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ABSTRACT

To predict the performance of pholovoltaic powered energy systerns, compmuter
models of several system components have been developed. The computer models are
integrated into TRNSYS, a simulation program developed by the Solar Encroy

Laboratory.

TRNSYS hus been proven to be an accurate program in predicting and analyzing
solar thermal and other ¢nergy systems. It has a modular structure and consists of a
variety of individual subroutines which represent real physical devices. These
components can be conmected 1o systerns and simulations ean be run over different time

periads.

This thess describes the models of PV energy systems which have been developed.
T'hese are the photovoltaic arrays, a maximum power tracker, and different lypes of
loads. Two different water pumping systems have been chosen, The first is a direct
coupled system, consisting of a DC-molor and a centrifugal pump, In this case the
motor is direct coupled to the PV array, i.e. there is no storage device included, The
sccond $ystem 15 a system with battery storage, where a charge controller is necessary

lo protect the battery for overcharging and deep discharge. In addition components



representing a resistive load and a ventilaror type load are developed, Simulations of

real systems are run to validate the models.

The implementation of the eomputer madelz into TRNSYS provides the possibility
to run detailed simulations. Parameter studies can be done easily and thus an important
tool for designing and predicting a PV system is obtainad, The way the components are
written and the siructure of TRNSYS allows the user to add his or her own load

COMponents,
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Chapter 1

INTRODUCTION

1.1 BACKGROUND

The origin of Photovoltaic (PV) encrey conversion technology poes back in 1839,
when Becquerel first discovered the PV effect. Phetovoltaic energy conversion is the
dirget conversion of radiative energy, in form of sun-light, inte electrical CHeTEy.
Becquerel conducled experiments with acidic agueous solutians and noble metal
electrodes.  The first work on solid state PV devices was done in 1876. The
investigated marerial was sclenium with an energy conversion efficiancy which never
exeeeded more than approximately 2%. In 1954 the Bell Telephone Laboratories
produced the first practical Solar Cell, a single crystal silivon type cell with an cnergy
conversion efficiency up w 6%. Untl the mid-1970s the development of the new
energy technology hag been rather moderate and has heen determined by the dominant
conventional energy technologics, the fossil fuels, cspecially coal,oil and natural gas.
In addition the research cmphasis was on the development of nuclear energy. In (his
lime period PV power generation had only success in space applicatdons.

During the last ten years rhe situation has heen changed drematically, Tremendous

improvements have been attained in increasing the energy conversion efficicncy,
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reducing costs of cells, and different semiconductor materials have heen investigated.
The world record conversion efficiency for the most comman solar cell, the single
crystal silicon cell, was reparted in 1988 with 22.8% efficicncy, non-sunconcentrated
and under laboratory conditions. The hi ghest ¢lficiency was obtained for a crvstalline
gallium arsenide (GaAs) cell with 31% cificiency at 350 suns (1988), More recent

svelopments of Solar cells, the thin film cells consisting of polyerystalline copper
indium diselenide (CulnSe), and amorphous silicon cells, showed hoth efficiencics of
more than 14% [1]. New production technologies and automation reduced the sellin £
price of PV ¢ells and led 10 a growth of the PV indusiry. Some terrestrial PV syslemns
minly for remate applications are considered to be economical and ulility interactive
PV systems arc predicted 1o become competitive in the 1990,

Several factors are responsible for this evolution, The most significant faclors are
the world wide increase in energy demand and the fact that the fossil COCTEY SOUITES arg
finite and that they becoming more and more expensive, Anoclher important issue is the
impact of the energy technologies on the environment, Busnin g fossil fuels causes air
pollution &nd is among other effacts responsible for the so called greenhouse effect,
Nuclear encrgy technology is alflicted with a possible dunger and the storage problem
of nuclear waste. In contrast to that, the advantuge of the PV generiated energy is
apparent. It is & clean energy technology and is predicted to have a significant
contribution o the world energy production towards the end of this century, This
thesis introduces a tool for estimating the performance of PV power generation

Syslems.



1.2 OBJECTIVE

One of the most important fields in PV technology is system design. Despite of the
impravements in increasing the energy conversion efficiency, in practical applications
the efficiencies are stll relatively low and upper limits are set due o physical properties.
Therefore a great value has 1o be set on designing the components of a PV system. A

PV system works only properly if all the components connected ta a PV arTay match to

cach other.

The task for this research is to develop compuler models which are capable to
simulate real PV sysiem components accurately. The detailed models are integratad in
the Transienr System Simulation Program (TRNSYS) developed at the University of
Wiscomsin-Madison [2]. This provides a ol to predict und analyze the perfurmance of
PV powcred energy systems and thus o improve system design,

TRNSYS has been proven to he an aceurate program in simulating solar thermal
and other energy systems. Tt is designed to simulate transient systenig, it provides
important means of outputting results and means of handlin & meteorclogical data inpul,
Fixed collector surface as well as single-axis and two-nxis tracking simulations are

possible. It has a tremendous flexibility, i, simulating different system confisurations
Is pasily possible. Therefore it is an ideal frame Lor the implementation of PV system
components. TRNSYS is described more detuiled in section 1.2,

Figure 1.1 shows typical PV system conligurations, Systems are distinguished

considering several factors, The basic distinction is whether the load requires DC or
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AC power (dashed line in Figure 1.1). Systems with AC loads require a DC-AC
inverter. Another distinction is whether it is a so called stand alone syslem or & utility
integrated system. Stand alone systems are not conneeted to the grid but may have
other backup sources like a diessl generator, Applications are installed in remote
lovations, especially in developing countries. 17 tility integraled systems may deliver

energy 10 the grid and draw cnergy from it when NECCSEATY,

DC loads
Battery Subsystem —b=  resistiva: lighting
Daltary e fixed veltage: cathodic
_ protection
charge _ | inductive: mechanical
COMTol power
e
i
I
|
o E— Wi 1
i gl -~ resistive
| power tmcker 1
1
vollage regulalor ! n
& b= = fixed vollage
I
conteols Ir
De.be == inductive
ivarter : |
1 Erter DrAo |
I
Pawer Conditioning | ity arid
Linil,
AL loads

Figure 1.1 PV system configmalion



Stand alone systems may have a battery subsyslem for energy storage. Syslems
where the load component is directly connected to rhe PV array, withour any powsar
conditoning Cevice or ballery subsystem, are called direet coupled systems. Common
upplications are water pumping sysicms. Systems with ba tery storage require charge
contol to protect the battery from overcharging and deep discharge.

Muximum power tracker are used 1o oplimize the performance of 8 PV array, L.e.
produce the largest power output of a PV cell which leads 1o 4 reduction in PV array
area. Somg loads, such as fixed vollage loads, require voltage regulation. Maximum
power lracker, voltage regulators, controller and inverter are combined into the power

condilloning unit,

Several computer based models exist for siny lating and esumaring the performance
of PV systems. A review of available computer models was done by Smith and Reiter

[4] in 1984, Table 1 shows a brisf sumnary of this review done by Townsend | 3].

In this research, models of the basic components of a PV stand alone svslem are
developed, These are the PV array, a maximum power tracker and a battery storage
subsystenm.  Two standard hattery charge controllers, a series and a shunt lype
controller, arc developed. As load examples, an ohmic resistor, a ventilator type load
and water pumping lead are chosen. Madels of a series and separately excited
permanent magnet DC-motor, and models of a centrifugal pump and a fan are

developed.



MODEL ORIGINATOR | ATTRIBUTES |
— ST ——— — —=
Townsend M.S. |UW-Madison Simplified; Direct-coupled or Maximum
Thesis Power-Tracked systems; no storage or eco-
nemies; for fixed flar plate (F.p.) colleciors.
PV f-Chart f-Chart Seftware | Simplified; only for Maximum Power-
Tracked (MPT) svstems; includes storage
end econamics; for fixed or racking, f.p. or
concenmatng (con.) collectors,
PVFORM Sandia Labs Detatled, but can skip days to speed cales.;
MPT systems only; incl storage and eco-
nomics; for fixed, tracking f.p.
PVPM (PV Per- |Electric Power  |Detailed: MPT systems only; no storage or
formance Model) |Rasearch Inst. ecenomics; fixed, macking f.p. or con.
E&R (Engr. & Jet Prop. Lab Demiled; MPT or fixed voltage operaton; no
Reliability) ) storage or econ.; fixed, tracking f.p.
LCP (Lifetime Jet Prop. Lab Detailed; MPT only; no storage; includes
Cost & Perf)) econemics; fixed, racking f.p,
SOLCEL-I (So- |Sandia Lahs Detailed widay siip option; MPT fixed,or
lar Cell Model, battery-conpled voltege sys.: incl. star. and
Version 2) ecen.; fixed, tracking f.p, or con.
SOLSYS (Selar  |Sandia Labs Detailed; MPT fixed voltage, bartery-cou-
Energy System pled, or load T=f(V*)operation: inci. storage;
Analysis Prog.) no econ,; ixed or wacking £.p. or con,
TRNSYS/ASU  |UW-Mad/Arizona | Detailed; MPT, batt.-coupled sys.; incl. stor-
State/Sandia age and econ.; fixed,racking f.p. or con.
TRNSYS/MIT  |UW-Mad/Mass, |Detailed; MPT, fixed voltage operation; no
Inst. of Tech. storage, econ,; fixed or macking fp.
PV-TAP EDM/Sandia Transient, not appl. to long-term es:.
Stand-Alone Susrise Assoc/ | Simplified; fixed vol:age only: includes stor-
Medel Cleveland St age and econ; fixed f.p. only.

Table 1.1 PV Perfurmanze Model Summary. From Towrsend (3],
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The thesis is organized in the following way: First the developed models are presented.
Chaprer 2 discusses the model of a PV array and its clectrical behavior. The load
components are treated in Chapter three. The components of a battery subsysienm, i.¢.
the battery itself and the charge controllers, and a medel of a maximum power wacker
are discussed in Chapter four. Chaprer five is an analysis of the investigated PY
systems. Simulations and comparisons to expetimental data are discussed in Chapter
six. Finally, conclusions and recommendations for future work are presented in

Chapter seven,

1.3 THE SIMULATION PROGRAM

TRNSYS has a modular structure. It contains a variety of individual subroutines, the
components, representing the mathermatical model deseription of real physical devices,
The maodular nature of TRNSYS facilitares modeling number of diffarent svslem
configurations,

A system is defined to be a set of components interconnceted in such 4 manner as
the compenents of a real system would be connected 10 each other. A TRNSYS
systezn contains, in addition w 2 real system, components which make meteorological
data nseful for simulatons and facilities o output results. The means o construct such
a system ig called the TRNSYS deck. Itis a compuier file containing all the necessary
components and information w mun a sinmalation.,

A component is identified by its mathematical description and by information
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explaining the interface to its eavironment, 1.e. to other components and o the user.
This information is the parameters, inputs and outputs of 4 component. The inputs and
parameters are required to perform the caleulations which produce the outputs. Ina
system, the outpurs of one component may he the inputs of another component. The
parameters and Lhe interconnection information determining the dara flux among the
components have to be specified in the TRNSYS deck.

‘The simuylation must be driven by forcing functions, such as load profiles or
meteorclogical data. For a PV system the forcing functions are the solar radiation and
the emperature data, usually given on an hourly basis, For many locations data are
available for an average year, known as typical mereorological year (TMY) data, TMY
data provide the solar radiation on  horizontal surface and the temperatures. In general
any user supplicd meteorological data can be made available to TRNSYS simulations.
A component, called the solar radiation processor, converts the solar radiation dara
(rom the values on o horizontal surface to any filted surface, with or without t chking.

lor any rimestep specified by the user, TRNSYS will solve all the equations
defining the system via an itemative process, called suceassive substitution. Durin g the
calculations within a timestep, all the time dependent variables are considered 1o be
constant. ‘The solar radiation processor interpolales duta for chosen timesteps smaller
than the tmesreps lor which dara are available,

The user has to specify the length of & timestep and the length of the sinmlation
periad, which vin be of any length, in the deck, A convergence tolerance for the
process of successive subslitution has o be set also by the user. The description of
components and system modelling procedures in the following chapters should

gradually familiarize the reader with the specific featurcs of TRNSYS.



Chapter 2

MODFEL FOR A
PHOTOVOLTAIC CELL

In this chapter a mathematical model describin g the current-voltape behavior of 2 PV
cell is developed, Techniques to obtain the pararmeters and a solution of the relationship
are presented. The sensitivity of environmental inllucnces, such as irradiance and

temperature on the model, are examined and a TRNSYS component is lormulated.

Many models of varying complexity deseribing the hehavior of a PV eell exist. To
choose an appropriate mode! for detailed simulation, several factors need to be
considerad.

The most important ane is the accuracy which can he obtained. There is always a
tracdcolf between accurscy and simplicity, Te minimize the computational elfort which
is involved in long-term performance prediction, the model should be kepl us simple as
possible without sacrificing the reguired accuracy.,

In contrast to the utility grid, a PV cell is not a {ixed voltage source, Detailed
simulalion requires that the madel is able to predict current and vollage over the entire
aperating voltage range. Some simplified models provide current-voltage behavior just

4l maximum power, open voltase and short cireuit current points.
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Another factor is whether the data needed to drive the model is available, i.e. can
the data be obtained in the relevant literature and/or manufscturers publications.

Sophisticated mode!s often require data which is senerally not available,

Townsend [31 analyzed scveral models which satisfy the criteria stated above. e
proposed a four parameter model 10 be the most appropriate one for long-term
performance estimation. This model provided the best match with experimental data,
requited reasonable computational effort, and the information needed to abtain the four
purameters is readily available from manufacturers brochures, For these reasons it hus

been selected for the use in TRNVSTS and will he described in the following scctions.

2.1 A PV EQUIVALENT ELECTRICAL CIRCUIT

The electrical behavior of the chosen model is described by the equivalent circuir shawn
in Figure 2.1, It is capable of modelling a flat-plate non-sunconcentrated collector and
it is useful for steady state calenlations vnly. Long-term performance prediction does
not require consideration of the transient behaviar of 1 PV cell,

The light current, T, represents the current generated from the incident sunlight on
the cell and it is generally proportional w solar irmdiance, The dinde characterizes the
semiconductor junction of the cell material. Thus the diode current. I, iz the current
flowing internally scross the cell's semiconductor junction, All the internal dissipative
vleemrical losses are Iumiped together into the series resistance, Re. The cell resistance

elements are the semicondyctor material itself and the contact interfages,
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Tignre 2,1 PV ccll conivalent cireuit

Some mode!s also include a shunt resistance in parallel with the diode 1o account for
lealezge losses. A part of the gencrated energy is lost through internal cell leakage
caused by a recombination current in the pn-junction and the outer edges of the cell | 3]
Shunt resistance effects the I-V curve shape significanty only ar very low radiation
levels and even then only ar high vollages. A comparisan of the effect of shunt
resistance on modeled IV behavior has been conductad by Townsend |3]. The shunt
resistance is of a much higher order than the serics resistznce. Even for an
unrealistically low shunt resistance the effect on the senerated power was negligible,
This led to the assumption made in this modcl that the shunt resistance is infinite and,
therefore, it can be neglected.

The light current and the diade current define the cell I-V shape as shown in Figure
2.2, The non-illuminated cell has the same I-V characteristics as a diode. When the
ccll is being illuminated, the light current is added to the diode current, The only

differenice between a diode and (he cell pn-junciion is thar the diode consumes energy
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while the cell produces energy. The curves in Figure 2.2 are drawn with the current

sign convention in Figura 2. 1.

- Py call curve

CUITENL
L

_I_

=i virlbape ——

dicde or dark
- PV cell corve

Figure 2.2 Cell and diode I-V curves for ideal PV cell
Applying Kirchofls law of current, the 1erminal current of the cell is
I=I|‘ T]_'j (211}

The light current is related to irradiance and lemperature and the light current mezsurad

at some reference conditon:

o
L= |—_‘r’ IULREF + s (Te: - Terer)) (2.1.2)
\DyEF)



whera
Ii REF = light current at reference condition [amps]
P, Ppep = irradiance, acraal and at reference conditdon [W/n2)

Te. Te rer = cell temperature, actual and at reference condition [dugree Kelvin]
Wise = manuiacturer supplied temperature coefficient of short cirenit corrent

[amps/degres]

The diade current is given by the Shockley equation:

(:_L £y |{s}}

1
ID=IU(E=XP vETe |- 1_11

where
V' =terminal voltage [valrs]
o = meverse saturation current [amps]
¥ = shape faclor

Rg =series resistance [ohm]

I

clectron charge constant, 1.602x 10-19 ¢

-
Il

Boltzmann constant, 1.381 x 10-23 J/K

The reverse saluration current is

-0 Eq 1
j

Io=D(TcP mp(a kTe (2.1.4)
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whera
D =dicde diffusion factor
£q = malerial bandgap energy (1,12 €V for $i, 1.35 eV for GaAs)

A =completion factor

The reverse saturation current is actually computed by taking the ratio ol equation
(2.1.4) ar two dillerent temperatures, thereby eliminating D, Similar to the deter-
mination of Iy (equation 2.1,2), Iy is related to the temperature and the saturation

current estimated ar some reference condition:

ln=1; JI. C .]1 fl]u!s)( : 1l ﬂ (2.1.53
- - I caplk T;- A
3] LREF | FC,]{EJi, B O, REF i

and thus the I-V characieristic is deseribad by

'Lﬂmms}] _ ”

] -
I=I[,—Ig|[exp]l vk Te (2,1.0)

The shape factor i3 a measure of cell imperfection and is related to the completion
Iactor as Y= A x NCS % NS. NCS is the number of cells connected in scries per
madule, A module is defined as an array of cells, usually encapsulated for protection.
a5 il is supplied by manufacturer, and NS is the number of modulies connected 1n serics

al’ the entire array,

The [our unknown parameters are I, Iy, vand Rg or more precisely the paranieters

at relerence condition, While T and Rg are assumed o he conslant, Iy 13 a function of
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irradiance and cell temperature and Tn s a function of termperanre oaly, The evaluation
of these parameters is presented in section 2.2. The cell lemperature can be determined
[rom the ambient temperature and with the help of some standard tesl information as
will be shown in section 2.3.

For a given irradiznce. cell re mperature, and cell parameiers, a continuous
relationship of current as a function of voltage is given by equatiom (2,1.6). Itisa
nonlinear implicit equation and has to be solved numerically. The typicul current-

voltage and power-voltage output described by this equation is shown in Figure 2.3,

2.5 35
e 1 Maximun power .
= 20 paint -3z
= ai! L ;
& k) [ 25 2
= Linp =
E 1.5 1 J| L 20 a
& ] | &
1.0+ I - 15
|
| | - 10
0.5 I
\ gl
) YVmp *
0.0 : . : ; . y ! y : a
0 5 10 13 20 Voo 25

voltage [volis]

Figure 2.3 Curren-voltage and power-voliage charseteristics for a Solarex MEX30 modale,

al 1000 "k;"r':"']".'lz and cell IL‘-TIII:IE‘.’I‘a[ure =550

Looking at the 1-V curve, the PV cell is 3 consiant current sonrce al low voltages
wilh a current approximately equal to the short circuit current (Ige). With increasing

voltage al a certain point the current begins to drop off cxponentially to zero a open
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cireuit voltage (Vipe). Over the entire voltage range. there is onge point where the cell
aperates at the highest efficiency, this is the maximum power point, The goal of
system design 18 to operale the cell at that point.  System design. hawever, is
complicated by the fact that the maximum power point varics with irradiance and

fEmperature,

A basie factor which describes the quality of the 1-V curve is the #ll factor (FF):

FE = Yy e et W
Voo lse

Ve and Ingp are the voliage and current corresponding to the maximum power point,
The fill lactor is used to rale the squareness of the I-V curve. The Sgquarer the curve
the larger the fill factar (he greater is the maximum power outpur, The (11 factor is used

ta compare different solar cells under the sarme referenice comditions.

1.2 SOLUTION OF THE I-V EQUATION

AS mentioned in section 2.1, the I-V equation (2.1.6) can be solved numerically for a
glven rradiance, cell lemperature and a set of parameters (I, I, v, Rg), The method
used 15 Newzon's method. The information needed tw solve for these parameters is
shown in Table 2.1, The bandgap energy is published in scientific literalure.

Fvervihing else is supplied from manulacturer.



Symbol Units Name From
mfg?
— ===
i » M Wim? plane of array irradiance, referance Yes
D Wilmz2 plane of array irradiance Nao
- K cell temperature, reference Yasg
T | K cell temperature No
| A short circuit current, reference Yes
Vi l V open cirguit voltage, reference Yes
; A A maximum power point current, reference Yes
N i v maximum power point voltage, reference Yeas
WCS | 1/system nurmber of cells in series within the system Yes
Weee AK temperature ceefficient of short circuit curren: Tes
Kyge ViIK temperanure coefficient of open eircuit voltage Tes
£ Y bandgap energy - semiconductor material proper-| Wb
ty, assumed constant over flat plate PV operatng
temperatures; published in many texts
R, Q apparent (fumped) series resistance - if not pro- Some
vided by manufacturer, can be estimated by other
methods
Arca m? net rodule area Tes
i - K ambient :emperamure at Nominal Operating Cell Yes
Temperamre (NOCT) test condidons
Dyoer W im? plane of array irradiancs at NOCT condisions | Yes
Tuws | K cell temperarare at NOCT conditons Yes

—

Table 2.1 Tnformation required 1o solve for the medel. From Townsend (3],

17
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An obvious procedure to estimate the four parameters would be to find four
independent relationships involving T, Iy, vand Rg. A simullaneocus solution could be
eblained by solving this system ol cquations. This has besn done by Townsend |3].
Because of the nonlinear nature of the system of cquations, Newion’s method or an
equivaient method has o be used to solve the system. The solution of Newton's
mithod 1s very sensitive to the initial guesses. Initial guesses far off the correct values
may result in unrealistic or no solutions. Therefore, Townsend developed an alternate
method. First he derived a method to estimale the series resistance parameter. This
reduces the four unknown parameters Lo three. Solving for the remaining parameters is
then possible at some reference condition, where the necessary data sre available, using
explicit relationships as discussed in section 2.2.1. The method to evaluare Rg is
provided in section 2.2.2. The methods 1o cvaluate these paramerters in sections 2.2.1
and 2.2.2 are based on data for a single module. The methad 10 scale up the parameters
for the entire array s shown in section 2.2.3. Once I and I are known at reference
condition, they can be updated for other conditions using equations (2.1.2) and
(2.1.5). R and vare assumed to be independent of temperature and irradiance and need

not @ be updated.

2.2.1 Ewaluation of the Parameters

Information from the manufacturer is generally uvuilable ar three points on the I-V
curve! the voltage at open circuit Voo wpr the current at short circuil Ise pep and the
current and voltage at maximum power Ieprer 4nd Vigp pep. The procedure to solve

for the three parsmeters I rep loges and Yppp is by forcing the -V curve through the
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threw given points. This is done by setting up a systern of three equalions, As it will be
shown, this systemn can be simplified and an explicit solution is possible, The

relationships for the given points are

at short eircuil: I=Ige V=0
al open cirenit: 1=0 V=V
A0 TNAaXimum power: I=lyp V=¥pp

Substituting these expressions successively in equation (2.1.6) and introducing an

auxiliary variable ,v, W combine often repeated constants:

q

e "2 . 2. ] }
k Tepur
The system of three equations is given by
[ (‘-’ Tscprr R ]
Tscuer =TLREF - loRer lexp| ™ ¥ J 1 (2.2.2)
[ W Vnr.,nﬁn )
O=1 wrr- Togrer expl v - 1] (2.2.3)
. ("-' {-‘\'r_m-r AEF 'F'_:!.!\]?,EJZF Re _1|:I:FJ'. 1|
Intp ki = 1L REF - IoRer iexp ¥ J § {2.2:45

Lacking at Figure 2.1, at short circuit the series resistance causes a smuall voltage drop
and hence a small part of the light current gets shunted through the diode instead of

through the terminal. The order of the series resistance is so small thar the Iraction of
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the light current shunted through the diode is about one millionth [3]. For practical usc

it can be assumed that the light enrrent and the short cirenit enrreat are 2ijual under all

conditions. The product of Iy pep und the following term in parentheses of equation

2.2.2) com be omilled and a mivial solution for parameter [ is ohigined: I pppis
Ey 1.REF L.EEF

equal to lSC.E‘tEF*

Ancther simplification can be made regarding the -1 term in equations (2.2.3) and

(2.2.4). In both cases, regardless of the size of the system, the exponential term is

much greater than the -1 term.  For this reason the -1 term cun be neglected and the

system of equations becomes

ILrer = Iscauw

W Vugg__—ai]
O=~lscrer-lTogrnrexpl ¢ |

[‘»‘ (Var s + Tspr 1 S_:_].
Ine REF = Isc,uer - Ioper exp 'y

Substituting equation (2.2.6) inta equation (2.2.7) and solving far v gives

vV (Vvmprer = Ivpres Rs - Vioe kir)

n (1 ) IMP,REFJ
| ISC.HEF

A =
i

Finally lgy ppg is determined substituting y inlo cyuadon (2.2.6):

- Voo
Iorer = IscREF cxp| J

(2.2.8)

(3:2.9)
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e

LCach of these parameters is evaluated at the reference (i.e. known) condition for a
PV module as supplied by the manufacturer. For other conditions, I, may be updated

using equation (2.1.2), and Iy may b recaleylated usin £ equation (2.1.3).

2,22 Evaluation of the Series Resistance

Several different methods have been developed to determine the series resistance. The
method used in this study was proposed by Townsend [3]. Among the four methods
he investigated, u method based on an iterative search for a proper valuc of Ry
produced the best results. The method makes use of the temperature coefficient of the
open eircuit voltages, Wyee, which is olten supplied by the manufacturer.

The basic idea behind the procedure is 1o derive an analytical expression lor [y,
using the equations presented in the previons section, As discussed in section 2.2.1,
guessing a scries resistance [ixes the remgining parametsrs, L vand I (actually T, i3
independent on R by equation (2.2.5). The estimated parameters are used to develop
an analytical expression for yoe. The reported and the analytical value for Uyoe dre
cornpared and a binomial séarch routine, the bisection method, 15 used o convergs on

the proper value of Wyee by making new guesses for R,

The bisection method requires a lower and un upper imit for the convergence
variable, in this case for Rg. The lower limit is chosen to be zero ohms, The resultin a

parameters are obtained using equations (2.2.5), (2.2.8) and (2.2.9):



TLrow = Iscrir (2.2.10

- ¥ (Vmp rer - Voo REF)

YL T ; 22,11
MP REF
[ '1 - -—)
. Iscrer
- e '.,F'w] -
Torow = Iscwur ﬂxp( Toow | 2210

‘The upper limit for Ry is cstablished by physical limitations. Threa peints on the I-
Y curve are fixed independent of the values of the parameters, that is, the open circuir,
the short circuit and (he maximum power puint. The shape of the curve is described by
the parameters, mainly by the shape factor v. Since Rg fixes the remainin g parameters,
different values far Rg will effect the shape of the curve. 1t is observed that
progressively higher values of Rs result in progressively lower values of v, Thus the
lowest value of v wonld determine the upper limit for Rg, The low limit on 7 is given
by the number of cells in series, NCS, since vis the product of the campletion Factor,
A, and NCS, and A has o low limit of 1.0, The low limit of A corresponds to an ideal
cell behavior, Le. that cach photon-generated electron-hole pair contributes to the cell
current rather than recombining. Substituting v equal o NCS, equarion (2.2.8) may be

redrranged 1o obtain the upper Limit for Rs:

[ Ty e
RsMax=— + — mln{i - 'm)+ Voo rer - VMF.REF-‘ L F05 )
lypreEr| v | SCRILF

The upper limit Lor Iy is the same as the lower limil, because Ty is not affected by Rg,

and Iy is recaleulated acconding equaticn (2.2.9).
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The analytical expression for pvoe is obtained by rearranging equation (2.2.6) to

yield
Y. (screr |

Voo ru = ¥ ppfiscrer | (2.2.14)
v | Igrer |

and differentiating this expression with respect to cell temperature results in
F}V k I T B - o B 1]
hyoe = N OCRER Y|, [lscrer || Tomsrlise (3, 86 | g5 5
GTC:HF'F 9 | Ipper | IscpEr | Ak T(_jl_ig[;;r

This analytical value is compared to the measurad value for Uyoe and new guesses [or

I3 are made until the analytical and the empirical value match sufficiently.

2.2.3 Effect of Serics/Parallel Groupings

The power outpur from single PV cells is ralatively small (approximarely (0.5 Watts).
To produce the required voliage and power, PV cells are connecled in series and
parallel. PV cells are grouped into modules, the smallest assembly designed o produce
de-power and as mentioned before, the smallest unit availuble from manufacturer.
Modules are combined into panels and thase panels are connected together to build up

the entre PV acray, This way almost any desired -V characteristic can he gencrated.

The paramelers evaluated in section 2.2,1 and 2.2.2 are hasad on daly input for a

single module at some reference condition. To describe the 1-V churacteristic for the



cniine array the parameters need 10 be scaled up in the following wav:

It =NP =Ty

ID,IL‘JL = NI x ID

"'Il"u}': = NS }q 'T
E = ﬁ ¥ Re
-S.,[D[ NP 3

(2.2.16)
(2.2.17)
(2.2.18)
(2.2.19)

where NF is the number of modules connceted in purallel and NS i the number of

medules connected in series. This scaling method assumes that all modules in the array

are alike. Iris not possible (o produce identical modules. In reality thers will always be

4 difference between the overall value and the scaled values of the parameters. For

production (olerances of * 5-10 % however, the mismatch losses are nol significant

LG].

The effect of serics and parallel groupings on the I-V characteristics is shown in

[igure 2.4, Connecting cells in series will increase the voltage output, and connecting

cells in parullel will increase the current output, corresponding (o the expressions:

]-iI:J-L:NP}:I

V“-,;; = NS =

I
b2

(2.2.200)

(2.2.21)
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Figure 2,4 Effects of serics and parailel connections of PV modules un T-V characteristics. Solarex
MSH-30 madula: 1000 1‘&",-"111?' aml Teell = 0%

2.3 DETERMINING CELL TEMPERATURE

The cell temperature or more precisely the pn-junction temperature has a strong effect
on the performance of a PY cell as will be shown later, The degree of accuracy, with
which the cell temperature can be estimated, will effect the simulalion results
significantly. The method presensed here is based on data obained from a standard test
called Nominal Operating Cell Temperature (NOCT) test, This information is available

from manulacturer.
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The cell temperature depends on the ambient temperature and to the rates al which

incident energy is heing absorbed, dissipated and converted to electricity. An energy
(puwer) balance of the cell at steady state gives

Pulu:qu-.c = Dyosorbed - P-:fissipﬁted (2.3.1)

where the single power terms are determined as follows:

The generatad de power;

Pateorrio =@ Aea 1 (2.3.2)

M is the electric conversion cificiency.

The absorbed power (i.e. the absorbed solar energy) is

Pabsarkea =B Area T Cave (2:.3.3)
T Uave 18 AN average transmittance-absorptance product, or the ratio of absorbed to
incident energy, and is assumed to be constant with no correction for dependence on
incidence angle.

The dissipated power (L.c. the thermal loss) is given by

p-:".im-ip:i're.r.‘- = LI, Arey {TC = T.c.mh} ( 3

b
s
T
o

L s an overall loss coefficient including convective and radiative heat losses from the

cell top and bottom, and conduclion through anwv mounting framework thit may be



present. Conductive heat transfer within the cell iz neglected in this analysis, because
the cells are thin and have a small haat capacity, Hence the cell emparature 18 assumned
1o be the same within the entire cell.

Substituting equations (2.3.2) - (2,3.4) into cquation (2.3.1) and then rearranging,

an expression for the cell temperature is obtained:

Te = Tyms + 2T Save (1 st (2.3.5)
UL T Uavs!

The cell electric conversion ¢fficiency 1] varies from zero at short circuit and open
circuit points ta the maximum efficiency, depending on the actual cell operaling point,
To ascribe 1 4 constant value somewhat in the range of 0-209% does not affect the cell
lemperature calculation significantly. The difference in caleulated vell temperature, at a
lypical average irradiance of abour 600 W/m2, between 5% and 20% clliciency is
approximately 3°C for 4 assumed T ot of 0.9, This is in the ran e ol uncertainty
inherent in cell lemperature measurements even for slightly differcnt values for T ol
The chosen value for 1) is the maximum power point cfficiency at the given reference

condition:

_ IMpREF VMP.REF
Dy Area

TIREF

The loss coefficient Uy is evaluated using dala from the NOCT rest. Those are the
measured cell temperature Te yoer a1 an ambient temperature T4 yp oot and an
irradiance @ygoep as listed in Table 2.1, Eguation (2.3.5) is rearranged to solve for U,

neglecting the \erm /T i,y -
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T Dot (T Uavea) (2.3
Tenoer - Tame NocT

The NOCT test is usually conducted ar a total ifrradiance of 800 W/m2, an ambient
emperature of 20°C and a wind veloeity of 1m/s, not predominantly parallel to the
array, The cnvironmental conditions are often quite different han those test conditions,
A higher wind speed lor instance causes a higher rate of convective hear transicr and
has an effect on Up. But a difference in Uy has a rather small effcet on the evaluated
cell lemperature. Therefore, Up is assumed to be constant. Since higher wind speed
vields a lower cell temperature and hence higher power output, the gstimation of the

pawer aulpul 1s vonservative at higher wind speed,

2.4 EFFECT OF IRRADIANCE AND TEMPERATURE ON
I-V BEHAVIOR

The response of a PV cell to different illumination levels is shown in Tigure 2.5, The
family of [-V curves could correspond to § different times of a day, with solar noon
represenied through an irradiance of 1000 W/m?2 and exrly mormin g or lale afternoon
represented through an irradiance of 200 W/m?, Obviously irradiance has a large effiecl
on shert eirenil current, 1.2, on the horizontal arm of e -V curve, while the effecl on
open circuit voltage, i.e. the relatively vertical arm of the curve, is rather weak.
Regarding the maximum power output of o PV cell. it is obvious that whan the

irradianee is higher the cell generates more power.
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Figure 2,5 Effect of irradiance on IV characteristics. Solarex MSX-30 module: fixed Teell = 30°C

As mentioned in the previous chapter, the temperature has an affect on the output of
a PV cell. As shown in Figure 2.6, increasing the lemperature canses the voliage to
drop &L high voltages. Operating the cell in this region of the curve leads to 4 significant
power reduction at high temperanres, This is a particularly severe problem, since the
cell is often operated at the maximum power point, which is within this region. The
effect of temperature on short circuit current is small bur increases as the irradianece

i[ICTCASES,
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With the current described by equation (2.1.6), the partial derivarive of | with respect 1o

Wiy

ar [v (V 1 IRs)] Voo 31 _
W_ -]U SX T J‘J{ ?’K'I]. -+ Rf., ﬁ;} (2‘53“'

An explicit cxpression for 61/dV is obtained simply by rearranging the equation. Back
subslilution of this explicit expression into eguation (2.5.2) and using Iyp for T and

VypforV gives

L+ (v (Vi + [vn Rs | ' ¥ ¥ 'I
W Vi Len -
I+ Io-In r::x_ﬂt ¥ | %1+ Y — _ 25
+ v Eg ID |rvﬁMJ
|I l _Ll.?._._ ,E:-xp.l E J

To eliminate Vyp in equation (2.5.4), the general I-V equation (2.1.6) is used, with
Ipgp substituted for T and Ve substituted for V. Rearranging (o solve for Vi gives

vt‘ﬂ‘.’:gif"h"'_-"lﬂ_ 1|-Tmp Rg (2:5.5)

I ;

An implicit expression {or Lyp is obtained by substituting eanation (2.5.5) inwo equytion

(2.5.4):



[ -1 Iyp Rg v
{Inp - I, -Iey) lﬂllIL' I-r;ML-E- 1}'_HET§'_

Inp + ; Bov

0 (2.5.6)

Newron Raphyon method is applied to solve for Iyp using an initial guess given by

[15]
DzER

IvrGuess = NP (Typpip + Wise (Te - Terzs)) (2:5.7)

Once Lyp is found, Vygp may be caleulated using cquation (2.5.5) and thus the current
anc voltage al the maximum power point is determined for a given irradiznce and cell

lemperature.

2.6 TRNSYS COMPONENT FOR A PV ARRAY

In the previous sections of this chapter, ull the necassary equations have been darived.
These equations form the basis of a TRNSY¥S component. Every TRNSYS
component has three different groups of information: a set of parameters, an array of
input variables, and an array of outpur variables,

The information flow diagram for the PV array component is illustrated in Figure
2.7. "The component is represented as a box. The four inputs and the ten outputs are
listed and the arrows pointing in the direction of this informasion Now, as it is seen

from the componenl, is shown.
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Figore 2.7 Information flow diagram of the PV array component
The eighteen paramelers of the componeant are:

1.} leegpr  [amps] 10.) NS

2.) Vocrmr V] 11.) NF

3.) Tewse [FK 12)) Tenoer  1°K]

4.} Drer [Wim?| 13.) Tanocr [PK]

3.) Vaprer V] 14.) Dnocr [Wimd)

6.) Dapwer  [amps] 15.} AREA |m?]

R.) Lvoo [V/K] 17.) EG [eV]

9.) NCS 18.) Rg [ohims]
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The parameters are characteristic values which are fixed throughout the simulation.
The parameter list for the PV array component contains the module specific information
such as the measured 1-V characteristics at reference condition, NOCT test data and
details concerning the array size. Parameter 15) is the module area. If information
aboul T Uy, 15 lacking, a good assumption is a value of 0,9, The series resistance can
either be provided as 2 parameter or can be eslimated with the merhad prescoled in
section 2,22, If no information about the series resistance is available, parametar 18)

is et equal to a negative value and Rq will be evaluated,

Tnpaits are the time dependsnt variables such as irradiznec (in kI/m2) and
temperature (in °K), variables which depend on some other funclion and are subject ro
the iterative process in finding the proper solution (in this case the valta ge) and control
variables (Flag).

The need for the first two inputs, irradiance and ambienl temperature, is ohvious,
The choice of using voltage as an input instead of current noeds further explanation, Al
first it would seam to be better to have the current as input, since aquation (2.1,6) can
then be solved explicily for voltage, The computational effort invelved in caleulating
the current when the voltage is known could then be avoided. In urder to understand
why the voltuge is the better choice, something has to be szid abont how TENSTS

opcrates to find a solution,

The goal is 10 find the operating point of a PV system. In a simple case, a system
would be & PV array connected to an electrical load. The electrical behavior of any kind
ol load can be deseribed, in the same munner as the PV cell, by its I-V characleristic,

The operating point is simply given by the intersection of the two IV curves. Tn the
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case of an ohmic resistance the I-V curve is a straight line through the origin in the I-V
plane with the slope 1/R as shown in Figure 2.8 for three different resistances (R1 <

R2 <R3,

uperating point

. V'

Tt TN, POWEL

R1- paint

Figure 2.8 PV generator and resistive load IV characteristics, Crperating poios and the maximum

power point loous 18 shown,

The resistance R2 iz the optimal resistance, because its I-V curve interseels exactly at
the cell's maximum power poinl. Analytically the operating point could be found by
solving the system of two equations describing the PV array and load I-V curve. Tn the
TRNSYS approach the information which is necessary to solve the svsiem of
equations is distributed into rhe different components. In other words the equation
describing the [V behavior of the PV array is included in the PV array TRNSYS
compaonent, and the equations describing the load -V characteristics are included in the
TRNSYS lvad components. Hence the aperaling point cannot be found as proposad
above.

he operating point has to be found by an iterative process of exchanging
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information between the different components. A reeyelic informalion lovp can be

generated when the two components are connected as illusrrated in Figure 2.9,

PV array

Figure 2.9 Reevelic information flow batween the PV aray and he load

In g real system the physical guantities flowing through the wires would be the current
and in a certain sense, the voltage too. In the same manner voltage and current are
chosen as the information 1o be transferred between the components, The iieration
process begins with an inital guess, V, as an input 1o (he PV array component. The
PV array component caleulates the corresponding current being shifted to the load
component. The load component produces a new voltage serving as a sccond suess for
the PV array component. This process of successive subslitution is continusd unril
convergence is obtained, and the operaling point is found. For a batter understanding,

the procedure is visualized in the I-V graph in Figure 2.10, Since the environmental



