 is .89%.

. 1/2
eé Q I )Zu
a - 'measure ) ¢
RMS% = € calculate _ a (2.16)
é Total points G
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Figure 2.12 1-V curve comparison between measurement and smulation{ TC "Figure 2.12 1-

V curve comparison between measurement and smulation” \l 6 }

Comparing the smulation results with measurements, there is a smdl difference. It
proves the 4 parameter modd by using Rsh instead of Rs can be used to smulate the &S cell.
All parameters of thismode have clear physica meaning.



