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Dynamic Multiphysics Model for Solar Array
Shengyi Liu, Member, IEEEand Roger A. Dougal, Senior Member, IEEE

Abstract—An approach to model the solar cell system with cou-
pled multiphysics equations (photovoltaic, electro-thermal, direct
heating and cooling processes) within the context of the resistive-
companion method in the Virtual Test Bed computational environ-
ment is presented. Appropriate across and through variables are
defined for the thermal terminal of the system so that temperature
is properly represented as a state variable, rather than as a param-
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.

The static and dynamic behaviors of the solar array model based
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
generally used in the modeling of other devices, and the method
to define the across and through variables can also be generalized
to any other interdisciplinary processes where natural coupling is
required.

Index Terms—Electro-thermal modeling, resistive companion
method, solar energy conversion, Virtual Test Bed simulation.

NOMENCLATURE

Area (in square meters).
History vector.
History for node .
Temperature coefficient of light-induced current
(in amperes per degrees Kelvin).
Specific heat (in joules per kilogram per degrees
Kelvin).
Pulsed power load duty ratio.
Cell thickness (in meters).
Solar spectral irradiance (in watts per square meter
per micrometer).
Band gap (in electrovolts).
Band gap at a reference temperature(in electro-
volts).
Electronic charge.
Pulsed power load frequency (in Hertz).
Conductance matrix.
Conductance of node with respect to node.
Time step (in seconds).
Cooling coefficient (in watts per square meter per
degrees Kelvin).
Terminal through variable vector.
Light-induced current (in amperes).
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Junction saturation current (in amperes).
Junction saturation current at temperature(in
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 temperature (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

ENERGY 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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Fig. 1. Energy conversion processes, direct heating, and cooling processes in
a solar cell.

2) an electrothermal process that turns some of the electric
energy into heat.

In addition, there are direct heating processes due to absorp-
tion of the solar spectral irradiance outside the region of photo-
voltaic effect, heating due to recombination losses, and cooling
processes due to conduction, radiation and convection, as illus-
trated in Fig. 1. The properties of the junction of a solar cell
through which the photovoltaic process takes place are strongly
temperature-dependent. Therefore, it is important to model the
many physical processes as a whole in order to precisely predict
the dynamic response of the solar cell.

Traditionally, the thermal process of an electric device is
modeled by a separate thermal network, employing the con-
cepts of thermal resistance (due to a finite thermal conductivity)
and thermal capacitance (due to heat capacity of the device
mass) [1]–[6]. The analogous relationships between electrical
and thermal circuits make this easy to do in a standard circuit
simulator. Here, temperature corresponds to voltage, and heat
power to current. However, because heat power is used as
the through variable in the conventional thermal network, the
thermal terminal cannot be used for natural thermal coupling
(the product of the across variable—temperature, and the
through variable—heat power, does not equal to power). In
the present work, we are seeking a thermal terminal that can
be used for natural heat power transport, so that the system
power conservation can be observed, and the inter-disciplinary
processes in the system can be modeled uniformly based on
the fully coupled multiphysics equations. To accomplish that,
appropriate across and through variables are defined first for
each individual terminal based on the natural conservation
laws for the pertinent physical processes. Secondly, the device
equations are formulated in a way that allows simultaneous
solution for all across variables of the system, including the
electric potentials and the temperatures. Here, we formulate
those equations in resistive-companion form (RC) [7], and then
demonstrate the implementation and results in the virtual test
bed (VTB) [8] environment.

The rest of this paper is organized as follows. The mathe-
matical descriptions of the physical processes in a solar cell
are given in Section II. The RC model formulation for those
processes is derived in Section III, with particular attention to
the details of the thermal terminal. Section IV illustrates the re-
sults obtained by applying the simulation model in a particular
system and provides validation of the model. The conclusions
are made in Section V.

Fig. 2. Equivalent circuit for the electrical characteristics of a solar cell.

II. SYSTEM DESCRIPTIONS OFSOLAR CELL

Three distinct energy forms are involved in photovoltaic solar
energy conversion: light, electricity and heat, as was shown in
Fig. 1. The mathematical descriptions for the conversion pro-
cesses and the inter-relations between the different energy forms
will be discussed in detail.

A. Photovoltaic Process

The processes involved in conversion of light into electric
energy in a semiconductor photovoltaic cell (or a solar cell) are
well known and documented [9]–[15], so we will only briefly
summarize them here. In describing the electrical characteristics
of a solar array, a physics-circuit oriented approach [10], [12],
[14], [15] is prevalent in the literature and proved to be effective,
so it will be used here. The equivalent circuit of a solar array,
shown in Fig. 2, has four components: a light-induced current
source , a diode parallel to the source, a series resistor
and a shunt resistor . The light-induced current is due to
the separation and drift of the photon-generated electron–hole
pairs under the influence of the built-in field. This current is
directly proportional to the irradiance. For a given cell material,
it is expressed as

(1)

where is the solar irradiance in W/m, is the active area
in m , and is the spectral-averaged responsivity [16] in A/W,
which is given as

(2)

where is the solar irradiance spectral distribution function,
and is the wavelength corresponding to the band gap. The
responsivity depends not only on the cell material, but also on
the weather conditions since the wavelength distribution of the
irradiance varies as sunlight passes through the atmosphere. The
standard spectral irradiance functions for different air masses
[17] can be used to evaluate the averaged responsivity for given
cell materials. For solar cells in space applications, the spectral
irradiance corresponds to air mass 0 conditions.

In equation (1), is the light-induced current change
due to temperature variation. The band gap decreases at
higher temperatures, which effectively increases the number of
photons that can create electron–hole pairs. In the meantime,
higher temperatures reduce the diffusion length and lifetime of
carriers, therefore they increase recombination loss [18]–[20].
The net effect is that the light-induced current slightly increases
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at higher temperatures. The temperature correction term to the
light-induced current can be approximated as [21]

(3)

where is the irradiance at an arbitrary reference tempera-
ture , and is the temperature coefficient having a value of
0.0017 A/K for a silicon solar cell.

The diode in Fig. 2 represents the p–n junction of the solar
cell. Under normal operating conditions, the potentialis pos-
itive so that the photocurrent produces a net positive power.
The diode is forward biased, but conducts only weakly. Physi-
cally, the diode current is due to the diffusion of minority car-
riers in the depletion region, which represents an incomplete
collection of electron–hole pairs due to diffusion [13]. The re-
lation of the current to the biasing voltage follows typical ideal
diode characteristics [15], as given by

(4)

where is the diode ideality factor, and are the reverse
saturation current and the thermal potential, both of which are
the function of temperature. The thermal potential is

(5)

The saturation current depends on the type of junction. For a
p–n junction, considering that the temperature effect on the sat-
uration current is primarily due to the temperature dependence
of intrinsic carrier generation, it can be approximated as [15]

(6)

The notations in the last two equations are explained as follows.
is Boltzmann constant, and is the reverse saturation cur-

rent at an arbitrary reference temperature.
The output current from the solar cell is a net result of the drift

current of carriers due to the built-in potential, the reverse dif-
fusion current due to the carrier concentration gradient, and the
leakage current due to shunt resistance. Considering the equiv-
alent circuit shown in Fig. 2, the relation between the solar cell
terminal current and voltage can then be found as

(7)

Equations (1), (4), and (7) constitute the descriptions of the
photovoltaic processes.

B. Electro-Thermal Process

The electro-thermal process and heating/cooling process of a
solar cell is governed by its energy balance equation. The rate of

change of the cell internal energy equals to the net heat power
absorbed by the cell. This can be expressed as

(8)

where is the mass in kilograms, is the specific heat of the
cell in J/(kgK). is the irradiance reflection coefficient of the
cell surface, is the irradiance transmission coefficient of the
cell, and is the quantum efficiency [16] of the photovoltaic
process. The first three terms on the right-hand side represent
internal losses due to ohmic heating in the series and shunt resis-
tances, and due to incomplete carrier collection resulting from
diffusion current [13], [15]. Notice that, the specific heat and
the electrical conductivity of the cell are in general functions of
temperature. However, to a first approximation, we will assume
they are constant in the range of our interest. The fourth term is
the direct heating from the sun. The direct heating is equal to the
total solar power incident on the cell surface , minus the
reflected power , the power transmitted entirely through
the device , and the optical power that con-
tributes to the light-induced current. Notice that, and are
all spectrally-averaged values. For the best solar energy conver-
sion performance, the quantum efficiency should be increased;
while the reflection and transmission coefficients should be re-
duced as much as possible for the photons of energies higher
than the band gap, and they should be increased as much as
possible for the photons having energies lower than the band
gap. Depending upon particular designs, advanced technologies
(e.g., coating and texturing on the surfaces [22]) can be used to
increase the conversion efficiency and to reduce direct heating.
The last term is the heat power loss due to cooling mechanisms
such as conduction through the heat sink, and radiation and con-
vection from the cell front surface. is the ambient temper-
ature. The effective cooling coefficient is specific to each
mechanism, and it is in general a function of temperature.

Equation (8) assumes a lumped thermal model of the solar
cell. Heat is mainly generated on the near-surface layer where
the events of electron–hole pair generation and recombination,
current flow and absorption of direct heating take place. Most
of the generated heat is then conducted through the substrate to
the heat sink. Convection and radiation carry heat away from the
front surface of the solar cell and from the heat sink. Here, the
temperature of the solar cell is that of the bulk of the cell active
layer and the substrate.

Equations (1)–(8) complete the mathematical descriptions of
the interdisciplinary system—the solar cell.

III. RC MODEL FORMULATION

The resistive-companion method provides a way to account
for natural conservation laws by defining a pair of across and
through variables at each terminal. The device object interacts
with the VTB network solver by providing the device conduc-
tance matrix and the history vector in each simulation time step,
so that the solution to the entire circuit can be sought by the
solver based on the mathematical equivalent of a nodal circuit
analysis. The solver requires that the relations of the terminal
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Fig. 3. Circuit representation of the equations that describe the physics of a
solar cell.

variables for each device be written in the following standard
form:

(9)

where is the through variable vector, is the across
variable vector, is the conductance matrix, is the
history vector of the device, andis the simulation time step.
Notice that although the term “conductance matrix,” inherited
from electric network analysis, is used, the terminal variables
are more generally across and through variables, not necessarily
voltage and current. As stated previously, one of goals of this
paper is to define appropriate terminal variables so that natural
thermal coupling can be achieved.

To build an RC model for a solar cell, it is helpful to use
the illustration in Fig. 3. It shows that the solar cell interacts
with the external world through its four terminals. Nodes 0
and 1 are electric terminals through which the cell provides
electric power to the load. Node 2 is a light terminal that
receives irradiance from the sun. Node 3 is a thermal terminal
that allows carrying heat energy into or out of the solar cell
via conduction, convection and radiation. The circuit network
shown in the cell chip—an imagined built-in circuit that is
governed by (1)–(8), characterizes the interrelations of the
terminals. Note that the circuit drawn on the semiconductor
wafer represents the physical processes of the solar cell. It
is not an actual physical layout of any circuit of the solar
cell. At this point, the conductances for nodes 2 and 3 have
not yet been defined. The conductance for each terminal will
be found as the RC model equations are derived. In fact,
the circuit network itself is the direct result of RC model
equations. Although a circuit representation can always be
drawn for a nonelectrical system based on the RC equations,
it is neither imperative nor necessary to do so if the circuit
confuses the nature of that physical system (e.g., a mechanical
shaft, a fluid stream or a chemical system). Here we use
a circuit to illustrate the modeling procedures because it is
simply intuitive and instructive for that purpose, and familiar
to this audience.

A. Electrical Terminals

The circuit between nodes 0 and 1 in Fig. 3 is a copy of that
in Fig. 2, except that the terminal variables are assigned to each
node. Naturally, the terminal variables for these two nodes are
the electric potentials and the currents. Notice that the conven-
tion for positive current direction is into the node. It can be seen
that

(10)

(11)

The terminal currents depend on the node voltages at 0 and 1,
and also on the irradiance and the temperature (the across
variables at nodes 2 and 3;and are also used as subscripts
to denote the names of the corresponding nodes). The standard
RC equations follow that

(12)
where the conductance elements can be found as

for and

(13)
To find the history vector, the first order Taylor expansion is
applied to approximate equation (7). This yields

(14)

Notice that equation (14) is already in the standard form. The
history for is

(15)

Applying equation (10), it can be found that

(16)

B. Light Terminal

The interaction of the electrical circuit with the light terminal
is specified by equation (1)—the light-induced current is lin-
early proportional to the solar irradiance that is an input quantity
for the solar cell system. Since the solar irradiance is not a func-
tion of either the cell junction properties or the load conditions it
is therefore appropriate to treat the irradiance as a signal input.
(While future versions of the VTB computational system will
comply with IEEE VHDL-AMS standards [23] with respect to
object coupling methods: natural coupling, signal coupling and
data coupling, the current release version of VTB treats all ports
as natural ports. We therefore implement a signal port for the
RC solver by specifying a low but not zero input conductance
that negligibly loads the irradiance “source.” This finite input
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TABLE I
TERMINAL COMPARISONS

conductance is shown at the left of the circuit in Fig. 3.) Since
the current into a signal port should ideally be zero, assigning a
through variable to this terminal is simply for the convenience
of writing the RC equation, which is given as

(17)

where, , is the input resistance of the light terminal, which
should be very large so as not to “load” the solar source.

C. Thermal Terminal

We use here temperature as the state variable that defines the
internal energy of the solar cell system. This is a reasonable
assumption because change of the mass density hence change
of the specific volume of the solar cell is minimal during the
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, hence it
is natural to identify temperature as the across variable. How-
ever, unlike an electric terminal that transports power (

), the conventionally defined thermal terminal does not trans-
port power if heat power is used as the through variable because

). Thus is not an appropriate choice of through
variable for natural thermal coupling. We overcome the problem
by defining the thermal through variableso that the following
equation is enforced

(18)

That is to say, a heat power will be produced if a thermal
through variable of a quantity flows into a terminal at a tem-
perature . The unit of is thus W/K. To further explain equa-
tion (18), Table I lists corresponding quantities for electric and
thermal terminals.

Now a natural thermal coupling terminal can be established
by applying equation (18). The energy balance equation, re-
placing the heat loss terms in equation (8) by the heat power
transferred through the terminal, now is

(19)

Again, by convention, a positive value of the through variable
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
is significant, a radiator model can be attached to the thermal
port. If convective cooling is important a convective cooling
model can be connected, in addition to, or instead of, the ra-
diator model, and so forth for other mechanisms.

To obtain the RC equation for the terminal, equation (19)
is discretized within one time step using trapezoidal method.
Solving for , yields

(20)

The RC equation is found by following the procedures used in
part A to get

(21)
where

for (22)

(23)
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The complete RC model equations for the solar cell including
natural thermal coupling are then given as

(24)

D. Energy Conservation and Efficiency

With the newly defined thermal through variable, it is now
possible to write the energy conservation equation for the
system in terms of its terminal variables. This is given as

(25)

The first term on the left-hand side is the net sun power received
at the light terminal, the second is the electric power from its
electric terminal, and the third is the heat power from the thermal
terminal. The net power absorbed equals the rate of change of
internal energy. Using equation (19) in (25), the quantum effi-
ciency can be found as

(26)

Equation (26) explains that the quantum efficiency is a ratio of
the sum of the electric power delivered and the internal losses
to the total solar power incident on the cell surface. The en-
ergy conversion efficiency, defined as the ratio of electric output
power to solar input power [11]–[13] can be found, from equa-
tion (26), as

(27)

One can infer from equation (27) that, under the condition of no
ohmic or diffusion losses, the conversion efficiency equals the
quantum efficiency, and we have , . Therefore

(28)

Although equation (28) is derived from a special case, it ap-
plies to all conditions of solar cell operation (except the open-
circuit case). It simply says that the quantum efficiency is the
ratio of the power carried by light-induced current to the total
solar power irradiated on the cell surface. Equation (28) will be
used in the energy balance equation (19) for the device thermal
modeling.

TABLE II
PARAMETERS FORSILICON SOLAR CELL

Fig. 4. Circuit to test the operating characteristics of the solar array.

IV. VTB SIMULATION

The example model is for a single-junction silicon cell with
a 10 cm 10 cm light-sensitive area. The array is also assumed
to have a light tracking system, and anti-reflection techniques
on the front surface and the reflector on the back surface are
used in the cell so that the reflection and transmission coefficient
are nearly zero. Some typical values [15] of the cell parameters
that are used in the model are listed in Table II. Note that the
ideality factor and the series resistance are used as fitting
parameters since the junction properties largely depend on the
details of the material microstructures and the manufacturing
processes. The energy gap is assumed to have a temperature shift
of ( 2.3 10 ) eV/K.

A. Solar Array Static Characteristics

Fig. 4 shows a VTB schematic view of the circuit to obtain
the static characteristics of the solar array. The array is of 10

10 cells, each of which has the parameters listed in Table II.
The irradiance model provides to the array input terminalan
insolation level of 1353 W/mwhen set to AM0 condition, or
1070 W/m when set to AM1. The thermal terminal of the
array is connected to a heat sink that carries heat away to the
ambient represented by a thermal source. By using a capac-
itor as the load, the array sweeps through its entire operating
range, from short-circuit to open-circuit conditions, so that the
operating characteristics ( , ) are easily obtained in a
single simulation. Since the capacitor is charged to an open-cir-
cuit voltage in less than 0.3 s (the time constant is about 0.02 s),
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 right
to left) 273 K, 300K, 325 K, 350 K, 375 K, and 400 K. Solid lines for AM0
condition, and dotted lines for AM1 condition.

Fig. 6. Array output power versus its voltage for the temperatures of (from
right to left) 273 K, 300 K, 325 K, 350 K, 375 K, and 400 K. The solid lines for
AM0 condition, the dotted lines for AM1 condition.

of nearly a constant array temperature. Note that the maximum
increase of the cell temperature in 0.5 s is 0.08 K for an ambient
temperature of 400 K, therefore the effect on the operating char-
acteristics due to temperature variation can be ignored. This in-
sures that the thermal condition is static. The output variables
from the array model include the voltage, current, efficiency
and temperature that can be used for array performance anal-
ysis. The results are explained as follows.

Figs. 5 and 6 shows and characteristics obtained
from simulation under AM0 insolation level (solid lines) and
AM1 insolation level (dotted lines). Notice that although the
short-circuit current increases as the temperature increases, the
open-circuit voltage decreases at a faster pace, resulting in lower
output power. Corresponding to each temperature, there is a
maximum power point that can be used as the operating point to
extract maximum power from the array. At the maximum power
point, the array energy conversion efficiency is at its maximum.
The efficiencies predicted by the model are compared to the data
from [15] and shown in Fig. 7, where the circles and diamond
(overlapped) are data points, and lines are simulation results. As
can be seen, the conversion efficiencies are matched very well.

Fig. 7. Comparison of energy conversion efficiency predicted by VTB model
(lines for AM0 and AM1 are overlapped) to the data (circles for AM0 and
diamonds for AM1 are overlapped) from reference [15].

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 III lists the setup
parameters for all these components.

The power system is assumed located at the latitude 34N and
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
allows to graphically view the dynamic states of many terminal
and internal variables. Here, the results that are most related to
the subject of this presentation are summarized in Figs. 9–12,
and explained as follows.

Fig. 9 shows the various types of power and relations among
them as a function of time. In particular, the graph is used to
verify the power conservation on which the solar array model
is built. The horizontal scale is expressed as a percentage of
total simulated time. 0% is corresponding to 5 AM, while 100%
corresponding to 8 PM. From bottom to top, the curves are for
the electric output power, the radiated heat power, the convected
heat power, the sum of output heat and electric power, and the
irradiated solar power. As can be seen, the solar irradiation in-
creases in the morning, and decreases in the afternoon. The array
starts to convert the energy when the sun rises at about 5:15 AM,
and ceases to make energy when the sun sets at 7:25 PM. During
most of the day, about 10.9 to 12.2% of the irradiated solar
power is converted to the electric power, while the rest of the
solar power is turned to heat and eventually dissipated to the
environment through radiation and convection. Notice that in
the morning, the sum of the output heat and electric power from
the array is less than the irradiated power. The difference results
from the absorption of the heat that is stored as internal energy
by the array (temperature increase). In the afternoon, the sum of
the output heat and electric power from the array is higher than
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Fig. 8. Integrated photovoltaic power system in VTB computational environment for dynamic simulation and virtual prototyping.

TABLE III
INTEGRATED PHOTOVOLTAIC POWER SYSTEM SETUP

Fig. 9. Power (in watts) from solar array (from bottom to top): the electric
output power, the radiated heat power, the convection heat power, the sum of
electric and heat power, and the irradiated solar power.

the irradiated power. This is because the array releases some of
its internal energy stored previously (temperature decrease). At
any instant, the difference of the irradiated power and the sum
of the output heat and electric power of the array is equal to the
rate of the internal energy change.

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
temperature results in lower maximum conversion efficiency.
These characteristics can also be seen from the voltage and cur-
rent curves, where higher array voltage corresponds to lower
current (lower irradiance level and lower temperature) in order
to extract maximum power.

The state of charge of the battery shows its interaction with
the solar array and the load. The battery supplies full power to
the load at night. It also shares part of the load demand in the
early morning from sunrise to 6:45 AM and the late afternoon
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Fig. 10. Temperature (in degrees Kelvin), the conversion efficiency, the
current (in amperes), and the voltage (in volts) of the solar array, and the state
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.

from 6:00 PM to sunset, since the insolation level is low and the
output power from the solar array is inadequate. Therefore the
state of charge decreases. During the mid-day from 6:45 AM to
6:00 PM, plenty of power is available from the solar array, and
the battery charges.

Figs. 11 and 12 show the solar array conversion efficiencies
and the cell temperatures as a function of the ambient tempera-
tures. Maintaining all other system setup the same, the highest

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-
cesses of photovoltaic energy conversion is built and imple-
mented in virtual test bed computational environment. The ter-
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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