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Modeling and power management of a LEO small satellite
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Abstract— The main task of the electrical power system (EPS)
of a low earth orbit (LEO) satellite consists of providing the
required power to the payloads by regulating, controlling and
distributing the power generated by the solar array and the
battery. The choice of an efficient EPS configuration and the
design of an effective power management strategy are crucial
elements for the success of the mission and the satellite lifetime.
In this paper a dynamic model for a peak power tracker
EPS architecture with an unregulated bus for small satellites
is proposed. The model is used to verify the solar array
and the battery sizing under different operating conditions. A
power management strategy based on a finite-state supervisor is
proposed and its effectiveness is verified through the EPS model
by considering different irradiance and temperature profiles.

I. INTRODUCTION

The combination of commercial-off-the-shelf microelec-
tronic technologies developed for terrestrial use and adapted
to the space environment and the increasing capabilities of
low-power microelectronics, has encouraged the develop-
ment of a new class of highly capable smaller, faster, cheaper
satellites complementing the conventional large satellite sy-
stems [1], [2]. As a result, it is observed an increasing interest
in small and micro satellites design and, more specifically, in
the use of simulation analysis for the deployment the control
of the satellite subsystems [3]-[6]. The electrical power
system (EPS) plays a crucial role in the lifetime of small
satellites. Indeed, the EPS should be effectively compliant to
several requirements in order to provide power generation,
management, storage, control, protection and distribution to
the spacecraft payloads and platform equipments during the
entire mission life. From the regulation point of view the
EPS shall manage peak, pulse and transient power demands
and the battery charge/discharge cycle by avoiding spacecraft
instability and performance degradation.

At a certain level of abstraction, a quite general ar-
chitecture of an EPS can be decomposed into four main
blocks: a primary power source, an energy storage, a power
management unit that deals with power conditioning and
charge/discharge control, and a power distribution unit [7],
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[8]. The sizing of the subsystems and the design of an
efficient power management strategy are complex and critical
tasks usually undertaken in the satellite design phase [9],
[10]. A conceptual design of a spacecraft power system
involves an optimal selection of available technologies of
different components, such as solar cells, solar arrays, batte-
ries, and bus voltages. However the electrical architecture of
spacecrafts is not standard and shall, in general, need to be
adapted nearly case by case. Thus, the identification of the
topology is the preliminary step for the EPS design. There
are several basic topologies, that can be classified based on
two main criteria: the energy transfer and the voltage main
bus regulation [11], [12].

The primary satellite power can be fed to the main power
bus according to two different conditioning topologies: a
direct energy transfer or a peak power tracker (PPT). In the
former approach the solar power is delivered to the loads (and
equipments) with no series regulation unit; the excess power
is typically shunt to ground trough parallel switches [13]. In
the PPT topology the regulated power is provided to the main
bus by DC-DC power converters [14]. The converters are
controlled as a function of the required bus power demand
by extracting the appropriate operating point on the solar
array (SA) power characteristic up to the maximum power.

In this paper we refer to a maximum power point tracker
(MPPT) topology with unregulated bus for a low earth orbit
(LEO) small satellite. Nowadays the PPT topology is a
promising solution for miniature satellites because of the use
of higher efficient solar cell, better MPPT techniques and low
cost/low mass MPPT modules. Furthermore the PPT is well-
suited to LEO orbits due to the wide range of variation in
sun projection over the solar array. We propose a modular
dynamic model for the EPS and a corresponding power ma-
nagement policy. The model and the power splitting strategy
are verified through numerical simulations of the satellite
behavior under several environmental and load conditions.
The model is shown to be also useful for the verification of
the solar array and the storage sizing.

The rest of the paper is organized as follows. In Section II
the architecture under study is presented, while in Section III
the models of all EPS subsystems are described. Section IV
deals with the proposed power split policy. The effectiveness
of our model and control strategy is confirmed by the simu-
lation results discussed in Section V. Finally, in Section VI
the research conclusions are summarized.
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Fig. 1. The considered PPT with unregulated bus architecture.

II. EPS ARCHITECTURE

The PPT topology analyzed in this paper considers an
individual MPPT module for each photovoltaic panel, thus
allowing the use of different cell technology and string
length for each panel and improving the system reliability.
Furthermore, the peak power point of each panel is tracked
individually, which allows an efficiency improvement. In-
deed, the panels of spin stabilized LEO satellites can operate
under different irradiance and temperature conditions.

The PPT topologies are characterized by the different
power conditioning bus architecture: regulated [10], [15],
[16] or unregulated [17]. We consider a PPT topology with
an unregulated bus, see Fig. 1. The main bus voltage is
provided by the battery output voltage which is upper and
lower bounded and it increases during charge phases and
decreases during the discharge ones.

The unregulated bus allows EPS mass and cost savings.
It is particularly advantageous in case of power bus ope-
rations with short but high peak loads or with impulsive
power profiles occurring during radar instrument operations.
Moreover it allows higher numerical and functional EPS
reliability because of reduced electronic circuitry [18]. The
MPPT with unregulated bus offers about 9% SA surface
reduction (compared with direct energy transfer solutions)
but imposes some constraints on thermal interfaces, indeed
dissipation inside the power and control distribution unit
is higher. It also introduces additional constraints on the
MPPT —as this now needs to ensure the correct charging
strategy for the battery, independent of bus load— a function
normally carried out by a separate battery charge regulator.

III. EPS MODEL

The proposed modular EPS model is based on a power
flow representation. An equivalent scheme of the model is
reported in Fig. 2. The environment acts on the considered
system through some input signals which depend on the
satellite mission: the solar irradiance I, and the tempera-
ture 7', which vary along the orbit and the loads’ power
consumptions. The irradiance and the temperature are inputs
for the SA block which provides, based on the power request
coming from the MPPT, the SA voltage vpy . For the sake
of readability we assume one PV panel and one DC-DC
converter, i.e. the SA output voltage vpy corresponds to the
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Fig. 2. A block scheme of the EPS model.

Fig. 3. An equivalent circuit for a solar cell.

PV panel output voltage. The battery model consists of two
dynamic equations coupled with state of charge (SOC) maps.

The control block includes the MPPT strategy and the
battery control unit (BCU). This subsystem, by using as
inputs the load power P; and the battery voltage vp,
determines the power requested from the SA and the battery
current. The SA and battery voltages allow the computation
of the duty cycle for the modulation of the DC-DC converter
in order to satisfy the power request.

All constants and parameters of the model are determined
based on solar cell and battery datasheet. The model is imple-
mented in the Matlab-Simulink platform, and its subsystems
are detailed in the following subsections.

A. Solar array model

The SA consists of several PV panels, each modeled with
a certain number of PV cells connected in a series—parallel
combination such that the required voltage and current are
obtained.

A typical steady state equivalent electrical circuit for a
solar cell is shown in Fig. 3. The cell acts as a current
source shunted by an ideal diode. The series resistor R,
represents the internal resistance to the current flow, due
to the resistivity of the material. The shunt resistor Ry
determines the leakage current across the junction and its
value is related to the junction depth, the impurities and the
contact resistance. In an ideal PV cell, there are no series
losses and no leakage to ground, i.e. R is a short circuit
and Ry, is an open circuit.

The electrical model can be derived by considering an
ideal diode characteristic, ns cells in series and n,, cells in
parallel. The current provided by each PV panel is the sum



of the n,, currents obtained by the cells in parallel and it can
be written as

iry = f(ipv,vpv) (D
with

f(iPVa UPV) :npiph (T7 Irr)
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where vpy = nsvpy, is the total PV panel output voltage
obtained as the sum of the voltages provided by the series-
connected cells, K is the Boltzmann constant, n is the diode
ideality factor, ¢ is the electron charge, [y is the diode
saturation current, T is the temperature on the photovoltaic
panel which is considered as an input together with the
irradiance I, and i, (T, I,--) is the photo-generated current.
By writing the PV current in terms of its voltage and power
and by substituting i pyy = Ppy /vpy in (1) one can write

Ppy = vpy f(Ppv/vpv,vpy). 3)

Given the desired power Ppy, the temperature 7', the
irradiance I,., the maps of the photo-generated current
ipn(T, I,) and the map of the saturation current Io(7"), one
can numerically solve (3) with (2) in order to obtain the PV
voltage vpy .

B. Solar array maps and parameters

The maps for the photo-generated current 4,y (7T, I,,) and
that for the diode saturation current Iy(7T") are evaluated
by considering (1) under specific operating conditions. By
assuming the open circuit voltage vpy = V,.(T) and current
ipy = 0, from (1) one obtains

4Voe (T) Voe(T
i (T ) = () [e(F8552) 1] 4 Vol D)
nsRsh
Moreover, by imposing the short circuit conditions vpy = 0
and ipy = I, the expression (1) becomes

Roloe(T)
Lse(T) =npipn(T, Irr) — Lo(T)ny [e(q"KT"” ) - 1}
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The short circuit current I, and the open circuit voltage
Vo can be usually approximated as affinely dependent on

the temperature:

VOC(T) = Vvoc(1 + KU(T - T*))

(6a)
(6b)

with V¥ and I}, standard test condition values, i.e. with
temperature 7™ and irradiance [I., and K; and K, the
temperature coefficients of short circuit current and open
circuit voltage, respectively, [19]. By using (6) in (4) and (5)
one can easily obtain the maps of the photo-generated and
saturation currents as a function of the temperature and

irradiance.

=

Fig. 4. Equivalent electrical circuit or the battery model.

The SA model requires also to fix the diode ideality factor
n, the series resistance R, and the shunt resistance Rgy,.
These constants can be obtained from the maximum power
point values, which can be represented through the following
relations [20]

Iyipp = f(Iyipps Varep) (7a)
dipy _ ! (7b)
aUPV vpy =0 Rsh’

iPV=Isc
0P,
PV =0, (7¢)
dvpy vpv=Vypp

irv=Iypp
with the function f(-) defined by (2), Vi;pp and I} pp
the voltage and the current at the maximum power point
in standard test condition, respectively, provided by the
datasheet and I, given by (6a). From (7c) one obtains

Oipy _
) =0 ®

vpv=Vyirpp
. I
tPv=Ipypp

(iPV +vpy

where the expression of the partial derivative of the current
with respect to the voltage can be obtained from (1) by using
the implicit function derivative theorem which provides

9f(ipv,vpv)
_ dvpy
- 1 _ Af(ipv,vPv) ®)
dipy

Odipy
Ovpy

where f(-) is given by (2).

C. Battery model

The battery model is obtained by considering the equiva-
lent electrical circuit shown in Fig. 4, see [21]. The model
considers as input the current i and as state variables the
internal battery voltage v; and the state of charge SOC.
Since also the thermal effects want to be considered, a further
state variable is the battery temperature 7'5.

By applying the Kirchhoff current law, the dynamic
equation for the internal voltage can be written as

d 1

Cq 00 = _Evcl —iB (10)

where Ry and C; are the internal resistance and capacitor,
respectively.

The battery voltage, which is an output for the battery
subsystem, can be evaluated as a function of the open circuit
voltage F,., the current ¢p and the internal voltage vi. By
applying the Kirchhoff voltage law to the circuit in Fig. 4,
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Fig. 5. The maps adopted for the battery model: C' vs T'g for different
values of the current (top left), C' vs ¢p for different values of the
temperature (top right), E,. vs SOC for different values of the current
(bottom left) and temperature (bottom right). The black, violet, blue, and
red lines, correspond to —40 °C, —20 °C, 25 °C, and 40 °C, respectively.
The blue, red, yellow, violet and green lines correspond to 0.7 A, 1.12 A,
2.8 A, 5.6 A, 8.4 A while the dashed lines are the current characteristics
during the discharging phase.

one can write

v = Eo.(SOC,ip,Tp) + Rip — vc,, (11)

where R is the series resistance and FE,. is a nonlinear
function of the state of charge SOC, battery current ig and
battery temperature T5. The SOC is obtained by integrating
the battery current

d 1 .
&SOC = m137

where C' is the battery capacity which depends on the current
(discharge rate effect) and on the battery internal temperature
T'p. The map that provides the value of the battery capacity
C for given values of current ip and temperature T is
shown in Fig 5. For high values of the current we have low
capacity, i.e. the cut-off voltage corresponds to a value of
the capacity lower than the one corresponding to a higher
current. The relation between F,. and SOC changes under
varying conditions, i.e. the charge/discharge current and the
temperature [22]. We model these dependencies through
a map deduced from the cell datasheet, see Fig. 5. Note
that during the discharge phase, E,. is lower than the one
corresponding to the charge phase for the same SOC.

(12)

The electrical variables of the battery are also influen-
ced by the temperature. The thermal model allows the
computation of the battery temperature time evolution by
considering as inputs the ambient-temperature 7, and the
power dissipated due to the Joule effect Pgss [23]. By
considering a thermal dynamic equation one can write

d 1

OthaTB =———(Tp —T,) + Puiss(vc, ., iB)

13
Ron (13)

where the dissipated power is given by
2
Ry
and Ry, and Cy, are the thermal resistance and the thermal
capacity, respectively.

Pdiss(UCmiB) + RZQB (14)

IV. CONTROL STRATEGY

The power dispatch is a critical issue in a satellite mission;
a power system failure means the loss of a mission. The
power control strategy needs to satisfy the power demand
according to the available maximum power and to determine
the power that the SA has to provide together with the charge
or discharge battery current.

A. Maximum power points computation

To implement an efficient control strategy it is necessary
to compute the panel voltage Vj;pp and the panel current
Iy pp at the maximum power point, according to the measu-
red temperature and irradiance. The variations of Vj;pp and
Iy pp with respect to their nominal values Vy; pp and I3, pp
can be assumed to have a linear dependence with respect to
the temperature variation and a logarithmic dependence with
respect to the irradiance ratio [24]. Therefore, the voltage
and the current at MPP can be expressed as

Ipy Iy
Virpp + iz In (155) In (I:'r) + oy (T —1T7)
if I > 1001,

Vmpp = I
Virpp + s I (155) +0v(T = T7)
if I < 10015
(15a)
I
Inpp = Iypp (ITTT) A+61(T-T7)) (15b)
Tr

where dy and §; are the voltage and current temperature
coefficients, respectively, and I, is the irradiance in standard
test condition.

B. Battery charging process

A widely diffused strategy for the battery charging is the
so-called constant current-constant voltage (CC/CV) algori-
thm which is also considered herein. The algorithm consists
of three phases, see Fig. 6: the preCharge mode, the CC mode
that ends when the battery reaches the maximum value of
the voltage and the CV mode where the voltage is constant
while the current has an exponential decay.

We define a boolean variable, say g, which indicates
the start of the charging process. This signal is obtained by
considering SOC and the beginning of the eclipse and the
sunlight phases, respectively. Indeed the battery should be
re-charged at the beginning of the sunlight phase and when
SOC is below its minimum value. Moreover the battery has
to be fully charged at the beginning of each eclipse. The
duration of the charging process, say A.p, can be obtained
by integrating the SOC' dynamics with the assumption of
the pre-defined charging profile, see Fig. 6, where ¢, Ip,,



Fig. 6. A typical battery current profile for the CC-CV algorithm.
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Fig. 7. Finite-state machine of the supervisor.

Ip, and ap are known. In particular, one can write

CromSOC(Ach) = CromSOC(0) + Ip, ty + I, (ta — t1)
- LIBQ(e*QB@ch*fz) —1)  (163)
ap
1 Ip,
Agi=——n (IBQ) +t (16b)

where C),,,, is the nominal value of the battery capacity, ¢;
and t, are the time instants at which the CC and CV phases
start, I, and Ip, are the current values for the PreCharge
and CC modes and ap is the coefficient that determines the
current exponential decay during the CV mode.

C. Power management control strategy

The proposed power management policy can be described
through the scheme shown in Fig. 7. Given the temperature
and irradiance profiles for each panel, the load demand
Py, the battery state of charge SOC and the corresponding
voltage vp, the power requested to the SA and the battery
current are determined. Two alerts highlight the incomplete
battery charging and/or the possible deficit power supplied
to the load.

The behavior of the satellite differs if it is in sunlight or
in eclipse. Indeed, during the eclipse phase, the battery is the
only power source for the satellite. Then the power requested
to the solar array is zero while the discharging current ip
is determined according to vp and Pp. The value of the
discharging current is limited to its maximum.

During sunlight we can distinguish three satellite operative
modes corresponding to three control states: SA only loads
(SAOL), SA battery discharge (SABD) and SA battery
charge (SABC). The SAOL state is active if the battery has
not to be recharged, i.e. the signal vp is low, and Py, is less
than the maximum power point of the solar array. During the

SUNLIGHT \

SAOL state, the solar array only supplies the power required
by the loads. During the SABD mode the battery has not to
be recharged and P, is larger than the maximum power point
of the SA. Then the power required by the loads is supplied
by the SA together with the battery. Finally the SABC state
is active if the battery has to be recharged, i.e. the signal
~vp is high. The SA provides the needed power to charge
the battery and to the loads. The state is deactivated when
the battery is fully charged. The logic of the SABC state is
illustrated in Algorithm 1. If the SA cannot supply enough
power to charge the battery and satisfy the load demand, the
priority is given to the loads.

Algorithm 1: preCharge/CCmode/CVmode

Input: Pr, vg, PXxMmazs PXPmaxs Py Mmaz> Py Pmaxz, PPVmax
Output: i, Pxn, Pxp, Pym, Pyp, Pa
begin
/*Current evaluation*/;
iB 11*3 N
[#where: I, < Ip1 in preCharge, I < Ip2 in CCmode,
I « Igze~*B(~%2) in CVmode*/,
/*Battery power estimation */;
Pp < vpiB;
/¥*Required power evaluation/;
Ppy < P + Pp;
/*Check supplied power */;
if (PpV > PPVm,a,ac) then
Ppyv + Ppvmaz);
/¥*Maximum power to be supplied to the battery*/;
Pp < Ppy — Pr;
/*Current evaluation/;

Pp.
v’

iB
end

/*Power available*/;

Py <+ Ppyv —vBiB;

/*The function setPV determine the power requests to each panel by
considering the maximum power available and the maximum power of
each panel.*/;

(Pxm, Pxp, Pyy, Pyp) <
setPV(Px Mmaz> PX Pmaz> Py Mmaz, Py Pmaz, PPV );

end

V. SIMULATION RESULTS

The effectiveness of the power management strategy is
demonstrated through several numerical tests. For each panel
we use typical LEO environmental conditions (e.g. tempera-
ture and irradiance). We also define a strategy to dispatch the
requested power to the four panels according to the effective
maximum power point.

The technical data and the parameters of the model are:
a MP176065xtd battery, a CESI CTJ-30 solar cell, ny, =
32, n, = 8 Ta = 298K, Ry, = TH4KW™L Cy =
483.57 JK™', R =11m®Q, Ry =15mQ and C; = 1.5 kF,
T* = 25°C, I, = 1000 Wm~2, total sunlight duration
5400 s, eclipse duration 3000 s.

The profiles of the power provided to the storage (negative
if it is supplied by) and the power requested from the SA
are reported in Fig. 8. The first PV panel operates at its
maximum power point Px s, .. While the power furnished
by the SA Ppy is almost always below its maximum value,
i.e. not all the PV panels operate at their respective maximum
power points. The temperature, the current, the voltage and
the SOC of the battery are reported in Fig. 9. The parameters
used for the simulations are reported in the Appendix.
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Fig. 8. The irradiance and the temperature experienced from the first PV

panel (top and middle left respectively), the power load request (bottom
left), the battery power (top right) and the power requested from the first
panel and from the SA respectively (middle and bottom right) are reported.
The red lines indicate the maximum power that can be supplied.
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Fig. 9. Time evolutions of he current and the voltage of the battery (top left
and right), the state of charge and the temperature (bottom left and right).

VI. CONCLUSION

The EPS design is a very critical point in small LEO
satellites. We have proposed an EPS dynamic model and a
strategy for the power splitting between the solar array and
the battery under different operating conditions determined
by sunlight and eclipse intervals, irradiance, temperatures
and loads. The model is shown to be useful for the ve-
rification of the spacecraft subsystems sizing for a given
mission. Simulation results have shown the effectiveness of
the proposed power management strategy. Future work will
analyze the use of the model for the optimization of the
battery charging and discharging operations.
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