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Dynamic Multiphysics Model for Solar Array

Shengyi Liy Member, IEEEand Roger A. DougalSenior Member, IEEE

Abstract—An approach to model the solar cell system with cou- I,
pled multiphysics equations (photovoltaic, electro-thermal, direct 7,
heating and cooling processes) within the context of the resistive-
companion method in the Virtual Test Bed computational environ- I

sC

ment is presented. Appropriate across and through variables are .
1

at0

defined for the thermal terminal of the system so that temperature

is properly represented as a state variable, rather than as a param- %d

eter of the system. This allows enforcement of the system power %,

conservation through all terminals, and allows simultaneous solu-

tions for both the electrical potentials and the system temperature. ;

The thermal port built accordingly can be used for natural thermal

coupling. 7
The static and dynamic behaviors of the solar array model based ~s2t0

on the approach are obtained and validated through comparison

of simulation results to theoretical predictions and other reported &

data. The electro-thermal modeling method developed here can be m

generally used in the modeling of other devices, and the method ,,

to define the across and through variables can also be generalizedP

to any other interdisciplinary processes where natural coupling is P

required. 0

Index Terms—Electro-thermal modeling, resistive companion Q

method, solar energy conversion, Virtual Test Bed simulation. 0.
Qr
NOMENCLATURE R
A Area (in square meters). ?Sh
B(t — h) History vector. T
b,(t — h) History for noden. TS’
C Temperature coefficient of light-induced current ;
(in amperes per degrees Kelvin). V(1)
S Specific heat (in joules per kilogram per degreeg,
Kelvin). v
D Pulsed power load duty ratio. "
d Cell thickness (in meters). U:‘}
E(N) Solar spectral irradiance (in watts per square metg‘f
per micrometer). nT
E, Band gap (in electrovolts). -
Eg Band gap at a reference temperatilisg(in electro- ~
volts).
e Electronic charge. "
! Pulsed power load frequency (in Hertz). 7)7\9'
G Conductance matrix. -
Imn Conductance of node: with respect to node.
h Time step (in seconds). g%
he Cooling coefficient (in watts per square meter per
degrees Kelvin). %
I(t) Terminal through variable vector.
Ip Light-induced current (in amperes).
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Junction saturation current (in amperes).

Junction saturation current at temperatiiggin
amperes).

Short-circuit current (in amperes).

Solar cell current (in amperes).

Junction current (in amperes).

Terminal through variable at node

Light terminal through variable.

Thermal terminal through variable (in watts per
degrees Kelvin).

Junction saturation current density/at(in amperes
per square meter).

Boltzmann constant.

Mass (in kilograms), also for node numbers.

Node numbers.

Solar irradiance (in watts per square meter).

Solar irradiance at reference temperatdig (in
watts per square meter).

Power (in watts).

Electrical power (in watts).

Thermal power (in watts).

Intrinsic series resistance of the solar cell (in ohms).
Intrinsic shunt resistance of the solar cell (in ohms).
Temperature (in degrees Kelvin).

Ambient temperature (in degrees Kelvin).
Reference temperature (in degrees Kelvin).
Independent time variable (in seconds).

Terminal across variable vector.

Cell voltage (in volts).

Junction voltage (in volts).

Terminal across variable at node

Junction thermal potential (in volts).

The light-induced current due to temperature varia-
tion (in amperes).

Emissivity.

Junction ideality factor.

Quantum efficiency.

Energy conversion efficiency.

Photon wavelength (in micrometers).

Light transmission coefficient.

Reflection coefficient.

Spectral dependent responsivity (in amperes per
watt).

Spectral averaged responsivity (in amperes per
watt).

I. INTRODUCTION

NERGY conversion in a solar cell includes two funda-
mental processes:

1) a photovoltaic process that converts the light into
electricity;

0885-8969/02$17.00 © 2002 IEEE
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procas Fig. 2. Equivalent circuit for the electrical characteristics of a solar cell.
Fig. 1. Energy conversion processes, direct heating, and cooling processes in Il. SYSTEM DESCRIPTIONS OFSOLAR CELL

a solar cell.
Three distinct energy forms are involved in photovoltaic solar
energy conversion: light, electricity and heat, as was shown in
2) an electrothermal process that turns some of the elecifify 1” The mathematical descriptions for the conversion pro-

energy into heat. cesses and the inter-relations between the different energy forms
In addition, there are direct heating processes due to absoMjl be discussed in detail.
tion of the solar spectral irradiance outside the region of photo-
voltaic effect, heating due to recombination losses, and coolig Photovoltaic Process
processes due to conduction, radiation and convection, as illusThe processes involved in conversion of light into electric

trated in Fig. 1. The properties of the junction of a solar cellnergy in a semiconductor photovoltaic cell (or a solar cell) are

through which the photovoltaic process takes place are strong)¥|| known and documented [9]-[15], so we will only briefly

temperature-dependent. Therefore, it is important to model th¢mmarize them here. In describing the electrical characteristics

many physical processes as a whole in order to precisely pre@ith solar array, a physics-circuit oriented approach [10], [12],

the dynamic response of the solar cell. [14], [15] is prevalent in the literature and proved to be effective,
Traditionally, the thermal process of an electric device &0 it will be used here. The equivalent circuit of a solar array,

modeled by a separate thermal network, employing the cafown in Fig. 2, has four components: a light-induced current

cepts of thermal resistance (due to a finite thermal conductivitypurcelp, a diode parallel to the source, a series resigor

and thermal capacitance (due to heat capacity of the devived a shunt resistok.;. The light-induced current is due to

mass) [1]-[6]. The analogous relationships between electri¢ae separation and drift of the photon-generated electron—hole

and thermal circuits make this easy to do in a standard circpirs under the influence of the built-in field. This current is

simulator. Here, temperature corresponds to voltage, and h@isgctly proportional to the irradiance. For a given cell material,

power to current. However, because heat power is useditds expressed as

the through variable in the conventional thermal network, the

thermal terminal cannot be used for natural thermal coupling Ip(t) = RAP(t) + 8Ip 7(t) 1)

(the product of the across variable—temperature, and the

through variable—heat power, does not equal to power). WhereP(t) is the solar irradiance in W/t A is the active area

the present work, we are seeking a thermal terminal that darm?, and® is the spectral-averaged responsivity [16] in A/W,

be used for natural heat power transport, so that the systefich is given as

power conservation can be observed, and the inter-disciplinary

processes in the system can be modeled uniformly based on _ fMEg) RE(N) dX

the fully coupled multiphysics equations. To accomplish that, R=2 foo E(V d

appropriate across and through variables are defined first for 0

each individual terminal based on the natural conservatigiorer (1) is the solar irradiance spectral distribution function,
laws fpr the pertinent phyS|.caI processes. Second!y, the dev%)\(Eg) is the wavelength corresponding to the band gap. The
equations are formulated in a way that allows simultaneoyssnonsivity depends not only on the cell material, but also on
solution for all across variables of the system, including thge weather conditions since the wavelength distribution of the
electric potentials and the temperatures. Here, we formulgigdiance varies as sunlight passes through the atmosphere. The
those equations in resistive-companion form (RC) [7], and thgfandard spectral irradiance functions for different air masses
demonstrate the implementation and results in the virtual t$%] can be used to evaluate the averaged responsivity for given
bed (VTB) [8] environment. cell materials. For solar cells in space applications, the spectral
The rest of this paper is organized as follows. The mathgradiance corresponds to air mass 0 conditions.

matical descriptions of the physical processes in a solar celln equation (1)61p 7 (t) is the light-induced current change
are given in Section Il. The RC model formulation for thosgue to temperature variation. The band gap decreases at
processes is derived in Section I, with particular attention tgigher temperatures, which effectively increases the number of
the details of the thermal terminal. Section IV illustrates the rghotons that can create electron—hole pairs. In the meantime,
sults obtained by applying the simulation model in a particul&igher temperatures reduce the diffusion length and lifetime of
system and provides validation of the model. The conclusionarriers, therefore they increase recombination loss [18]-[20].
are made in Section V. The net effect is that the light-induced current slightly increases

)
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at higher temperatures. The temperature correction term to the&nge of the cell internal energy equals to the net heat power

light-induced current can be approximated as [21] absorbed by the cell. This can be expressed as
§1p, 1(t) = CIT(e) — To) L @ ) _ ) —w®lP | pOP
br 0 J2) mep — = I + R, + ta(t)va(t)

where 1% is the irradiance at an arbitrary reference tempera-  +(1—p— 7 —)AP(t) = > he(A[I(t) — T.] (8)
ture 7y, andC is the temperature coefficient having a value of
0.0017 A/K for a silicon solar cell. wherem is the mass in kilograms,, is the specific heat of the
The diode in Fig. 2 represents the p—n junction of the solgg|| in J/(kgK). p is the irradiance reflection coefficient of the
cell. Under normal operating conditions, the potentiails pos-  cell surface,r is the irradiance transmission coefficient of the
itive so that the photocurred}, produces a net positive power.ce|l, andy is the quantum efficiency [16] of the photovoltaic
The diode is forward biased, but conducts only weakly. Phygjrocess. The first three terms on the right-hand side represent
cally, the diode current is due to the diffusion of minority carmternal losses due to ohmic heating in the series and shunt resis-
riers in the depletion region, which represents an incompleghces, and due to incomplete carrier collection resulting from
collection of electron—hole pairs due to diffusion [13]. The regiffusion current [13], [15]. Notice that, the specific heat and
lation of the current to the biasing voltage follows typical ideahe electrical conductivity of the cell are in general functions of

diode characteristics [15], as given by temperature. However, to a first approximation, we will assume
valt) they are constant in the range of our interest. The fourth term is
iq(t) = La(t) <exp< d ) - 1) (4) thedirect heating from the sun. The direct heating is equal to the

T0n(t) total solar power incident on the cell surfad€(¢), minus the

where- is the diode ideality factor,,; andv, are the reverse reflected powep AP(t), the power transmitted entirely through

saturation current and the thermal potential, both of which aj€ devicer AP(#), and the optical powenAP(#) that con-
the function of temperature. The thermal potential is tributes to the light-induced current. Notice that and» are
all spectrally-averaged values. For the best solar energy conver-
ET(t)

B 5 sion performance, the quantum efficiency should be increased;
ven(t) = e (5)  while the reflection and transmission coefficients should be re-

i i i duced as much as possible for the photons of energies higher
The saturation current depends on the type of junction. FOua,, the band gap, and they should be increased as much as

p—n junction, considering that the temperature effect on the Sﬁ&ssible for the photons having energies lower than the band
uration current is primarily due to the temperature depende . Depending upon particular designs, advanced technologies
of intrinsic carrier generation, it can be approximated as [15] (e.g., coating and texturing on the surfaces [22]) can be used to
T(t) 3 increase the conversion efficiency and to reduce direct heating.
Lot (t) = Laro <—> The last term is the heat power loss due to cooling mechanisms
To such as conduction through the heat sink, and radiation and con-
.exp< e <Eg(T0) B Eg[ﬂﬂ])) _ () Vection from the cell front surfacéL, is the ambient temper-
k 15 T(t) ature. The effective cooling coefficient, is specific to each
. ) . ) mechanism, and it is in general a function of temperature.
The notations in the last two equations are explained as fOHOWSEquation (8) assumes a lumped thermal model of the solar
k is Boltzmann constant, anao is the reverse saturation Cur-ce| Heat is mainly generated on the near-surface layer where
rent at an arbitrary reference temperatiige the events of electron—hole pair generation and recombination,
The output current from the solar cell is anetresult of the driff, ren flow and absorption of direct heating take place. Most
current of carriers due to the built-in potential, the reverse dift the generated heat is then conducted through the substrate to
fusion current due to the carrier concentration gradient, and i} heat sink. Convection and radiation carry heat away from the
leakage current due to shunt resistance. Considering the eqyint surface of the solar cell and from the heat sink. Here, the

alent circuit shown in Fig. 2, the relation between the solar cgllyherature of the solar cell is that of the bulk of the cell active
terminal current and voltage can then be found as layer and the substrate.

Equations (1)—(8) complete the mathematical descriptions of

i(t) = 1 <v(t) — v (t) the interdisciplinary system—the solar cell.
R, '
n Ip(t) +i(t) — 2 )L . Ill. RC MODEL FORMULATION
Lot () R’ The resistive-companion method provides a way to account

_ _ o for natural conservation laws by defining a pair of across and
Equations (1), (4), and (7) constitute the descriptions of thigrough variables at each terminal. The device object interacts

photovoltaic processes. with the VTB network solver by providing the device conduc-
tance matrix and the history vector in each simulation time step,
B. Electro-Thermal Process so that the solution to the entire circuit can be sought by the

The electro-thermal process and heating/cooling process afadver based on the mathematical equivalent of a nodal circuit
solar cell is governed by its energy balance equation. The rateaoflysis. The solver requires that the relations of the terminal
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A. Electrical Terminals

in Fig. 2, except that the terminal variables are assigned to each
node. Naturally, the terminal variables for these two nodes are
f T T I h the electric potentials and the currents. Notice that the conven-

tion for positive current direction is into the node. It can be seen
7 that

;i !.'" Wiy _ The circuit between nodes 0 and 1 in Fig. 3 is a copy of that
i
|

i(t) =dio(t) = —ir(t) (10)

o(t) =wo(t) — va (1), (11)
The terminal currents depend on the node voltages at 0 and 1,
and also on the irradiand@ and the temperatufE (the across
variables at nodes 2 and B;andT are also used as subscripts
to denote the names of the corresponding nodes). The standard
RC equations follow that

Fig. 3. Circuit representation of the equations that describe the physics of a g (t)
solar cell.
gio(t)> _ <900 go1 gor 90T> v (t) _ <b0(t - h)>
variables for each device be written in the following standar i) gio i gip 9T P(t) bu(t = h)
form: (t)
(12)
where the conductance elements can be found as
I(t)y=G-V()— B(t—h) 9) 9
Jmn = < m) , form=0,1,,andn=0,1, P, T.
av" t—h

where I(t) is the through variable vectol/(¢) is the across

\rfiisrtlggev:a/gtcot?:)gf:tlrfetgiaevciggd:r(;utjailg(iﬁems?rt]:lﬁafttiop ltLianz gtfp To find the history vector, the first order Taylor expansion is
Notice that although the term “conductance matrix,” inherite%pp“ed to approximate equation (7). This yields
from electric network analysis, is used, the terminal variables %0(t) =%0(t — 1) + gooAvo(t — k) + go1 Avi(t — h)
are more generally across and through variables, not necessarily + gopAP(t — h) + gor AT(t — h)
voltag(_a and cqrrent. As st.ated preylously,_ one of goals of this — goovo(t) + gorvr (£) + gop P(E) + gorT(t)
paper is to define appropriate terminal variables so that natural .
thermal coupling can be achieved. +io(t = h) = goovo(t = ) = gorva(t — 1)

To build an RC model for a solar cell, it is helpful to use — gorP(t = h) — gor T'(t — h). (14)
th_e illustration in Fig. 3. It shows_ that the solz_ir cell interact§gtice that equation (14) is already in the standard form. The
with the external world through its four terminals. Nodes ﬂistory forig is
and 1 are electric terminals through which the cell provides
electric power to the load. Node 2 is a light terminal thdio(t — ) = —io(t — 1) + goovo(t — h) + gorvi(t — h)
receives irradiance from the sun. Node 3 is a thermal terminal +gopP(t — h) + gorL(t — h). (15)
that allows _carrying hegt energy in_to_or out of _the_solar Ce}\lpplying equation (10), it can be found that
via conduction, convection and radiation. The circuit network
shown in the cell chip—an imagined built-in circuit that is bi(t —h) = —bo(t — h). (16)
governed by (1)—(8), characterizes the interrelations of the
terminals. Note that the circuit drawn on the semiconduct&:. Light Terminal

yvafer represents the physmal Processes _Of t_he solar cell. ItI'he interaction of the electrical circuit with the light terminal
is not an actual physical layout of any circuit of the solair

cell. At this point, the conductances for nodes 2 and 3 haye SPecified by equation (1)—the light-induced current is lin-

not yet been defined. The conductance for each terminal (?ﬁ\rly proportional to the so_larirradiance Fhat i_s an in_putquantity
be found as the RC model equations are derived. In f;\f: ,rthe s.olar ceIIsystpm. Slnce the splarlrradlance is no.t.afun.c—
the circuit network itself is the direct result of RC modefon of either the cell junction properties or the load conditions it
equations. Although a circuit representation can always 't;ethprefore appropriate to treat the irradianc_e as a signal input.
drawn for a nonelectrical system based on the RC equatioﬁé’,h"e future versions of the VTB computational system will

it is neither imperative nor necessary to do so if the circufOMPly with IEEE VHDL-AMS standards [23] with respect to
confuses the nature of that physical system (e.g., a mechanfRiect coupling methods: natural coupling, signal coupling and
shaft, a fluid stream or a chemical system). Here we ug@tacoupling, the currentrelease version of VTB treats all ports
a circuit to illustrate the modeling procedures because it @ natural ports. We therefore implement a signal port for the
simply intuitive and instructive for that purpose, and familiaRC solver by specifying a low but not zero input conductance
to this audience. that negligibly loads the irradiance “source.” This finite input

(13)
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TABLE | Now a natural thermal coupling terminal can be established
TERMINAL COMPARISONS by applying equation (18). The energy balance equation, re-
placing the heat loss terms in equation (8) by the heat power

Terminal  Notation Quantity Unit X i
" clectric potential v transferred through the terminal, now is
Electric (across variable)
terminal i Current A
2 2
(through variable)  (W/V) drt) _ ) —w@l | [POF . o o
! cpm + + ia(t)va(t)
Q. Electric power W dt R Ry,
T Temperature K +(1—p—7—n)APE)+i7(&)T(t). (19)
Thermal (across variable)
terminal ir thermal current W/K
(through variable) Again, by convention, a positive value of the through variable
Or Thermal power W

represents flow into the node. Note that all heat energy is re-
moved from the solar array through the thermal terminal, regard-
less of the heat dissipation mechanism. So if radiative cooling
conductance is shown at the left of the circuit in Fig. 3.) Sinde significant, a radiator model can be attached to the thermal
the current into a signal port should ideally be zero, assigningart. If convective cooling is important a convective cooling

through variable to this terminal is simply for the convenieno@odel can be connected, in addition to, or instead of, the ra-

of writing the RC equation, which is given as diator model, and so forth for other mechanisms.
To obtain the RC equation for the terminal, equation (19)
vo(t) is discretized within one time step using trapezoidal method.
Solving forir(t), yields
ir()=(0 0 =N 0) a0 an
m Rp P(t)
. hepm he,m . Tt —h)
T(t) ; _ neptt ettt = n
i (t) 5 < 5 +ip(t h)) 0
where,Rp, is the input resistance of the light terminal, which @) - va(H)]? + [v(t — k) — va(t — h))?
should be very large so as not to “load” the solar source. R,T(¢)
@ + [v(t - )P
C. Thermal Terminal - R T(t)
We use here temperature as the state variable that defines the _da(t)va(t) + tat — hva(t — h)
internal energy of the solar cell system. This is a reasonable T(t)
assumptlon_ pecause change of the mass dgr?sny hen.ce change (1—p—7—AP®E) + Pt — h)]
of the specific volume of the solar cell is minimal during the - ) . (20)

normal operation range of the temperature from 200 K to 400 K.
Like an electric potential difference causing electric power flow,
a temperature difference results in thermal power flow, hencerfie RC equation is found by following the procedures used in
is natural to identify temperature as the across variable. Hopart A to get

ever, unlike an electric terminal that transports powgr (=

1-v), the conventionally defined thermal terminal does not trans-

port power if heat power is used as the through variable because vo(t)
Qr # Qr-T). ThusQr is not an appropriate choice of through v1(t)
variable for natural thermal coupling. We overcome the probleniz(t) = (9r0 g1 9rr grr) Py | (br(t—h))
by defining the thermal through variahle so that the following ()
ion i t
equation is enforced 1)
where
Qr =ir-T. (18)
= (% forn=0,1, P, T (22
That is to say, a heat powé} will be produced if a thermal g1 =\ 3 . orn=0,1, P, (22)
through variable of a quantity- flows into a terminal at a tem- ] '
peraturel’. The unit ofiy is thus W/K. To further explain equa- br(t = h) =—iz(t = h) + grovo(t — 1)
tion (18), Table I lists corresponding quantities for electric and + grvi(t —h) + grpP(t — h)

thermal terminals. + grrT(t —h). (23)
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The complete RC model equations for the solar cell including TABLE I
natural thermal coupling are then given as PARAMETERS FORSILICON SOLAR CELL
io(#) ) Parameter  Unit Value
(3 U
‘0 goo go1 Gor GorT 0 AMO AM1
i1(t) | 910 911 9g1ir ar vy (t) Eq eV 1.106
ip®)] L O 0 gpp O P(t) Jyato Al 1.35x107
i () gro gri grr 91T T(t) Y 1.13 1.0
R AW 0.379 0.305
bot =B 4 m’ 0.01
bi(t—nh
AN (24) R, Q 0.0432 00113
0 Ry, Q Sk
br(t—h m kg 0.117
w(t = k) e Tkg 712
K
D. Energy Conservation and Efficiency
With the newly defined thermal through variable, it is now Scler Amay
possible to write the energy conservation equation for the e _ [P
system in terms of its terminal variables. This is given as =
- —
dr > F
(1-p—1)AP+iw+irT =cpm T (25)
The first term on the left-hand side is the net sun power received r
at the light terminal, the second is the electric power from its = Ambienl Temperaka

electric terminal, and the third is the heat power from the thermal

terminal. The net power absorbed equa|s the rate of changé:iéf“- Circuit to test the operating characteristics of the solar array.
internal energy. Using equation (19) in (25), the quantum effi-

ciency can be found as IV. VTB SIMULATION

, X The example model is for a single-junction silicon cell with
% + R”S]L +iqug — v a 10 cmx 10 cm light-sensitive area. The array is also assumed
= AP ’ (26) to have a light tracking system, and anti-reflection techniques
on the front surface and the reflector on the back surface are
Equation (26) explains that the quantum efficiency is a ratio aked in the cell so that the reflection and transmission coefficient
the sum of the electric power delivered and the internal lossa® nearly zero. Some typical values [15] of the cell parameters
to the total solar power incident on the cell surface. The ethat are used in the model are listed in Table Il. Note that the
ergy conversion efficiency, defined as the ratio of electric outpigteality factory and the series resistanég are used as fitting
power to solar input power [11]-{13] can be found, from equgarameters since the junction properties largely depend on the
tion (26), as details of the material microstructures and the manufacturing
processes. The energy gap is assumed to have a temperature shift
of (2.3 x 107%) eV/K.

: povd®
— R, + Ron + 1qvg

T=ap =" AP

(27)
A. Solar Array Static Characteristics

One can infer from equation (27) that, under the condition of no Fig. 4 shows a VTB schematic view of the circuit to obtain
ohmic or diffusion losses, the conversion efficiency equals tilge static characteristics of the solar array. The array is of 10
quantum efficiency, and we have= —Ip, v = vy4. Therefore % 10 cells, each of which has the parameters listed in Table Il.
The irradiance model provides to the array input termifi@n
Ipuy insolation level of 1353 W/fhwhen set to AMO condition, or
AP (28) 1070 W/n? when set to AM1. The thermal termindl of the
array is connected to a heat sink that carries heat away to the
Although equation (28) is derived from a special case, it apmbient represented by a thermal source. By using a capac-
plies to all conditions of solar cell operation (except the opeitor as the load, the array sweeps through its entire operating
circuit case). It simply says that the quantum efficiency is thange, from short-circuit to open-circuit conditions, so that the
ratio of the power carried by light-induced current to the totaperating characteristic§{ V', @Q~V") are easily obtained in a
solar power irradiated on the cell surface. Equation (28) will lengle simulation. Since the capacitor is charged to an open-cir-
used in the energy balance equation (19) for the device therroalt voltage in less than 0.3 s (the time constant is about 0.02 s),
modeling. the operating characteristics so obtained are under the condition
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Fig. 5. Array current versus its voltage for the temperatures of (from riglig. 7. Comparison of energy conversion efficiency predicted by VTB model
to left) 273 K, 300K, 325 K, 350 K, 375 K, and 400 K. Solid lines for AMO (lines for AMO and AM1 are overlapped) to the data (circles for AMO and
condition, and dotted lines for AM1 condition. diamonds for AM1 are overlapped) from reference [15].

0 oo T T B. Dynamic Simulation

An integrated photovoltaic power system using a solar array
as the main power source was built in the VTB environment,
as shown in Fig. 8. Included in the system are a Ni/Cd battery
array for energy storage, an ultracapacitor bank for extension
of battery discharge life [24], a transmitter as a pulsed power
load, a maximum power point tracker (controller, converter and
sensor), and a solar irradiance model. Table Il lists the setup
parameters for all these components.

The power system is assumed located at the latitutie 34d
longitude 82W. The sky is assumed clear, and the ambient tem-
perature is 300 K constantly throughout the day. The time of the
system operation shown by the simulation results is from 5 AM
to 8 PM, June 21, total 15 h. VTB computational environment
Fig. 6. Array output power versus its voltage for the temperatures of (frolOWs to graphically view the dynamic states of many terminal
right to left) 273 K, 300 K, 325K, 350 K, 375 K, and 400 K. The solid lines forand internal variables. Here, the results that are most related to
AMO condition, the dotted lines for AM1 condition. the subject of this presentation are summarized in Figs. 9—12,

and explained as follows.

of nearly a constant array temperature. Note that the maximuntig. 9 shows the various types of power and relations among
increase of the cell temperature in 0.5 s is 0.08 K for an ambighem as a function of time. In particular, the graph is used to
temperature of 400 K, therefore the effect on the operating chaerify the power conservation on which the solar array model
acteristics due to temperature variation can be ignored. This is-built. The horizontal scale is expressed as a percentage of
sures that the thermal condition is static. The output variablegal simulated time. 0% is corresponding to 5 AM, while 100%
from the array model include the voltage, current, efficienayorresponding to 8 PM. From bottom to top, the curves are for
and temperature that can be used for array performance atia¢-electric output power, the radiated heat power, the convected
ysis. The results are explained as follows. heat power, the sum of output heat and electric power, and the

Figs. 5 and 6 shows~V andQ~V characteristics obtainedirradiated solar power. As can be seen, the solar irradiation in-
from simulation under AMO insolation level (solid lines) andreasesinthe morning, and decreases in the afternoon. The array
AML1 insolation level (dotted lines). Notice that although thstarts to convert the energy when the sun rises at about 5:15 AM,
short-circuit current increases as the temperature increases athe ceases to make energy when the sun sets at 7:25 PM. During
open-circuit voltage decreases at a faster pace, resulting in lowesst of the day, about 10.9 to 12.2% of the irradiated solar
output power. Corresponding to each temperature, there ipawer is converted to the electric power, while the rest of the
maximum power point that can be used as the operating poinstar power is turned to heat and eventually dissipated to the
extract maximum power from the array. At the maximum powamvironment through radiation and convection. Notice that in
point, the array energy conversion efficiency is at its maximurthe morning, the sum of the output heat and electric power from
The efficiencies predicted by the model are compared to the dttia array is less than the irradiated power. The difference results
from [15] and shown in Fig. 7, where the circles and diamorfdom the absorption of the heat that is stored as internal energy
(overlapped) are data points, and lines are simulation results.l®\sthe array (temperature increase). In the afternoon, the sum of
can be seen, the conversion efficiencies are matched very wiile output heat and electric power from the array is higher than

Array Output POwer (W)

Axray Yoltage (V)
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Fig. 8. Integrated photovoltaic power system in VTB computational environment for dynamic simulation and virtual prototyping.

TABLE 1l

INTEGRATED PHOTOVOLTAIC POWER SYSTEM SETUP

Model Name Function Specification
Solar Array Primary energy source 80x10 (series by parallel) cells. Single silicon p'n

junction, with R=11.3 mQ, y= 1.0, ® =0.305 A/W.

Ni/Cd Battery Array Energy storage 20x15 cells, each 1.24 V, 24 Ah.

Ultracapacitor Battery life and power extension  10x1000 cells, each 2.5 V, 10F

Transmitter Pulsed power load High 1 kW, low 0.25 kW, D=0.5, /~=0.05 Hz, load
on/off =200s/250s

Converter Averaged buck converter

MPPT Controller Maximum power point tracking  Incremental conductance algorithm

controller

Irradiance Solar irradiance model Location: 34° N, 80° W. Time: June 21. Cloudless.

Radiation Radiation cooling model 1.0, 4=8 m’

Convection Convection cooling model h=10 W/m’K, 4=16 m*

Ambient Temperature = Thermal Source Ambient temperature

For the same operating condition, Fig. 10 shows five curves
for (from top to bottom) the temperature, the conversion effi-
ciency, the current and the voltage of the solar array, and the state
of charge of the battery respectively as a function of the time

in seconds. The temperature of the solar array increases from
300 K (the ambient temperature) in the morning, and reaches

its maximum 330.6 K at noontime. Then it decreases in the
afternoon, and drops to the ambient temperature 20 min after
sunset. Because the array is controlled by a maximum power

point tracker, hence maximum conversion efficiency is achieved
throughout the day, ranging between 10.9 to 12.2%. The ef-

ficiency curve also clearly shows the temperature effect: the
highest efficiencies are obtained after sunrise and before sunset
since the cell temperatures are low. At noontime, the high cell

Fig. 9. Power (in watts) from solar array (from bottom to top): the electritemperature results in lower maximum conversion efficiency.
output power, the radiated heat power, the convection heat power, the sunTpfese characteristics can also be seen from the voltage and cur-

electric and heat power, and the irradiated solar power.

rent curves, where higher array voltage corresponds to lower
current (lower irradiance level and lower temperature) in order

the irradiated power. This is because the array releases somwadxtract maximum power.

its internal energy stored previously (temperature decrease). AThe state of charge of the battery shows its interaction with
any instant, the difference of the irradiated power and the suhe solar array and the load. The battery supplies full power to
of the output heat and electric power of the array is equal to ttiee load at night. It also shares part of the load demand in the
rate of the internal energy change.

early morning from sunrise to 6:45 AM and the late afternoon
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Fig. 12. Cell temperature variations (in degrees Kelvin) as a function of time
(in seconds) in a day for three different ambient temperatures: (from bottom to
top) 280 K, 300 K, and 320 K.

array maximum conversion efficiencies are 13.6%, 12.2% and
10.7% in the morning respectively for ambient temperatures of
280 K, 300 K, and 320 K, and the lowest maximum conver-
sion efficiencies are 12.2%, 10.9%, and 9.0% correspondingly
at noontime. The maximum cell temperatures at noontime are
311.5 K, 330.6 K, and 349.7 K (increased by 31.5 K, 30.6 K
and 29.7 K) respectively for the ambient temperatures of 280 K,
300 K, and 320 K.

V. CONCLUSIONS
A solar array model based on the coupled multiphysics pro-

Fig. 10. Temperature (in degrees Kelvin), the conversion efficiency, 1 SSes (_)f p_hOtOVOIta'C energy Con_verSK)n '_S built and |mple-
current (in amperes), and the voltage (in volts) of the solar array, and the st@i@€nted in virtual test bed computational environment. The ter-

of charge of the battery as a function of time (in seconds).

Fig. 11. Solar array energy conversion efficiencies as a function of time (in
seconds) for three ambient temperatures: (from top to bottom) 280 K, 300 K,

and 320 K.

minals for natural power transport and conservation are defined
so that interactions of the array system with the external world
can be properly characterized by terminal variables. The ap-
proach to define terminal variables allows development of uni-
fied RC equations for all of the involved physical processes,
therefore simultaneous solution for the system electrical poten-
tials, temperatures and other terminal across variables is ob-
tained. The static and dynamic behaviors of the solar array are
simulated and the results show close match with the predictions
of other work. The method to define the thermal terminal for nat-
ural heat transfer can be generalized to other physical processes
where natural power transport and conservation are required.
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