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Abstract

Satellite electrical power systems (SEPS) are strongly interdisciplinary, exhibit complex nonlinear behavior, and operate over a wide
range of power levels. The Virtual Test Bed (VTB) provides a unified computational environment that allows rapid modeling, simulation
and virtual-prototyping of such complex systems. VTB handles modeling in a comprehensive and efficient way by using both topological
and mathematical descriptions. The VTB is also endowed with mechanisms to import models and to co-simulate with other standard
software. This paper presents a study of two representative SEPSs to demonstrate design and testing of such systems in the VTB. The
performances of Li-ion and Ni–H2 batteries are compared in a particular system.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A typical satellite electrical power system (SEPS) com-
prises a primary power source (solar array), an energy stor-
age system (rechargeable batteries such as Ni–Cd, Ni–H2,
or Li-ion, or possibly new technologies such as flywheels),
a shunt regulator, a power distribution and control unit
(PDCU) and loads, as shown inFig. 1. It contains compo-
nents from multiple disciplines such as photovoltaics, elec-
trochemistry, electrical system, control system and power
electronics, complex nonlinear behaviors, for example, in
the solar array and battery, and a wide range of power
levels for power handling and signal processing. Due to
the high manufacturing cost and complexity, it is neces-
sary and important to perform simulation studies and build
virtual-prototypes for satellite electrical power systems prior
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to construction of real hardware. Such prototypes help the
engineers optimize the system architecture, components,
and the system performance in terms of efficiency, power
density, cost and lifetime. Many simulation tools have been
proposed to study SEPS including circuit-oriented packages
such as SPICE[1,2], PSpice[3], general-purpose state-flow
or signal-flow simulators such as MatLab/Simulink[4],
EASY5 [5,6] and application-specific software such as EB-
LOS[7]. Each of these simulation environments favors only
one model formulation method, either structural modeling
(circuit schematics), or behavioral modeling (mathematical
equations). The circuit-oriented approach is intuitive and
easy to understand, but in practice, it is often difficult, or
even impossible to model a complex system because some
parts of the system do not yield to easy expression of their
characteristics in terms of existing circuit components.
Therefore, it is advantageous to express some models in a
mathematical formulation. The best parts of both modeling
approaches can be accomplished by using a more integrative
environment—the Virtual Test Bed (VTB)[8,9], the philos-
ophy of which is consistent with IEEE standard[10]. VTB
allows handling natural power flow, signal and data coupling
between devices from multi-disciplines and offers a com-
bination of both topological and mathematical expressions
in model formulation for a comprehensive and efficient
modeling process. In addition to the powerful capabilities
for modeling, the VTB is endowed with mechanisms for
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Fig. 1. Block diagram of the satellite electrical power system.

co-simulating with MatLab/Simulink, for importing models
from ACSL (including co-simulation), for network-based
simulation, and for simulation with hardware-in-the-loop
(HIL) [11–13]. Because of these capabilities, VTB can
assist in integrating expert knowledge from many disci-
plines, allowing study of the dynamic behaviors of complex
interdisciplinary systems.

Complexity in modeling and simulation arises from
satellite electrical power systems for several reasons. (1)
The energy conversion and storage devices, such as the
solar array and battery, involve multi-physics processes in-
cluding photoelectric, electro-thermal and electrochemical
processes. While conventional simulators are optimized for
simulation in specialized disciplines, they are often inca-
pable of dealing with the interdisciplinary modeling in a
consistent and convenient manner, and in addition, they
have difficulties in tackling strong nonlinearities existing in
these devices. (2) The power distribution and control unit,
responsible for power distribution and bus voltage regula-
tion, has both devices for power handling and devices for
signal processing and control. Using VTB, it is possible
to express both the system topology and the component
behavior in the most appropriate way (for example, using
MatLab/Simulink for signal flow modeling of controllers,
ACSL for state-based modeling of dynamic systems, etc.). It
is thus easy to build a virtual prototype of the entire system
that is suitable for detailed study of the system performance,
even when people from different technical areas have con-
tributed to definition of the various components of the
system.

The method used in this paper models the interdisciplinary
devices in the native VTB format, to designs the control
system in Simulink, and then simulates the entire system in
the VTB environment by importing the Simulink models.
In this paper, interdisciplinary model formulation of vari-
ous power handling components using native VTB resistive
companion (RC) method[14] and model formulation of the
regulator and control systems in MatLab/Simulink are pre-
sented. A direct energy transfer (DET) system is first studied
to investigate the operation and performance of the shunt
regulator. An example satellite electrical power system is
then assembled using a combination of native and imported
models. A simulation study is conducted to investigate
the performance of the battery charging/discharging con-
troller. The performances of Li-ion and Ni–H2 batteries are
compared.

2. Native RC modeling of the components

Both natural components and control systems are involved
in a SEPS. Natural components, i.e. those to which en-
ergy conservation principles apply, are formulated by fol-
lowing the resistive companion approach as described in
[14]. The method starts with mathematical expression of the
device physics (or process) and yields a discretized set of
time-domain linear equations in terms of terminal across and
through variables.

The resistive-companion model of an-terminal device, as
illustrated inFig. 2, described by its across variable vector
V(t) and through variable vectorI(t), has a standard form as
follows:

I(t) = G(t − h)V(t)− B(t − h) (1)

whereG(t − h) is the device conductance matrix,B(t − h)

is the through-variable history vector, and

G(t − h) = (gi,j(t − h))n×n (2)

B(t − h) = −I(t − h)+G(t − 2h)V(t − h) (3)

whereh is the time step size taken by the time-domain solver.
The formulation of the equations is not discipline specific,
so unlike structural modeling, which tends to be discipline
specific, the approach can be applied to physical processes
of any discipline.

In the following, solar array, battery system and power
converter are modeled here in detail, which are the important
energy conversion and conditioning devices in a satellite
electrical power system.

2.1. Solar array

The process of converting solar energy into electric en-
ergy in a semiconductor solar cell is well known[15–19].
Accompanying the process is heat generation due to direct
infrared absorption and ohmic heating. Since the energy
conversion process is affected not only by the cell proper-
ties and the load condition, but also by the solar irradiance
and the temperature, it is necessary to build a multi-physics
model [20] involving three energy domains: light, electric-
ity and heat.Fig. 3 shows an equivalent circuit of the solar
cell based on consideration of its interactions with its sur-
roundings. The terminalsv0 andv1, denoted by their across
variables (voltages in V), are electrical in nature and deliver
electric energy to the load. The terminalv2 (or P, the solar

Fig. 2. A device ofn terminals described by the resistive companion
model.
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Fig. 3. The equivalent circuit of resistive companion model for photo-
voltaic energy conversion by a semiconductor cell.

irradiance on the cell surface in W/m2) is a light-receiving
terminal. And the terminalv3 (or T, the temperature of the
cell in K) is thermal in nature and it conducts heat power to
the ambient.

The electrical characteristic of a solar cell can be mathe-
matically expressed as,

i(t)= 1

Rs

(
v(t)− γvth(t)

× ln

(
IP(t)+ i(t)− (v(t)/Rsh)

Isat(t)
+ 1

))
+ v(t)

Rsh
(4)

wherev andi are the voltage (V) and current (A) at the solar
cell terminals,γ is the cell diode ideality factor, andRs and
Rsh are the cell body series and shunt resistance (�). The
thermal potentialvth (V), saturation currentIsat (A), and the
diode currentid (A) can be expressed, respectively, as

vth(t) = kT(t)

e
(5)

Isat(t) = Isat,0

(
T(t)

T0

)3
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(
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id(t) = Isat(t)

(
exp

(
vd(t)

γvth(t)

)
− 1

)
(7)

wherek and e are Boltzmann constant and the electronic
charge, respectively,T0 the reference temperature (K),T
the cell temperature (K),Isat,0 the saturation current at the
reference temperature (A),Eg the energy band gap (eV), and
vd the diode voltage (V). The light-induced current (A) is
directly proportional to the irradiance, which is given by

IP(t) = RAP(t)+ C[T(t)− T0]
P(t)

P0
(8)

whereA is the cell active area (m2), C the temperature co-
efficient of light-induced current due to temperature change
(A/K), P the irradiance (A/m2), P0 the irradiance at the tem-
peratureT0 (A/m2), andR is the spectral-averaged respon-
sivity (A/W).

To construct a natural heat power transport terminal, a
thermal currentiT (W/K) is defined such that the product of
the temperature and the thermal current equals heat power
(W). (Note: We have since changed the way we model ther-
mal systems—we no longer use thermal current as defined
here, but instead we use heat power as the through variable,
which is more conventional.) The heat transported through
the thermal terminal is characterized by the energy balance
equation, as given by following equation[20]:

cpM
dT(t)

dt
= [v(t)− vd(t)]2

Rs
+ [v(t)]2

Rsh
+ id(t)vd(t)

+ (1 − ρ − τ − η)AP(t)+ iTT (9)

wherecp is the averaged specific heat (J/kg/K),M the aver-
aged mass (kg), the symbolsρ, τ, andη denote the reflection
coefficient, transmission coefficient and quantum efficiency
of the cell, respectively.Eq. (9)explains that the energy ab-
sorbed by the cell (resulting in temperature increase) is due
to the heating by electro-thermal processes (the first three
terms on the right-hand side), direct absorption (the fourth
term) and heat exchange with connected structures (the last
term).

The standard RC equations as shown inEqs. (1)–(3)can
then be derived for solar array model based onEqs. (4)–(9).
Note that this model is a general model based on the physics
of solar array. A specific solar array can be modeled by
changing the model parameters. In order to validate this
model, the simulatedi–v characteristic for a particular so-
lar cell is compared with the experiment data. The exper-
iment was performed for a 0.5 cm2 copper indium dise-
lenide (CuInSe2) thin film solar cell[19] at an irradiance of
1000 W/m2 and at 25◦C [21]. The air mass is 1.5 and fill fac-
tor the solar cell is 64.27%. The measuredi–v characteristic
is given inFig. 4. Also plotted inFig. 4 are the simulated
i–v curves at 15, 25, and 35◦C, respectively. The same irra-
diance and solar cell parameters are used in the simulation.
FromFig. 4, it is clear that the simulation result agrees well
with the experiment data at 25◦C. It is also seen that the
open circuit voltage decreases with the temperature while
the short circuit current increases with the temperature.

2.2. Battery energy storage system

Energies in battery systems take chemical, electrical and
thermal forms. Internally, the battery converts chemical en-
ergy into electrical energy during discharge (the reverse
during charge), and it generates heat due to both irreversible
processes (e.g. ohmic heating) and reversible processes (en-
tropy change). Externally, the battery interacts with its sur-
roundings both electrically (delivering electric power via
the electrical terminals) and thermally (transporting heat
through its surface). Here, we use Ni–H2 battery to illus-
trate modeling of the electrochemical and thermal processes
involved in a battery system.



98 Z. Jiang et al. / Journal of Power Sources 122 (2003) 95–108

Fig. 4. Comparison of the simulated and experimentali–v characteristics.

Several detailed Ni–H2 battery models have been pub-
lished, among which the model of Wu and White[22,23]
and Weidner and coworkers[24] includes considerable de-
tails of the electrochemical kinetics and thermodynamics.
VTB allows to capture their expertise in the electrochemi-
cal discipline by integrating their battery models in the VTB
environment for system studies. The Ni–H2 battery model
presented here results from collaboration with these authors.
The present model is somewhat simplified, but it still cap-
tures the major features of Ni–H2 characteristics. In the
model, only two reactions are considered: the nickel reduc-
tion/oxidation at the positive electrode, which is a decisive
reaction for the battery potentials; and the water oxidation
(or oxygen evolution), which dominates the over-charge pro-
cess. Hydrogen reaction at the platinum electrode, interme-
diate reactions and side reactions are ignored. In addition, the
kinetics of reactions are ignored (assumed instantaneous).

The overall reversible potential,ENi(T, x), correspond-
ing to the nickel reaction, and the resulting current from
the oxygen reaction,iO2(T), are determined byEqs. (10)
and (11):

ENi(T, x)=E0
Ni(T )+ RT

F
ln

(
1 − x

x

)

+ RT

2F
[A0(T )C(x)+ B0(T)D(x)] (10)

iO2(v, T )= AL+ai0,O2(T )

× exp

[
4(1 − αO2)

F

RT
(v− EO2(T ))

]
(11)

whereR is the gas constant (8.314 J/mol/K),F the Faraday
constant (96,485 coulombs/mol),x and T are state of dis-
charge and temperature of the battery, both of which are

functions of time,E0
Ni , A0 andB0 are functions of tempera-

ture only, andC andD are functions of the state of discharge
only, A andL+ are the electrode area and thickness, respec-
tively, αO2 is the transfer coefficient for oxygen reaction,v

the battery terminal voltage (V),EO2 the reaction potential
(V), a the specific area (m2/m3) of the electrode, andiO2,0
the exchange current density (A/m2).

The state of discharge, at any instant timet, is determined
by the available active material in the battery. It can be
conveniently related to the nickel reaction currentiNi as,

dx

dt
= − iNi

Qmax
(12)

whereQmax is the maximum charge stored in the battery for
a given capacity (C). In addition, the battery terminal voltage
can be related to the current, considering internal potential
losses, as,

v = ENi + RiiNi (13)

whereRi (�) is a fitting parameter representing overall in-
ternal resistance due to ohmic, surface kinetic and concen-
tration limitation losses.

The heat energy in the battery is characterized by the
energy balance equation given inEq. (14):

cpm
dT

dt
= iNi

(
v− ENi + T

∂ENi

∂T

)

+ iO2

(
v− EO2 + T

∂EO2

∂T

)
+ iTT (14)

wherem is the battery mass (kg) andcp the average specific
heat (J/kg/K). Notice that heat terms include both resistive
and reversible ones. The last term on the right-hand side
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is the heat transported to the surroundings due to cooling
mechanisms. Again, the thermal currentiT represents heat
flow out of the thermal terminal, which can be separately
described by any one or more mechanisms such as conduc-
tion, convection, or radiation.

The pressure inside the Ni–H2 battery vessel is an indica-
tor of the state of discharge of the battery and of the battery
potential. A sensor is usually built inside the battery to de-
tect the pressure for the purpose of protecting against battery
overcharge. According to the ideal gas law, the pressureP
(Pa), and the nickel and oxygen reaction currentsiNi(T) and
iO2(T) can be related by the following equations:

P(t) =
⌊
nH2(t)+ nO2(t)

⌋
RT(t)

Vg
(15)

iNi(t) = 2F
dnH2(t)

dt
(16)

iO2(t) = 4F
dnO2(t)

dt
(17)

wherenH2 andnO2 are the mole numbers of hydrogen and
oxygen (mol). Notice that in writingEq. (16), we assume that
the nickel reaction current is equal to the hydrogen reaction
current.

Fig. 5 shows the icon for the Ni–H2 battery in VTB
schematic view. Behind the icon is the battery physics de-
scribed byEqs. (10)–(17)as reduced to resistive companion
form. Notice that the pressure terminal is a signal terminal
since there is no mass transport through the battery vessel.
The details of Ni–H2 battery model can be found in[25]
and it is also validated by the experiment data.

2.3. Power converter

In a SEPS, the battery is charged through a buck converter,
which is controlled by a battery charge/discharge controller
(BCDC) by dynamically monitoring the voltage, current and
temperature of the battery. The simplified circuit of the bat-
tery charger is illustrated inFig. 6. The power converter
parameters and variable definitions are also shown in this
figure. When choosing the output capacitor voltagev0 and
inductor currentiL as the state variables, the time-averaged
model of the buck converter is given by

Fig. 5. VTB schematic view of the Ni–H2 battery. Anode and cathode
are electrical terminals: T is the thermal terminal and P is the pressure
signal terminal.

Fig. 6. Illustration of the battery charger.

C
dv0

dt
= iL − io (18)

L
diL
dt

= dvi − v0 (19)

whered is the duty cycle used to control the switching of
the converter,vi the power source voltage,L andC are the
inductance and capacitance of the output filter, andio is the
output current.

Since the goal of the system level simulation is to investi-
gate the energy balance in the electrical power system and to
monitor the main parameters of the system, the simulation
time step can be long, for example, higher than 1 s. In this
case, an average-value model of the converter is used and
the switching transients are not resolved. The power flow in
the converter is controlled by adjusting the average on/off
duty cycle of the switching. The average output voltage of
the buck converter is determined by the following equation:

Vo

Vi
= ton

T
= d (20)

whereVi andVo are the average input and output voltages
of the converter, respectively,ton is the turn-on time of the
switch during a period andT the switching period.

2.4. Other components

The radiator cooling mechanism is modeled based on
the radiation law, which is equivalent to a “temperature
transformer” transporting heat power from a primary side to
a second side. Heat carried away through the radiator fol-
lows the blackbody radiation law. The thermal across and
through variables are defined as temperature and thermal
current for natural thermal coupling and heat transport. The
irradiance model computes the illumination of the solar ar-
ray based on the date/time and the orbital parameters of the
satellite. The user can select between low earth orbit and
geo-synchronous orbit. The model can output Earth posi-
tion, Earth rotation, and the position of the satellite for use
in the visualization system.

Also included in the studied systems are models for con-
ventional components such as sensor, resistor and capacitor,
which are not described in detail here.
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3. Control system design

In this paper, the controller or regulator is designed in
Simulink and then imported to VTB for system simulation.
For the VTB–Simulink interface, the input ports are mod-
eled as infinite impedance ports and the output ports are
zero impedance ports. This assumption is reasonable when
the interconnection is between a circuit and a controller: an
input port for the Simulink model will generally convey a
measured value (for example, the sampled voltage) while
the output will usually be a control variable. In this case,
from the point of view of the VTB solver, a new multi-port
element can be defined for the Simulink model. At every
time step, the measured variables are input to the Simulink
model through the VTB–Simulink interface. The control
variables are calculated in the Simulink model and then out-
put to VTB. Models of solar array shunt regulator and bat-
tery charge/discharge controller are discussed in detail later.

3.1. Shunt regulator

Shunt regulators are used in SEPSs to limit the power bus
voltage by dissipating the excess solar array power. They can
be implemented with many technologies, such as sequen-
tial shunt system, partial shunt system, digital shunt system,
etc.[26–29]. A sequential shunt regulator, which selects the
number of solar array sections needed to both supply the load
and to enable the batteries to be charged in a desired man-
ner and switches in or out solar array section sequentially,
is modeled here as an example. Each shunt can be imple-
mented either by a MOSFET switch in series with a shunt
resistor, or by an MOSFET driven BJT pair where the BJT
pair acts as the dissipative element and the ohmic heating is
generated mainly in the bipolar transistor, or other combi-
nations. Here we use the former implementation, which is
modeled as an ideal switch in series with a dissipative resis-
tor. Fig. 7 shows the Simulink model of a sequential shunt
regulator for four solar array sections. The shunt regulator
model produces four switching signals, S1, S2, S3, and S4,
for the shunt elements by comparing the bus voltage with the

Fig. 7. Simulink diagram of sequential shunt regulator model.

four pairs of upper and lower voltage setpoints, which are
user-defined. When the bus voltage exceeds an upper limit,
the corresponding switching signal is ‘on’ and the solar ar-
ray section is shunted. When the bus voltage drops below the
lower limit, an ‘off’ switching signal is produced to deacti-
vate the corresponding shunt element. This Simulink model
can be used in either of two ways. First, when the controller
is still in development, the Simulink model can be used in
an interactive co-simulation mode that allows adjustment of
the controller parameters during system simulation. Second,
once the controller design has been finalized, the controller
model can be compiled into an executable that allows others
to study the system behavior without having to actually run
MatLab or Simulink.

In general, for a battery energy storage system, a de-
sired voltage level can be obtained by connecting a string
of battery cells in series, but charge mismatch may occur
due to minor differences among the cells. To overcome the
mismatch, a shunt regulator that is implemented as voltage-
controlled switch with hysteresis, can be used for each
battery cell to equalize charge and match SOC of the bat-
tery. When the battery voltage exceeds a preset level, the
resistor is connected in parallel to the battery terminals.
The battery discharges through the shunt resistor and the
voltage decreases. When the battery voltage drops below
another predetermined value (or reactivated voltage), the
shunt branch is disconnected.

3.2. Battery charge/discharge controller

In this paper, the battery charge controller follows a con-
stant current charging/constant voltage floating regimen,
and the reference voltage is temperature compensated. Both
current control and voltage control are implemented through
proportional control strategy. The control scheme can be
formulated as follows:

Vref = Vref,0 − CT(T − 293.32) (21)

d = dold + ki(Iref − I), if V < 0.98× Vref (22)

d = dold + kv(Vref − V), if V ≥ 0.98× Vref (23)

whereV, I, T are the sampled voltage, current, and temper-
ature of the battery, respectively,d anddold are the current
and previous duty ratios used to control the buck converter,
Vref,0 andIref are the desired voltage and charging current
of the battery at 293.32 K,CT is the temperature coefficient
with respect to the voltage,ki andkv are current gain and
voltage gain, respectively.

The Simulink model for the BCDC is shown inFig. 8.
Three input terminals are for the sampled voltage, current,
and temperature of the battery, respectively. The output duty
ratio is obtained from either the voltage-control loop or the
current-control loop, depending on the battery voltage. An
output memory mechanism guarantees the smooth change
between these two control schemes. The switching signal
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Fig. 8. Simulink diagram of battery charge/discharge controller model.

terminal is used to manage the discharging of the battery.
When the monitoring voltage is below a preset value (or low
voltage disconnection setpoint), the controller can output a
signal to disconnect the loads in order to protect the battery
from over discharging. A hysteresis allows reconnecting the
loads when the battery voltage increases to an acceptable
level.

Fig. 9. Schematic diagram of a simplified DET satellite electrical power system.

4. Results and discussion

4.1. Bus voltage regulation

In order to investigate the operation and performance
of the sequential shunt regulator and battery shunt, a di-
rect energy transfer (DET) power system, as shown in
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Fig. 10. Output currents from four solar array sections: SA1 (line), SA2
(dot), SA3 (dash), and SA4 (dash-dot).

Fig. 9, is studied. Four solar array strings: SA1–SA4,
are sequentially shunted array sections, which performs
coarse regulation of the bus voltage. An active array sec-
tion, SA0, which is directly connected to the main bus
without shunt, is responsible for fine regulation of the bus
voltage. Each section is individually switched in or out
depending on the bus voltage and the switching reference
voltages except the active section, which is connected to
the bus all the time. A sequential shunt regulator controls
the switching of four shunt elements. It is compiled from
Simulink model and imported to VTB. The upper voltage
setpoints of the regulator for solar array sections SA1–SA4
are 41.50, 41.48, 41.45, and 41.40 V, respectively. The
lower setpoints are 41.4, 41.2, 41.1, and 41.0 V, respec-
tively.

Each solar array section is an 88×2 array (series connec-
tions by parallel connections). The Ni–H2 battery is nomi-
nally an array of 30× 8 cells, but in the simulation model
two individual series strings are split out for more detailed
study, and in one of those strings, an individual cell is re-

Fig. 11. Simulation result of the bus voltage.

Fig. 12. Voltage of battery cell B3.

vealed. Accordingly, the numbers of series and parallel cells
are (24×1), (5×1), (1×1), (30×1), (30×6), respectively
for B1–B5. The initial state of charge (SOC) of B3 cell is
0.70 while those of all the others are 0.60. The load is a re-
sistor of 10�. A filter capacitor connected to the main bus is
used to smooth the bus voltage. The resistance of the shunt
resistor for a solar array section is chosen as 0.1�, and then
a shunt element that can bear more than 10 W ohmic heat is
needed since the short-circuit current of a solar array section
is about 9.5 A. To prevent an individual battery cell from
overcharging, the turn-on voltage of the battery shunt is set
to 1.4 V and the reactivated voltage is 1.38 V. The resistance
of the shunt element is chosen as 2.5�, through which about
550 mA current will conduct when the battery is shunted. In
this case, power of about 0.8 W is dissipated in each battery
shunt. For convenience, only one battery shunt is shown in
Fig. 9.

Simulation is conducted for the first 40 min of the orbit
cycle, and the results are given inFigs. 10–13. Fig. 10shows
the output current from four shunted solar array sections,

Fig. 13. States of charge of three battery sets: B2 (dash), B3 (line), and
B5 (dash-dot).
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Fig. 14. Schematic view of example satellite electrical power system.

which contribute to load requirement and battery charging.
Note that each of them is not the actual current through
the solar array, but the current through the blocking diode
or the current that is not shunted.Fig. 11 shows the bus
voltage, which increases initially from 40.0 V. FromFigs.
10 and 11, it can be seen that when the bus voltage arrives
at the 41.40 V setpoint of the shunt regulator, solar array

Fig. 15. Power profiles of solar array (dash-dot), Li-Ion (dash), and loads
(solid line).

SA4 is first shunted, and the output current from this section
becomes zero. Then the remaining four solar array sections,
including the active section, provide power for the batteries
and load. There is a fast but small amplitude decrease in bus
voltage and afterwards the bus voltage increases. The solar

Fig. 16. Li-Ion voltage. The battery voltage increases from 38.7 V. After
about 2000 s of 3 A charging, it arrives at the preset point and thereafter
floats at that value. The voltage decreases to about 38.7 V during the
discharge cycle.
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Fig. 17. Li-Ion current. The battery is initially charged at 3 A current.
After the battery voltage arrives at the reference value, the battery current
tapers immediately. The discharge current is about 2.3 A.

arrays SA3, SA2, and SA1 are sequentially shunted when the
bus voltage arrives at their setpoints. After four sections are
shunted, the bus voltage will decrease continuously because
the active section can not support the load and the batteries
begin to discharge. When the bus voltage decreases below
41.4 V, section SA1 is activated again.

Due to the differences in initial SOC of the batteries, the
battery cell voltages are different. The voltage of battery cell
B3 increases faster than the others and it arrives at the upper
limit setpoint first.Fig. 12shows the voltage of cell B3. From
Fig. 12, it is clear that when the voltage of cell B3 exceeds
1.4 V, the shunt is activated. Then this battery discharges and
the voltage decreases. When the battery voltage drops below
1.38 V, the shunt is deactivated and the battery is charged
again. The difference of the state of charge of batteries B2,
B3, and B5 is shown inFig. 13. The SOC of B3 is the highest,
and the other two are close. FromFig. 13, it is seen that the
increase of state of charge of B3 is slowed down due to the
shunt at about 1100 s. From this study, it can be seen that

Fig. 18. The regulated and unregulated bus voltages.

Fig. 19. State of charge of Li-Ion.

the sequential shunt regulator can maintain the bus voltage
at a relatively constant level and battery shunt contributes to
charge equalization.

4.2. Battery charging/discharging control

A wide variety of systems can be easily configured and
simulated based on the native and imported models available
in the VTB. A representative SEPS is described in this sec-
tion, while different systems can be obtained by changing
the system topology and the parameters of components. The
studied system is assembled in VTB, as shown inFig. 14,
which comprises a solar irradiance model to illuminate the
solar cells, a solar array to convert the solar illumination
into electrical power, a lithium ion battery (Li-Ion) array,
a resistive load, and a pulsed power load. Several auxiliary
components in the system are responsible for appropriate
and efficient operation of the entire system. The primary
energy conversion device is an 88× 10 (series by parallel
connections) array of single junction silicon cells. Each cell
has an active area of 2.4 cm× 6.6 cm, and a responsivity of
0.35 A/W. The battery is a 10×3 array of Li-Ion cells, each

Fig. 20. Energy conversion efficiency of solar array.
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Fig. 21. Schematic of the spacecraft electrical power system with Ni–H2 battery.

having a nominal voltage of 4.15 V and a capacity of 1.5 Ah.
The initial state of charge of the battery is 0.6. All the solar
array cells and all the battery cells are lumped into a single
model for this particular orbital simulation. Shunts for solar
arrays are not included in this system. The charge controller
is compiled from the Simulink model and imported to VTB.

Fig. 22. Ni–H2 battery voltage.

The pulsed power load consists of a 55 W constant power
load and a 5 W pulse power load which is active once every
second. Another load is a 20� resistive load, which is con-
nected to a 28 V regulated voltage bus. The charging cur-
rent reference and floating voltage reference for the battery
charge controller are 3 A and 41.5 V, respectively.
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Fig. 23. Ni–H2 battery current.

This system is simulated for the first 14 ks of the mis-
sion, and the calculated results for this system are shown
in Figs. 15–20. The time axis in these figures is scaled in
seconds and the time step for simulation is 100 ms.Fig. 15
shows the power profiles of the solar array, Li-Ion and loads.
As can be seen, when the solar array is in light, it pro-
vides power for the loads, charging the battery simultane-
ously. The power from the solar array is the sum of the
load power and the power to the battery. During eclipse, the
battery provides power for the loads, and the bus voltage
decreases from a value approximately equal to solar array
voltage to the battery voltage, which is shown inFig. 18.
The power dissipated by the resistive load does not change
with the bus voltage since its voltage is regulated. After a cy-

Fig. 24. State of charge of Ni–H2 battery.

cle, the solar array powers the loads and charges the battery
again.

Figs. 16 and 17show the sampled data for the voltage
and current of the lithium ion battery, respectively. The bat-
tery is initially charged at 3 A current, and the charge cur-
rent has small ripples due to the pulsed power load. After
about 2000 s of constant current charging, the battery volt-
age arrives at the preset point and thereafter it floats at that
voltage. Actually, the voltage reference is a little higher than
41.5 V because the battery temperature at this time is lower
than the reference value that is set on the ground. When
the charging operation moves to constant voltage mode, the
charging current tapers immediately. When the solar array
goes into eclipse, the battery begins to discharge. As a result,
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the battery current reverses and its voltage decreases. The
discharge current is not controlled and depends on the loads.
It is seen fromFig. 17that the discharging current is about
2.3 A. At the end of the discharge cycle, the battery volt-
age decreases to about 38.7 V. It is clear from these two fig-
ures that the charge controller performs the constant current
charging/constant voltage floating scheme correctly.

Fig. 19 illustrates the calculated state of charge of the
battery, which increases initially from 0.6 and approaches
to 1.0 when it is fully charged. The SOC decreases to 0.7
at the end of discharging. After the first cycle, the SOC
changes between 0.7 and 1.0. From this figure, it is seen
that the capacity of the chosen battery meets the load power
requirement.

Fig. 20gives the energy conversion efficiency of the solar
array, which is about 12% when it powers the battery and
loads simultaneously. It is shown that the efficiency declines
as the output current decreases because the output power
decreases.

Based on the above proposed SEPS system, a different
system which replaces Li-Ion battery with Ni–H2 battery, as
shown inFig. 21, is easily configured in the VTB. In order
for the charging control circuit to be applicable, a 28× 3
array of Ni–H2 cells with the same capacity as Li-Ion is
used. The simulation results are shown inFigs. 22–24. It is
seen that the battery charger and control circuit is suitable
for Ni–H2 battery while the series cell number should be
adjusted according to the reference voltage. From the sim-
ulation results, differences are observed that the current of
Ni–H2 battery tapers to zero more rapidly than Li-Ion dur-
ing constant voltage control mode and that the voltage of
Ni–H2 drops to 38 V at the end of discharging cycle, a little
lower than that of Li-Ion.

5. Conclusions

In this paper, interdisciplinary models for the solar ar-
ray battery system, power converter, orbit, radiator, and
other components have been developed in native VTB RC
form. The control systems such as shunt regulator and
battery charge/discharge controller have been modeled in
MatLab/Simulink and then imported into the VTB.

Based on the native and imported models, two case stud-
ies were performed. A direct energy transfer system was
simulated to study in detail the operation and performance
of the sequential shunt regulator and battery shunt. With
the sequential shunt regulator, the bus voltage can be main-
tained at a relatively constant level. The battery shunt has a
capability of equalizing charge of mismatched battery cells.
The developed models were then integrated into a represen-
tative satellite electrical power system and simulated for a
one-orbit cycle. The behaviors of the solar array and bat-
tery were studied in detail. The performances of Li-Ion and
Ni–H2 batteries are compared in this example system. It can
be seen from the simulation results that the proposed sys-

tem configuration and parameters can meet the system re-
quirements and that the proposed battery charge controller
performs the constant current/constant voltage strategy cor-
rectly. From the comparison study, it was shown that the
battery charger and control circuit is also suitable for Ni–H2
battery while the series cell number should be adjusted ac-
cording to the reference voltage.
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