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Abstract—Spacecraft charge in orbit due to naturally occurring
electric currents from the ambient plasma and the Sun, and arti-
ficial currents produced by devices such as an electron gun. This
results in electrostatic forces and torques between two spacecraft
in close proximity that can perturb the relative motion during
on-orbit servicing, assembly and manufacturing (OSAM) op-
erations, or be utilized to remove or detumble dysfunctional
satellites. In prior work on electrostatic proximity operations,
typically charging models based on spherical current collection
were used to compute the electrostatic potential, and that poten-
tial was prescribed to be constant in relative motion simulations.
In this work, several spacecraft charging models are compared,
including a simple sphere model, an adjusted sphere model, and
a faceted model. The faceted model is promising because its total
surface area is more accurate, and it allows for the consideration
of a time-varying sunlit area. Using the faceted model, it is
shown that the orientation of the spacecraft with respect to the
sun can significantly affect the equilibrium potential and the
resulting force and torque. This is demonstrated by a charged
attitude motion simulation for the Electrostatic Tractor debris
removal concept.

1. INTRODUCTION
Spacecraft naturally build up electric potentials in orbit due
to several electric currents in the space environment, such as
the photoelectric current from the Sun or the electron and ion
current from the ambient plasma [1, Chapter 1]. Spacecraft
charging is usually not a concern in Low Earth Orbit (LEO)
due to the dense and low-energy plasma, with the exception
of a few distinct scenarios such as when a spacecraft is
located at auroral latitudes during auroral activities. In high
earth orbit, such as the Geostationary Earth Orbit (GEO) or
cislunar space the plasma is tenuous and energetic, resulting
in high electric potentials reaching tens of kilovolts in eclipse.
Record charging events of up to −19 kV were experienced by
the Applied Technology Satellite 6 (ATS-6) in GEO [2].

Spacecraft charging affects spaceflight in various ways. Even
though modern spacecraft design guidelines recommend to
connect all components to one common ground such that
all components charge to the same potential [3, Chapter 3],
this is not always possible and often not the case for old or
retired satellites. Arcing can occur between two components
of a satellite if they are charged to different potentials, which
potentially reduces the lifetime of solar panels, for example
[4], [5]. Electrostatic discharges can occur between two
charged spacecraft during docking if the difference in electric
potentials is large. One consequence of spacecraft charging
that has received increased attention over the last decade
are the electrostatic forces that act on two charged space-
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Figure 1. Concept Figure of electrostatic forces and torques

craft in close proximity operations (Fig. 1). Electrostatic
perturbations can significantly influence On-Orbit Servicing,
Assembly and Manufacturing (OSAM) operations [6]. When
an uncooperative target satellite is approached by a servicing
satellite, the target starts to tumble due to the electrostatic
torques if its center of mass is not aligned with its center
of charge. The servicer needs to match this rotation to
maintain a constant relative orientation with the target during
rendezvous and docking. This increases fuel consumption
and complicates servicing operations. The electrostatic forces
and torques can also be utilized to remove space debris from
geostationary orbit with the Electrostatic Tractor (ET) active
debris removal method [7], or to detumble uncooperative
spacecraft [8].

Prior work on the effects of electrostatic perturbations on
proximity operations investigated adjusted approach trajecto-
ries that minimize the electrostatic torques and the resulting
rotational rate of the target satellite. A relative motion con-
troller that feeds forward on the expected electrostatic pertur-
bations to improve rendezvous performance was also studied
[9]. However, all prior work prescribed electric potentials of
10 kV for each spacecraft assuming extreme charging sce-
narios, without considering the interactions of the spacecraft
with the plasma environment. Time varying potentials about
the nominal potential of 10 kV were taken into account by
introducing random variation, but this does not accurately
represent the changing space environment around the Earth
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or Moon. Spacecraft charging analysis has been done for
the Electrostatic Tractor [10], [11]. The effect of the debris
attitude on the electrostatic force and consequently the reorbit
performance has also been investigated [12]. However, the
effect of the debris attitude on the electric potential, which
also affects the electrostatic force, has been neglected.

In this work, the natural electric potentials experienced by a
spacecraft in GEO and cislunar space are studied. To deter-
mine the equilibrium potential of complex-shaped satellites
for science purposes or mission planning, numerical tools
such as NASCAP-2k or SPIS are frequently used. However,
these software frameworks require several minutes to com-
pute the electric potential, making them unsuited for dynamic
simulations over an entire orbit. Instead, the following three
analytical spacecraft charging models are used to compare
their accuracy with a truth model from NASCAP-2k. The first
model assumes a spherical spacecraft, the second employs an
adjusted sphere model that is tuned for a specific spacecraft
using NASCAP-2k, and the third model divides the spacecraft
into several facets while neglecting self-shadowing. With
these models, the natural potentials in orbit around the Earth
or Moon can be efficiently approximated and the resulting
electrostatic forces and torques are computed using the Multi-
Sphere Method [13]. Additionally, the faceted model allows
for the consideration of time-varying potentials due to the
rotation of the debris and its effect on the Electrostatic Tractor
reorbit process.

2. BACKGROUND
Various electric currents in the space environment cause
spacecraft to charge in orbit. The plasma in space contains
charged particles such as electrons and ions that transfer their
charge to the spacecraft if they impact it [1, Chapter 1].
The resulting currents are referred to as the electron and ion
plasma currents, respectively. As electrons and ions penetrate
into the surface material of the spacecraft, they transfer
some of their energy to nearby electrons in the material. If
enough energy is transferred, one or more secondary elec-
trons leave the surface material with low kinetic energies of a
few electron-volts (eV), resulting in the so-called secondary
electron (SE) current [1, Chapter 3]. An incident electron
can also be backscattered. In this case, an electron enters
and leaves the surface material, resulting in the backscattered
electron current [1, Chapter 3]. A spacecraft in sunlight
is also subject to the photoelectric current. The incoming
electromagnetic radiation from the Sun excites electrons in
the surface material of the spacecraft that, similar to the
secondary electrons, leave the material with low energy [1,
Chapter 7].

Spacecraft Charging Model

The electron Ie and ion Ii plasma currents are modeled using
a particle flux F (E) of the electrons or ions distributed over
particle energy E (measured in eV) [14], [15], [11]

Ie/i(ϕ) = qA

∫ ∞

L

(
E

E ± ϕ

)
Fe/i(E ± ϕ) dE (1)

with the electric potential of the spacecraft ϕ, particle charge
q and surface area of the spacecraft A that is exposed to
the plasma. Index e denotes electrons and index i denotes
ions. The lower bound L of the integral is 0 for the repelled
particles (e.g. for electrons if ϕ < 0) and |ϕ| for the attracted
particles. The upper sign of ± applies to ions and the lower
sign to electrons, while ϕ may be positive or negative. The
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Figure 2. Secondary electron yield (induced by electrons
and ions) and backscattered electron yield

ambient electron flux Fe(E) is used for the plasma electron
current and the ambient ion flux Fi(E) is used for the plasma
ion current.

If the plasma is Maxwellian, the flux distribution can be
described using the plasma temperature T (measured in eV)
and plasma density n [14]

F (E) =

√
q0

2πTm

E

T
n exp

(
−E
T

)
(2)

and the plasma currents for a spherical spacecraft simplify to
[16, Chapter 4]

Ie(ϕ) =


−Aq0newe

4
eϕ/Te if ϕ ≤ 0

−Aq0newe
4

(
1 + ϕ

Te

)
if ϕ > 0

(3)

for the electron current and

Ii(ϕ) =


Aq0niwi

4

(
1− ϕ

Ti

)
if ϕ ≤ 0

Aq0niwi
4

e−ϕ/Ti if ϕ > 0
(4)

for the ion current, where the unsigned elementary charge
q0 in Coulombs is used. The average thermal velocity is
w =

√
8Te/i/(me/pπ), using the mass of an electron me for

the electron current and the mass of a proton mp for the ion
current (assuming that the plasma consists solely of protons).

The secondary electron and backscattered currents are mod-
eled as

ISEE/B(ϕ) = q0A

∫ ∞

L

Y (E)

(
E

E ± ϕ

)
F (E±ϕ) dE (5)

where Y (E) serves as a placeholder for the electron yield, i.e.
the average number of secondary electrons (or backscattered
electrons) released per incident electron with landing energy
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E, see Fig. 2. The secondary electron yield due to incoming
electrons is computed by [14]

Yee(E,ψ) = c1

∫ R

0

∣∣∣∣dEdx
∣∣∣∣ e−c2x cosψ dx (6)

where x is the path length of the incident electron, R is the
maximum penetration length (range) and ψ is the angle of
incidence of the incident electron. The stopping power is [14]

dE

dx
=

(
dR

dE

)−1

+

(
d2R

dE2

)(
dR

dE

)−3

x (7)

and the range is equal to

R = b1E
q1 + b2E

q2 (8)

with material parameters b1, b2, q1, q2. For aluminum, the
values b1 = 154 Å, b2 = 220 Å, q1 = 0.8 and q2 = 1.76 are
used, assuming that the landing energy is provided in keV for
this equation. The constants c1 and c2 are fitted numerically
to obtain a yield curve for normal incidence (ψ = 0) that has
the maximum yield Ymax at an energy Emax. For aluminum,
Ymax = 0.97 and Emax = 0.3 keV are used, yielding c1 =
8.5467 and c2 = 0.0276. Finally, the yield for isotropic flux
is about two times the yield for normal incidence [14], which
gives us the secondary electron yield due to electron impact
used in this work:

YSEE,e(E) = 2Yee(E, 0) (9)

The backscattered electron yield is based on the albedo for
normal incidence A0 and isotropic flux AI

A0 = 1−
(
2

e

)a
(10)

AI = 2
1−A0(1− logA0)

(logA0)2
(11)

with a = 0.0375Z and atomic number Z, which is then
multiplied by several heaviside step functions to account for
special low energy cases [14]

YB(E) =

(
H(1− E)H(E − 0.05) log(E/0.05)

log 20

+H(E − 1)

)
·
(exp(−E/5)

10
+A0/I

)
(12)

In the equation above, E is the energy of the incident elec-
tron in keV, H(x) is the heaviside step function, log is the
logarithm with base 10, and either A0 or AI is substituted
for A0/I depending on the type of flux. The atomic number
of Z = 13 is used for aluminum, and isotropic flux is
assumed. The factor of two for the isotropic flux yield is
already considered in the albedo.

Secondary electrons can also be excited by incoming ions.
The corresponding yield is modeled by [14]

YSEE,i(E) = 2
βE1/2

1 + E/Emax,i
(13)

whereE is the energy of the incident ion in keV,Emax,i is the
energy of the maximum yield, and β is a scaling parameter.

For aluminum, Emax,i = 230 keV and β = 0.244. The
factor of 2 accounts for the isotropic flux. Given the energy
dependent yield from Eqs. (9), (12) and (13), one computes
the secondary electron current due to electrons ISEE,e and
backscattered electron current IB using the ambient electron
flux Fe(E) and secondary electron current due to ions ISEE,i
using the ambient ion flux Fi(E) with Eq. (5). More
illustratively, given the mean yield over all energies (e.g. for
secondary electron emission due to electron impact)

< YSEE,e >=

∫∞
L
Y (E)

(
E/(E ± ϕ)

)
F (E ± ϕ)dE∫∞

L

(
E/(E ± ϕ)

)
F (E ± ϕ)dE

(14)

one can calculate the secondary current by

ISEE,e(ϕ) =< YSEE,e > ·Ie(ϕ) (15)

Note that the secondary electrons are emitted with very low
energy. If the spacecraft is charged negatively, these electrons
are accelerated away from the spacecraft. In the case of
a positively charged spacecraft, the secondary electrons are
attracted back to the spacecraft, as they do not have enough
energy to escape. Thus, for a positively charged spacecraft,
the secondary electron currents are negligible.

The photoelectric current is equal to [1, Chapter 7]

Iph(ϕ) =

{
jph,0Aph if ϕ ≤ 0
jph,0Aphe

−ϕ/Tph if ϕ > 0
(16)

where jph,0 and Tph are the flux and temperature of the
emitted photoelectrons, and Aph is the projected area of the
spacecraft that faces the sun. Values of jph,0 = 20 µA/m2 and
Tph = 2 eV are used in this work [10]. Similar to secondary
electrons, photoelectrons are emitted with very low energy, so
for a positively charged spacecraft the photoelectric current
drops off exponentially.

The currents discussed so far occur naturally in space. One
artificial type of current is electron beam emission and im-
pact. Consider an electron gun attached to a servicing satellite
and aimed at a target object, as proposed for the Electrostatic
Tractor active debris removal method [7]. The current due to
the electron gun on the servicer is equal to [10]

IEB,S(ϕT , ϕS) =

{
IEB if EEB > ϕS − ϕT
0 if EEB ≤ ϕS − ϕT

(17)

where IEB and EEB are the operating current and energy of
the electron gun, and ϕS and ϕT are the electric potentials
of the servicer and the target, respectively. Because the initial
kinetic energy of the electron beam electrons is equal toEEB ,
the beam only reaches the target if the initial beam energy
EEB is greater than the electric potential difference ϕS − ϕT
between the two spacecraft. Otherwise, the beam electrons
are attracted back to the servicer and the net current is equal to
zero. For the servicing satellite, the beam current is positive
due to the emission of electrons. For the target satellite, the
electron beam current is equal to [10]

IEB,T (ϕT , ϕS) =

{
−αEBIEB if EEB > ϕS − ϕT
0 if EEB ≤ ϕS − ϕT

(18)
Due to the expansion and deflection of the beam [17], only
a fraction αEB of the beam hits the target. For simplicity,
αEB = 1 is assumed in this work. The electron beam
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also excites secondary ISEE,EB(ϕT , ϕS) and backscattered
electron emission IB,EB(ϕT , ϕS) from the target, computed
by

ISEE/B,EB(ϕT , ϕS) = YSEE,e/B(Eeff) · IEB,T (ϕT , ϕS)
(19)

where Eeff = EEB − ϕS + ϕT is the landing energy of the
electron beam.

If the sum of all currents is equal to zero, the electric potential
is at equilibrium. Thus, the equilibrium potential is found by
finding the root of the equation

Itot,S(ϕT , ϕS) = Ie(ϕS) + Ii(ϕS) + ISEE,e(ϕS) + IB(ϕS)

+ ISEE,i(ϕS) + Iph(ϕS) + IEB,S(ϕT , ϕS)
(20)

for the servicing satellite and

Itot,T (ϕT , ϕS) = Ie(ϕT ) + Ii(ϕT ) + ISEE,e(ϕT ) + IB(ϕT )

+ ISEE,i(ϕT ) + Iph(ϕT ) + IEB,T (ϕT , ϕS)

+ ISEE,EB(ϕT , ϕS) + IB,EB(ϕT , ϕS)
(21)

for the target spacecraft.

Note that, even though the equilibrium potential of the ser-
vicer and target are computed independently in this work,
the charging behavior of the two spacecraft is coupled. A
highly charged spacecraft might cause changes in the ambient
plasma, which affects the potential of a nearby craft. Addi-
tionally, a positively charged servicer might attract secondary
and photoelectrons generated from a less positively charged
target, resulting in a target spacecraft that is charged more
positively than one would expect according to the isolated
charging model used in this work. The consideration of such
coupled effects is left for future work.

Multi-Sphere Method

The Multi-Sphere Method (MSM) uses several spheres to
approximate the charge distribution of complex shapes and
is implemented here to calculate the electrostatic force and
torque acting on each spacecraft [13], [18]. The voltage to
charge relation is given by

V1
V2
...
Vn

 = kc


1/R1 1/r1,2 · · · 1/r1,n
1/r2,1 1/R2 · · · 1/r2,n

...
...

. . .
...

1/rn,1 1/rn,2 · · · 1/Rn



Q1
Q2
...
Qn

 (22)

where Vi, Qi, Ri are the electric potential, electric charge and
radius of the i-th sphere, respectively, ri,j is the distance
between the i-th and j-th sphere, and kc is the Coulomb con-
stant. Knowing the charge on each sphere, the electrostatic
force acting on spacecraft 1 is computed by

F1 = −kc
n1∑
j=1

Q1j

(
n2∑
i=1

Q2i

r3i,j
ri,j

)
(23)

and the electrostatic torque acting on spacecraft 1 about point
0 is computed by

L1,0 = −kc
n1∑
j=1

rj ×Q1j

(
n2∑
i=1

Q2i

r3i,j
ri,j

)
(24)
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ŝ2

<latexit sha1_base64="Z38WYRXork73fC9HlF/zCBKnxpk=">AAACBXicbVC7SgNBFJ2NrxhfUUubwSCkCrsS1DJgYxnBPCBZw+xkNhkyM7vM3BXCsrW/YKu9ndj6HbZ+iZNkC5N44MLhnHs5lxPEghtw3W+nsLG5tb1T3C3t7R8cHpWPT9omSjRlLRqJSHcDYpjgirWAg2DdWDMiA8E6weR25neemDY8Ug8wjZkvyUjxkFMCVnrsjwmk/UCmJssG3qBccWvuHHideDmpoBzNQfmnP4xoIpkCKogxPc+NwU+JBk4Fy0r9xLCY0AkZsZ6likhm/HT+dYYvrDLEYaTtKMBz9e9FSqQxUxnYTUlgbFa9mfif10sgvPFTruIEmKKLoDARGCI8qwAPuWYUxNQSQjW3v2I6JppQsEUtpQQyK9lSvNUK1kn7suZd1er39UqjmtdTRGfoHFWRh65RA92hJmohijR6Qa/ozXl23p0P53OxWnDym1O0BOfrF15jmVI=</latexit>

ŝ1
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Figure 4. Faceted Spacecraft Model

In the equations above, Q1 includes the charges of the n1
spheres of spacecraft 1, Q2 includes the charges of the n2
spheres of spacecraft 2, and rj is the vector from the point
0 to the j-th sphere. The Multi-Sphere models used in this
work are shown in Fig. 3. The target is based on the GOES-R
satellite and is interesting due to its asymmetric shape, while
the servicer is based on an SSL-1300 satellite bus. Previous
work shows that a model with 20 spheres per spacecraft,
distributed on the surface, provides a good representation of
the electrostatic forces while requiring about 1/6 of the com-
putational effort than a model with 80 spheres per spacecraft
[19]. Figure 3 also shows the body frame of the target T :
{t̂1, t̂2, t̂3} and the servicer S : {ŝ1, ŝ2, ŝ3} in their nominal
orientation. A 3-2-1 Euler rotation sequence with yaw angle
αT and pitch angle βT is used to describe the orientation
of the target. A rotation about the t̂2 axis is assumed not
to provide any additional insight, so the rotation about this
axis is always set to zero to improve the visualization of
the results by using only two rotation angles. The reference
orientation for any rotations is the nominal orientation shown
in the figure, where the both body frames are aligned with the
Hill frame.

Faceted Model

A faceted model is implemented to compute the projected
sunlit area of the spacecraft that is facing the sun, neglecting

4



self-shadowing. The spacecraft is divided into n facets with
area Ai and normal vector n̂i of the i-th facet. The projected
sunlit area of the i-th facet is equal to

Aph,i =

{
Ai cos θs,i = Ai

ŝ·n̂i

|ŝ|·|n̂i| if ŝ · n̂i > 0

0 if ŝ · n̂i ≤ 0
(25)

where θs,i is the angle between the sun direction ŝ and the
normal to the surface n̂i. If the dot product ŝ · n̂i is negative,
the area is facing away from the sun so the sunlit area for
that facet is set equal to 0. The total projected area of the
spacecraft that is facing the sun is then

Aph =

n∑
i=1

Aph,i (26)

Figure 4 shows the faceted models for the GOES-R and SSL-
1300 spacecraft, including the dimensions and normal vectors
or the facets.

Rotational Dynamics

The rotational dynamics of the target are given by [20,
Chapter 4]

[IT ]ω̇ = −[ω̃][IT ]ω +Lc (27)

where [IT ] is the inertia matrix of the target, ω is the angular
velocity of the target, and Lc is the electrostatic torque acting
on the target. The skew-symmetric matrix [ω̃] is used as the
cross-product equivalent matrix operator of ω. The inertia
matrix is obtained from a CAD model of the target that is
generated using publicly available size and mass information
of a GOES-R satellite [21]. The attitude of the servicer is held
constant at the desired orientation, so no rotational dynamics
need to be implemented for the servicer.

3. COMPARISON WITH NASCAP-2K
To verify the accuracy of the implemented charging model,
simulations are performed with the Nascap-2k spacecraft
charging software for several spacecraft shapes, using the
Analytic Currents, Surface Charging mode in Nascap. The
shapes in this study include a sphere with a radius of 1 m, the
GOES-R and the SSL-1300 spacecraft. A severe charging
environment is chosen based on the GEO worst-case scenario
in Nascap, with ne = 1.12 · 106 m−3, Te = 12, 000 eV,
ni = 2.36 ·105 m−3 and Ti = 29, 500 eV, with the spacecraft
in eclipse and no active electron beam. Figure 5 shows the
absolute difference between the currents obtained in Nascap
and those computed with the implemented charging model as
a function of the spacecraft potential, where the different line
types indicate the shape model, and the line color specifies
the currents.

The electron Ie and ion Ii plasma currents agree reasonably
well with errors less than 1 µA across all shapes and poten-
tials. This is important as the secondary and backscattered
currents depend on the plasma currents. The random behavior
that is visible for the plasma currents is due to the fact
that the currents from Nascap-2k are only computed with
four significant digits, while a higher precision is used in
Matlab. Large differences exceeding 1 µA are observed
for the secondary electron current due to electron impact
ISEE,e and the backscattered electron current IB , especially
for the non-spherical shapes. Interestingly, the figure shows
a linear trend between the errors of these two currents and
the spacecraft potential. Given the logarithmic scale of the
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Figure 5. Comparison with Nascap-2k

plot, this is actually an exponential trend. This trend is
expected, because the currents ISEE,e and IB are related to
the electron plasma current Ie, which decreases exponentially
in magnitude with increasing negative potential, see Eq. (3).
That is, the variation of the difference in ISEE,e and IB
with the potential is due to the changing magnitude of Ie,
while the underlying error in the secondary and backscattered
electron yield is nearly constant across all potentials. The
deviation of the secondary electron current due to ion impact
ISEE,i is smaller and does not show a clear trend with
the spacecraft potential. Again, the errors for the spherical
shaped spacecraft are smaller. All of the currents shown in
Fig. 5 are directly affected by the ambient plasma currents,
which are scaled by the total spacecraft surface area that is
exposed to the plasma. For the 1 m sphere, the surface area
is about 12.6 m2, while it is 228 m2 for the GOES-R and
210.5 m2 for the SSL-1300 satellite. Due to the larger surface
area, the current difference is higher for the GOES-R and
SSL-1300 shapes, while the difference in flux is similar.

Table 1 displays the equilibrium potential for the given charg-
ing environment, and the various currents for a potential
of −24.810 kV (corresponding to the equilibrium potential
obtained in Nascap). The difference between the equilibrium
potential computed with Nascap and the implemented charg-
ing model is about 3%, while the difference for most currents
is in the order of 1% or lower. Only the backscattered electron
current deviates significantly with an error of 12%.

4. FACETED MODEL ANALYSIS
The photoelectric effect provides a strong, naturally occurring
current in the space environment that is scaled by the sunlit
area of the spacecraft. If a spherical shape is used for
the charging model, the sunlit area is independent of the
orientation. However, for more complex shapes such as
satellites, the sunlit area can vary significantly. The faceted
model described earlier is implemented to account for these
variations. The plasma parameters used here correspond to a
local time ofLT = 12 h in geostationary orbit and a planetary
K-index of Kp = 2 according to Ref. [22], and are equal
to ne = 6 · 105 m−3, Te = 700 eV, ni = 6.5 · 105 m−3
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Eq. Pot. [kV] Ie [µA] Ii [µA] ISEE,e [µA] IB [µA] ISEE,i [µA]

Nascap -24.810 -5.229 0.587 1.068 1.842 1.732
Model -25.560 -5.228 0.587 1.083 1.619 1.748

Difference 3 % -0.014 % 0.006 % 1.5 % -12 % 0.97 %

Table 1. Comparison between Nascap-2k and implemented charging model for 1 m radius sphere at Nascap equilibrium
potential
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Figure 6. Electric Potential of the target ϕT as function of
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and Ti = 8, 000 eV. An electron beam is included with an
energy of EEB = 30 keV and a current of IEB = 2 mA.
The spacecraft centers are 15 m apart, with their nominal
orientation shown in Fig. 3, and the sun direction is aligned
with the nominal t̂1 direction.

Figure 6 shows the equilibrium potential of the GOES-R
target satellite as a function of its orientation. The orientation
of the target is changed using yaw and pitch 3-2-1 Euler
rotations as depicted in Fig. 3, while the servicer remains
at the nominal orientation. For orientations where the yaw
angle is close to αT = {−180◦, 0◦, 180◦} or the pitch angle
is close to βT = {−90◦, 90◦}, the equilibrium potential is
highly negative, while it is approximately zero for all other
orientations. The aforementioned angles correspond to those
orientations where the solar panel of the GOES-R satellite is
edge on with the sun, that is, the normal vectors of the two
panel facets are (nearly) perpendicular to the sun direction
ŝ. If the solar panel normal vector is more aligned with the
sun direction, the sunlit area is increased, providing a greater
photoelectric current. Because the released photoelectrons
are attracted back to the spacecraft once it is positively
charged, the target settles to an equilibrium potential that is
only a few volts positive (close to zero). The equilibrium
potential of the servicer is about +15 kV due to the electron
beam current. It should be noted that a roll rotation about the
t̂2 axis also affects the resulting potential, force and torque. It
is neglected here because the important orientations such as
the solar panel facing (or not facing) the Sun as well as the
solar panel pointing at the servicer (or not) are also covered
using only yaw and pitch.

To study the effect of the orientation-dependent equilibrium
potential on electrostatic proximity operations, four different
models are considered to compute the electrostatic force and
torque as a function of the target orientation. The highest-
fidelity model uses the faceted model to compute the elec-
tric potential of the spacecraft and the multi-sphere model
(MSM) to calculate the resulting force and torque (Model 1
– “faceted, MSM”), while the lowest-fidelity model uses a
spherical spacecraft to determine the potential and a 1-sphere
model (1SM) to approximate the force and torque (Model 4
– “spherical, 1SM”). Two more models are studied that are
a mix of the highest and lowest fidelity models (Model 2
– “spherical, MSM” and Model 3 – “faceted, 1SM”). The
radius Reff of the single sphere is chosen to match the self-
capacitance C of the MSM model

Reff =
C

4πϵ0
(28)

where ϵ0 is the vacuum permittivity. This radius is re-
ferred to as the effective radius, and is equal to 4.4438 m
for the GOES-R and 4.7984 m for the SSL-1300 satellite.
Essentially, the faceted model accounts for the effect of the
orientation on the equilibrium potential (which affects the
force and torque), while the Multi-Sphere model accounts for
the direct effect of the orientation on the electrostatic force
and torque.

Figure 7 shows the electrostatic force between the servicer
and target as a function of the target orientation for the
different models. There are three clear peaks in force mag-
nitude for the highest-fidelity model. These peaks also exist
for the “spherical, MSM” model and are a consequence of
the solar panel of the target pointing towards the servicer.
However, this effect is pronounced for the highest-fidelity
model, because the solar panel is edge on with the sun
for these orientations, leading to a more negative electric
potential that further increases the electrostatic force. The
force magnitude for the “faceted, 1SM” model essentially
corresponds to Fig. 6, but flipped upside down. When the
electric potential is more negative, the force is greater due
to the positively charged servicing spacecraft. Finally, the
force for the “spherical, 1SM” model is constant across all
orientations.

The electrostatic torque as a function of yaw and pitch angles
is shown in Fig. 8. For the 1-sphere models (Model 3 and
4), the torque is zero across all orientations, because the
center of charge is always aligned with the center of mass
for a single sphere, producing no torque. The observations
for the torque of the MSM models (Models 1 and 2) are
similar to the observations above for the force magnitude.
Model 2 accounts for the torque variations due to different
orientations, but, for the given GOES-R spacecraft model,
these variations are enhanced by the orientation-dependent
equilibrium potential.
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Figure 7. Electrostatic force magnitude as function of target
orientation, using different models

0

90

10

20

45 180

T
or
q
u
e
[m
N
"m
]

30

Pitch -T [deg]

900

Yaw ,T [deg]

40

0-45 -90
-90 -180

faceted, MSM
spherical, MSM
faceted, 1SM
spherical, 1SM

Figure 8. Electrostatic torque magnitude as function of
target orientation, using different models

A dynamic simulation is performed, where the relative posi-
tion of the two spacecraft and the attitude of the servicer are
held constant, but the target satellite is free to rotate given the
electrostatic torque that is acting on it (Fig. 9). The initial
attitude corresponds to the nominal orientation shown in Fig.
3, with zero angular velocity. Due to the electrostatic torque,
the target starts rotating. Because the 1-sphere model cannot
account for any torques, the orientation of the target stays
constant throughout the simulation and neither the potential
nor the force change. In case of the “faceted, 1SM” model,
the potential remains at about −10 kV, because the sunlit area
of the faceted model at its initial (and in this case constant)
orientation is rather small, causing a strong force, but no
torque.

The cases of the multi-sphere models are more interesting.
Due to the large cross-section of the 4.4438 m radius GOES-
R effective sphere that is facing the Sun, the equilibrium
potential is about 0 V for the “spherical, MSM” model, at
all times. Regardless of the 0 V potential, the electrostatic
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Figure 9. Electric potential ϕ of target and servicer, force
magnitude F and rotational rate ω over time

force and torque are non-zero due to induced charging effects
[23]. The force and torque are rather small in magnitude, so
the rotational rate of the target is small as well. Finally, the
“faceted, MSM” model provides the most interesting case.
Initially, the potential of the target spacecraft is at about
−10 kV. As the target starts rotating due to the electrostatic
torque, the sunlit area increases, which makes the equilibrium
potential less negative. At some point, the potential is close to
zero and the force is significantly lower than at the beginning.
After about 2 hours, only a small area of the target spacecraft
is in sunlight once again, causing a spike in the equilibrium
potential and the electrostatic force. The rotational rate of the
target is higher for Model 1 compared to Model 2, due to the
generally higher electrostatic force and torque for Model 1.
The differences between these models depend on the specific
shapes of the spacecraft, but the results demonstrate that the
charge distribution and dynamics can be misrepresented by a
spherical, 1-sphere model.

5. ADJUSTED SPHERE MODEL
The equations for the plasma currents provided in Eqs. (3)
and (4) can be adjusted using the parameters µ and α [24]

Ie(ϕ) =


−Aq0newe

4
µeϕ/Te if ϕ ≤ 0

−Aq0newe
4

µ
(
1 + ϕ

Te

)α
if ϕ > 0

(29)

Ii(ϕ) =


Aq0niwi

4
µ
(
1− ϕ

Ti

)α
if ϕ ≤ 0

Aq0niwi
4

µe−ϕ/Ti if ϕ > 0
(30)

The parameters µ and α are determined by fitting these func-
tions to charging data obtained from Nascap, for example, or
in-orbit measurements, if available. A charging simulation is
performed with Nascap for the GEO worst-case scenario and
the GOES-R shape, and the ion current is saved as a func-
tion of the spacecraft potential. Matlab’s lsqnonlin()
function is used to fit the parameters to the charging data
recorded in Nascap, using the surface areaA that corresponds
to the effective GOES-R sphere model. The nonlinear least
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Figure 10. Adjusted Sphere Model

squares fit yields µ = 0.9189 and α = 0.9998. Figure 10
shows the difference between the currents computed with the
adjusted sphere model and the currents obtained in Nascap.
Essentially, for this rather simple charging environment that
assumes a Maxwellian plasma, the parameter α stays very
close to 1, while the factor µ scales the surface area of
the sphere to match the surface area of the actual GOES-
R spacecraft. Thus, the current differences in Fig. 10 for
µ = 0.9189 and α = 0.9998 are the same as the differences
observed for the GOES-R shape in Fig. 5. The same random
behavior of the plasma currents is visible due to the precision
of 4 significant digits that is used to compute the currents in
Nascap-2k.

CONCLUSIONS

This work compares several reduced-order spacecraft charg-
ing models with the motivation of accurately computing the
electrostatic force and torque acting on two spacecraft during
proximity operations. The simplest model uses a simple
sphere with an effective radius based on the self-capacitance
of the spacecraft to compute the resulting environmental
currents. Another model is also based on a sphere, but uses
adjusted charging equations that introduce two parameters.
These parameters are fitted by nonlinear least squares to
charging data generated with higher-order spacecraft charg-
ing software such as Nascap-2k and SPIS, or to real-world
charging data obtained from in-orbit measurements. The
last model divides the spacecraft surface into several facets.
Not only does this approximate the total surface area of
the spacecraft more accurately, but it also allows for the
consideration of a time-varying sunlit area, which affects the
photoelectric current.

While the effective radius based on the self-capacitance of a
spacecraft is convenient for studying charging transients, the
resulting surface area might not be very accurate. This can
lead to large errors in the computed environmental plasma
and secondary currents. By using an adjusted sphere model,
the total surface area is essentially scaled by the first pa-
rameter µ to match the area of the actual spacecraft, which
improves the accuracy of the model. For the simple charging

environment studied in this work, no significant adjustments
were required for the second parameter α, but this is likely
not the case for more complex environments such as the
auroral regions. Finally, the faceted model allows for the
orientation-dependent computation of the electric potential
due to a better approximation of the sunlit area. A dynamic
simulation shows that, for the spacecraft shapes used in this
work, the equilibrium potential and the resulting electrostatic
force and torque can significantly vary between a faceted and
a spherical model.
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