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Abstract

In this paper, a model predictive control (MPC) policy is developed to simultaneously perform
station keeping, attitude control, and momentum management of a nadirpointing geostation-
ary satellite equipped with three reaction wheels and four on-off electric thrusters mounted on
two boom assemblies attached to the anti-nadir face of the satellite. The MPC policy includes
an inner-loop SO(3)-based attitude control law to maintain a nadir-pointing attitude, and an
outer loop for station keeping and momentum management. The MPC formulation makes
use of two different prediction horizons; a short horizon is used for the states associated with
the orbit’s inclination and a longer horizon is used for all other states. This split-prediction
horizon MPC policy leads to a significant reduction in delta-v compared to a single horizon.
The continuous thrust command generated by the MPC policy is quantized as a single on-off
pulse every feedback period in such a way that the predicted error in the states induced
by quantization is minimized, which reduces the number of onoff pulses compared to other
quantization approaches in the literature, including pulse-width modulation.
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Split-Horizon MPC for Coupled Station Keeping, Attitude Control, and
Momentum Management of GEO Satellites using Electric Propulsion

Ryan J. Caverly!, Stefano Di Cairano?, and Avishai Weiss?

Abstract—In this paper, a model predictive control (MPC)
policy is developed to simultaneously perform station keeping,
attitude control, and momentum management of a nadir-
pointing geostationary satellite equipped with three reaction
wheels and four on-off electric thrusters mounted on two
boom assemblies attached to the anti-nadir face of the satellite.
The MPC policy includes an inner-loop SO(3)-based attitude
control law to maintain a nadir-pointing attitude, and an
outer loop for station keeping and momentum management.
The MPC formulation makes use of two different prediction
horizons; a short horizon is used for the states associated with
the orbit’s inclination and a longer horizon is used for all
other states. This split-prediction horizon MPC policy leads to
a significant reduction in delta-v compared to a single horizon.
The continuous thrust command generated by the MPC policy
is quantized as a single on-off pulse every feedback period in
such a way that the predicted error in the states induced by
quantization is minimized, which reduces the number of on-
off pulses compared to other quantization approaches in the
literature, including pulse-width modulation.

I. INTRODUCTION

Low-thrust electric propulsion is a promising technology
that has garnered significant interest within the aerospace
community and is increasingly being adopted as the propul-
sion method of choice for satellites. Electric propulsion has
a high specific impulse compared to traditional chemical
propulsion, meaning that the same thrust levels can be
achieved with less propellant mass [1, Ch. 1]. However, typ-
ical electric propulsion systems can only produce a fraction
of the thrust of chemical propulsion systems.

In a geostationary Earth orbit (GEO), the magnitude of the
perturbation forces acting on the satellite are approximately
the same magnitude as the thrust capabilities of an electric
propulsion system [2]. Hence, for station keeping appli-
cations in GEO, near-continuous operation of the electric
propulsion system is required to counteract perturbation-
induced drift. As a result, classical station keeping control
techniques are impractical with electric propulsion, and a
number of novel autonomous feedback control strategies
have been proposed specifically for electric propulsion [3—
13]. In particular, model predictive control (MPC) policies
for simultaneous station keeping, attitude control, and mo-
mentum management are promising [11-13], as these critical
tasks are often addressed separately in a suboptimal manner.
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Many electric propulsion systems are not capable of
throttling thrust and only operate with on-off pulses. The
work of [13] introduced a pulse-width modulation (PWM)
scheme to quantize the continuous thrust commanded by an
MPC policy as physically realistic on-off commands. This
was done by matching the average quantized thrust with
the continuous thrust commanded by MPC with roughly 30
pulses per thruster per orbit. In practice, this many pulses
would result in a short electric thruster life span due to wear.
Other quantization schemes exist in the literature to deal with
the on-off nature of electric thrusters [3—8]. The approach
used in [3] involves solving a mixed-integer linear program
(MILP), which is computationally expensive and difficult to
implement in real time, especially on a spacecraft computing
platform. PWM schemes are used in [4—6], which present the
same issue of many on-off thruster pulses as in [13].

In this paper, the number of on-off thruster pulses is
reduced by implementing a single-pulse quantization scheme
every time step. A single on-off thrust pulse is made possible
by minimizing the predicted state error induced by quantiza-
tion when solving for the on and off thrust switching times.
In an effort to further reduce Av from [13], a split-horizon
MPC policy is also proposed in this paper, which uses a
shorter prediction horizon for the states associated with the
orbit’s inclination. The remainder of the paper proceeds
as follows. Section II includes the problem statement and
a description of the satellite model. Section III describes
the proposed MPC formulation, including the inner-loop
attitude controller, the closed-loop linearized satellite model,
the split-horizon MPC policy, and the single-pulse thruster
quantization scheme. Simulation results are presented in
Section IV and closing remarks are given in Section V.

A. Preliminaries and Notation

The following notation will be used throughout the paper.
A reference frame F, is defined by a set of three orthonormal
dextral basis vectors, { gl, gQ, g?’} An arbitrary physical

vector, denoted as v, is resolved in F, as v,, where

v, = [val Va2 Ua3] and u = valgl +va2%2 +Ua3g3-

The mapping between a physical vector resolved in different
reference frames is given by the direction cosine matrix
(DCM) Cy,, € SO(3), where SO(3) = {C € R¥>*?|CTC =
1,det(C) = +1} and 1 is the identity matrix. For ex-
ample, v, = Cp,V,, Where v, is oy resolved in F, and
Cy, represents the attitude of JF; relative to JF,. Principle
rotations about the a® axis by an angle o are denoted
as Cp, = C;(«). The anti-symmetric projection operator
Pa(-) : R¥3 — 50(3), is given by P,(U) = 2 (U-UT),



(b)

Schematic adopted from [13] of the (a) spacecraft including three
axisymmetric reaction wheels and four electric thrusters, and (b) North-
facing boom-thruster assembly. The first, second, and third axes of each
reference frame are respectively denoted by red, green, and blue vectors.

Fig. 1.

for all U € R3*3, where s0(3) = {S € R3*3|S+ ST = 0}.
The cross operator, (-)* : R3 — 50(3), is defined as

0 —a3 a2
X xT
a’ = —a = as 0 —ai | ,
—a9 a1 0
where a = [a; a2 as]. The uncross operator, (-)" :

50(3) — R3, is defined as A = [a1 a2 ag}T, where
A = a*. The physical vector describing the position of a
point p relative to a point ¢ is given by A”q. Similarly, the
angular velocity of F; relative to F, is given by g)ba.

II. PROBLEM STATEMENT AND SPACECRAFT MODEL

Consider the satellite shown in Fig. 1, which consists of a
rigid bus equipped with three axisymmetric reaction wheels
and four electric thrusters mounted on gimbaled booms. The
satellite is nominally in a circular GEO orbit. The objectives
are to 1) minimize fuel consumption (Av) and 2) limit the
number of on-off thruster pulses, while ensuring that

a) the satellite remains within the station-keeping window,

b) angular momentum of the reaction wheels is unloaded,

¢) a nadir-pointing attitude is maintained, and

d) the limitations of the thrusters (e.g., thrust magnitude,
boom gimbal angle limits) are enforced.

Previous work [11-13] attempted to minimize fuel consump-
tion while satisfying the constraints of a) through d) using
MPC policies. An MPC policy is also adopted in this paper,
with novel features designed to specifically improve Av and
the number of thruster pulses compared to [11-13].

The satellite model considered in this paper is shown in
Fig. 1 and is based on [13]. The Earth-centered inertial (ECI)

frame is defined as F,. The reference frame F, is aligned
with the spacecraft bus, where nominally g ! points towards
the Earth and p 2 points North. The angular velocity of F,
relative to F is_>g>p9 and the DCM describing the attitude of
the spacecraft (i.e., F,) relative to F, is C,4. The center of
mass of the spacecraft is denoted by point c in Fig. 1(a). The
position of the spacecraft center of mass relative to a point
w at the center of the Earth is given by LC“’. The equations
of motion of the satellite are given by [13]

Ccw

ew 1

P = —p—y )+ m—BC;gt‘;‘““, (1a)
5|

o = e Oy +08) ~dim

Cpy = _wggxcpgv (1o

¥ =mn, (1d)

where mp is the mass of the spacecraft, JEC is the moment
of inertia of the spacecraft relative to point ¢ and resolved in
Fpo ¥ =[m 72 73] are the reaction wheel angles, 7 is
the acceleration of the reaction wheels, J; is the moment
of inertia of the reaction wheel array, fg"“s‘ is the force
produced by the thrusters, 75" is the torque produced by
the thrusters, a_{]’ includes acceleration perturbations, and 7'15’
includes torque perturbations. The thruster configuration is
illustrated in Fig. 1, where four electric thrusters are mounted
on two boom-thruster assemblies, one of which nominally
points North, while the other nominally points South. A
detailed view of the North-facing boom-thruster assembly is
provided in Fig. 1(b). Each assembly has two fixed gimbal
angles, @, and 3,, a € {n,s}, as well as an actuated
gimbal angle v,, a € {n,s}. The subscripts n and s refer
to the North-facing assembly and the South-facing assembly,
respectively. The position of the actuated gimbal of thruster ¢
relative to the spacecraft center of mass is r 9. The
thrusters are canted by fixed angles ¢;, i = 1,2, 3, 4, such that
for 44, a € {n, s}, each thruster fires through the spacecraft
center of mass. The force vector produced by thruster ¢ is L ‘

and can be resolved in F,, as f = —fiCE;)Cg(va)lg, where
fi= f" is the thrust magnitude, 15 = [0 0 1}T, Cipp =

— _
CmCa,,, Cia = C1(57)C2(ﬂ1)C3(6LQ>, Cnp = C3(7T), and
C.p = Ci(m)Cs(m). The torque generated by the thruster
on the spacecraft is given by 7, = rg"'cxfli,. The net force
and torque applied to the spacecraft by the four thrusters

is st — Z?:l Bifuz- and T = Zle Blu;, with
ul = [sin(y,)f* cos(v,)f?] and constant input matrices
-1 0
B/=C,|0 0| Bl =riB.
0 -1

For the purposes of station keeping and linearizing the
spacecraft’s equations of motion, it is useful to express the
spacecraft’s position relative to the desired nominal circular
GEO orbit. To this end, Hill’s frame, denoted by JFj, is
defined by basis vectors gl aligned with the orbital radius

and g3 orthogonal to the orbital plane. The vector QC“’ re-
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Fig. 2. Tllustration of the station keeping window described by
—7tan(Aong) < Irpe < Ttan(Aeng) and —7tan(A) < drpz <
7tan(Ajy), with the view looking in the — direction towards Earth.
The point ¢ denotes the spacecraft’s center of mass.

solved in F}, is given by r;. Defining the satellite’s nominal
position in a circular orbit resolved in F; as ry, yields the po-
sition error of the spacecraft ory, = [5rh1 Orpa 5rh3} =
ri — Cpyry. The station keeping window, shown in Fig. 2,
is defined as —7tan(Aong) < 07h2 < Ttan(Aeng) and
—7tan(A) < drps < Ttan(Ay) [14, Ch. 5], where
7 = ||y, and Ajong and Ay, are the maximum deviations
in longitude and latitude, respectively. Although no single
component of dry exactly captures the inclination of the
satellite’s orbit relative to the desired circular orbit, for
small deviations from the center of the station keeping
window the coordinate 73 approximates this inclination.
This approximation is relevant in the split-horizon MPC
policy of Section III-D, where the states 674 and 6774 use a
different prediction horizon than the rest of the system states.

III. MPC FORMULATION

The novel contributions of this work compared to [11-
13] include a split-horizon MPC policy to reduce Av, and a
single-pulse thruster quantization scheme that minimizes the
predicted state error induced by quantization, which leads to
a reduction in the number of thruster on-off pulses.

A. Inner-Loop Attitude Controller

The reaction wheels are directly actuated by the spacecraft
attitude controller, which is seen as an inner-loop controller
by the MPC policy. The disturbance torque is assumed to be
described by the LTI system Xgisy = AgiseXdist» ‘rzﬁ’ = ClistXdist-
An observer is designed to estimate the disturbance using the
form Xgisw = AdisXdist + Baisc@aise and 75 = CaiseXaist, Where
%g is the estimate of TZI,’, Ugist = w;’d + K8, K| = KI >
0, and S = —P, (de)v. The matrix Bgis, = P(;;C;H is
designed such that (Agis, Baist, Caist) 18 positive real, where
Pgisc = PcTist > 0 satisfies the Lyapunov equation A}isthm +
PaisAdgisc = —Quise With Quise = Qi > 0 [15, p. 218]. The

attitude controller is adapted from [16] as
v =w) (1w, + 14) - I5 (KiS + wp™w, ),
Vo = —7215),
v3 = -K, (W + K;S) — K8,

where K, = K > 0, K,, = K] > 0, and the attitude control

v

input is n = —J; ! (11 + v + 1v3).

B. Closed-Loop Linearized Model

The MPC prediction model is obtained by linearizing
the spacecraft dynamics in closed-loop with the attitude
controller about a nominal circular orbit with mean motion
n, a nadir-pointing attitude, zero reaction wheel speeds, and
zero observer states, and is given by [12], [13]

1
. X e P T gthrust
0Fp, = —2w; 0Fy — 0Ty, + ay + @th%ms 7

5 = (Kuwy — (@7)" + 357" (K —K)) 50 + 7t

+ (—Ki+ @) — J5K,) dw — JEC Caiskais,

Y=,

X = AgiXaist + Baisdw + Byise (K1 — @,°) 06,
where GJ; = [0 0 n], Cpa = C,,gcgg is the attitude error
between C,, and the desired nadir-pointing orientation Cg,,
C,g is parameterized by a 3 — 2 — 1 Euler angle sequence
with angles 607 = [5¢ 00 5¢], K = K,K; + K, and
Q = diag{—3n?,0,n?}. See [12], [13] for further details
on this linearization. The closed-loop linearized model is
written in state-space form as x = Ax + Bu + B,w,

where xT = [orT O6FT 0607 dw' 4T XL ] uT =
[uI ul ul ul], and w = a). The discrete-time model

with time step At is Xp41 = AgX; + Bgug + By, gWy.

C. MPC Input and State Constraints

The magnitude of each thruster must satisfy Hf; H2 < finaxo
where fmax is the maximum allowable thrust. To simplify the
MPC formulation, this quadratic constraint is approximated
by the linear constraint ||iZH1 < fmax. It is also imperative
that the thrusters fire away from the spacecraft bus, which is
enforced by the constraint ﬂ < 0. The control constraints are
Unin < W < Uy, ¢ = 1,2, 3,4, where Uy, = fmax []— ]-]
and uy,;, = 0. There is an additional physical constraint that
the gimbal angle ~,, must be identical for the pair of inputs
u; and uy at any time instant, since they share this angle.
The same is true for v, with the pair of inputs uz and uy.
As in [13], this constraint is ignored in the MPC policy and
is addressed in the quantization scheme.

The two state constraints considered in this policy are
based on the prescribed station keeping window and the
maximum allowable attitude error. Since the closed-loop
linearized orbital dynamics equation of motion is given in
Hill’s frame, the station keeping window constraint can
be written as OFyy, < OF < OFpax, wWhere or]

[oo Ttan(Aong) 7 tan(Aw)], and 6Fmin = —OFmax. The
constraint on attitude error is written as 00, < 00 < 0.

D. Split-Horizon MPC Policy
Consider the split-horizon MPC policy stated as

N;—1

. T T T
min le‘tPlxN”t + E (Xkthxk“ +uk‘tRuk‘t>
‘ k=0
No—1

+ X1Tv2|tP2XN2|t + Z (X-]I;\tQQXklt + uz\tRUk@ , 2
k=N
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Fig. 3. Plots of annual Av with a point-mass satellite and a £0.01° station
keeping window for varying (a) N1 = N2 and (b) N1 with No = 15 hours.

subject to Xy, 1)¢ = AaXp|¢ + Bauyg|s + By aWie, Xo)p = X(2),
Wit = wt(t + k>, Xmin < Xkt < Xmax for 0 < b < Ny,
Xmin,2 < Xkt < Xmax,2 for Ny < k < N3, and upi, <
gt < Upax, where N7 is the prediction horizon of the states
or7% and 0774, No is the prediction horizon of the remaining
states, Uy = {ug|s, ..., un,—1¢}, Q = Q" >0and R =
R > 0 are constant state and control weighting matrices,
and w;(j) is the open-loop predicted disturbance column
matrix at time j based on data at time . The matrix Q5 is the
same as Q, except the rows and columns associated with the
states o774 and ¢7¢4 are set to zero. The matrices P; and P
are constructed from the matrix P = PT > 0, which is the
solution to the Discrete Algebraic Riccati Equation (DARE).
The matrix Py contains the rows and columns of P associated
with the states d77% and d77% and zeros the others, while Py
does the opposite, so that P; + P, = P. This is possible
since P is block-diagonal under a coordinate transformation
that reorders the states such that dr;4§ and dr7% are at the
end of the state column matrix. The state constraints X, and
Xmax are based on the station keeping and attitude constraints.
The state constraints Xpmin2 and Xpmay,2 are identical to Xpip
and Xpx, except 5r$m = [—oo —ftan()\long) —oo] and
orf. = [0o 7tan(Aeng) o0 are used. The control input
is selected as u(t) = “3|t’ where “3\15 is the first element of
Uy, the minimizer of (2).

The motivation for developing a split-horizon MPC policy
came from a study on the effect of the prediction horizon
on the yearly Av required to keep a point-mass satellite
equipped with 12 electric thrusters and orbital dynamics
described by (la) within a +0.01° station keeping window.
A plot of the yearly Av for a non-split prediction horizon
(N1 = N) ranging from 5 hours to 40 hours is shown
in Fig. 3(a), where At = 1 hour. The total Av clearly
increases with decreasing horizon, however, it is observed
that the North-South (N-S) component of Av decreases with
decreasing horizon. This decrease in N-S Awv is masked in
the total Av by a larger increase in East-West (E-W) Av

with decreasing horizon. This unexpected behavior inspired
the use of a split prediction horizon MPC policy. The plot
of Fig. 3(b) is very similar to the plot of Fig. 3(a), but only
the prediction horizon NV; is varied while Ny = 15 hours is
held constant. This plot shows that both the total Av and the
N-S Aw decrease with decreasing N1 under 12 hours. The
total Av and the N-S Av also decrease with increasing Ny
over 12 hours, however, this decrease is minimal for N; of
less than a few days. It is postulated that the decrease in Awv
observed with shorter IV; is due to the choice of coordinates
used to represent the orbital dynamics. In particular, the state
0r;% is an approximation of the orbit’s inclination, and over
a full orbit with a constant non-zero inclination, dr7% will be
positive for half the orbit and negative for the other half. A
long prediction horizon will include this oscillatory behavior
in dr§%, and the MPC policy may not attempt to correct a
deviation in 07} at the current time step. By not correcting
for deviations in J77% early enough, the satellite’s orbit
will remain inclined and most likely additional fuel will be
required in subsequent time steps, as the satellite approaches
the edges of the station keeping window. A shorter prediction
horizon will not include as much of this oscillatory behavior,
and will correct deviations in ér}y earlier, which has been
shown to result in less annual Awv. It is possible that a model
with orbital elements as states will not feature a decrease in
Awv with shorter prediction horizon, which will be topic of
future research.

E. Thruster Quantization

The low-thrust electric thrusters of the spacecraft are
operated with on-off pulses. The control input generated by
the MPC policy in Section III-D is a continuous thrust value
for each thruster, which cannot be used directly with the
thrusters. As such, the control input is quantized to on-off
pulses. A PWM quantization scheme was developed in [13]
with a fixed frequency of five on-off pulses per time step
with varying pulse widths, which works well, but leads
to approximately 30 pulses per thruster per orbit. In an
effort to reduce the number of on-off pulses, a single pulse
quantization scheme is proposed in this section.

As shown in Figure 4, consider the quantization of a
piecewise constant control input sequence, Wypc, OVer a
time step beginning at time fy and ending at time t; =
to + At, where only a single pulse of magnitude fi.x is
applied at the i thruster starting at time t1,; and ending
at time tg,, where to < t1; < t2; < ty. The quanti-
zation is executed by minimizing a function of the error
between the predicted states of the system at time ¢y using
the piecewise constant MPC input sequence u,,,. and the
predicted states at ¢; using a single pulse quantized input
for each thruster, subject to constraints on the thrusters’
operation. The predicted states of the system at time y
with the quantized thrust inputs are given by Xquani(ty) =
eAAtX(t(]) + Z?:l 6A(tf7t2'i)Bd77; (tl,h tgyi)umaxyi, where

e o120 > €

0 e o120 < €

Umax,i =

b
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Fig. 4. Single quantized on-off thrust pulse (uquant) Over one time step for
a given thruster.

u;pc,O\tO :iuLPC,OtOJ u;pc,o\to,Q ur-gpc,0|t0,3
is the MPC input, and ¢ > 0 is the tolerance below
which the MPC input is considered to be zero. The
predicted states of the system with the MPC inputs can be
expressed as Xmpe(ty) = eA2'X(tg) + AqUmpe,ojt,, Where
B, = [i'eMATIArB s the discrete-time B matrix
calculated with time step At. The error between the two
predicted states at ¢ is given by e = Xppc(tf) — Xquani(ts) =
AdUpe 0/t - E?zl eA(tf_tQ’i)Bd,i(tl,i; t2.; ) Umax, -
The switching times for each thruster must satisfy
to <ty <tay <ty i =1,2,3,4. Additionally, more than
one thruster on the North or South-facing boom-thruster
assembly should not fire at the same time, since these
thruster share the gimbal angle v,, a € {n, s}. This results
in a constraint on the switching times of the thrusters so that
they never overlap. As the firing order of the thrusters may
have an impact on the predicted state error, different orders
of thruster firings are considered: 1 before 2 and 3 before 4
(Mode 1), as well as 2 before 1 and 4 before 3 (Mode 2).
Each mode amounts to a different set of linear inequality
constraints on the switching times to prevent overlapping.
The cost function is the weighted norm of the error,
J(e) = e"We, where W = W' > 0. If no thruster exceeds
€ during the time step, then all thrust commands are set to
zero and no optimization problem is solved. Otherwise, a
first set of switching times t1 ;, {2, ¢ = 1,2, 3,4 is solved
by minimizing J(e) satisfying Mode 1 constraints and a
second set is solved with Mode 2 constraints. The solution
that results in a smaller cost function value is used as the
optimal solution to the quantization scheme.

T
umpc,0|t0 4

IV. SIMULATION RESULTS

The MPC policy formulated in Section III is implemented
in a numerical simulation of the nonlinear spacecraft dy-
namic model presented in (1), which has been validated
using Systems Tool Kit (STK) in [17]. A spacecraft in GEO
is considered using the same physical parameters as [13].
The spacecraft has a mass of 4000 kg, and reactions wheels
each with a mass of 20 kg, a radius of 0.75 m, and a
thickness of 0.2 m. The nominal gimbal angles of the boom-
thruster assemblies are &, = as = B, = Bs = 0° and
Yn = s = 40.14°. Further details of the boom-thruster
assembly physical parameters can be found in [13]. Perturba-
tions due to Earth’s oblateness, solar and lunar gravitational
attraction, and solar radiation pressure are included in the
simulation [11]. Solar radiation pressure is also considered
in the calculation of a disturbance torque, as done in [18,
p- 229], with the numerical values found in [13]. The
performance constraints considered in simulation include a

maximum thruster magnitude of 0.1 N, a station keeping
window of +0.05° in both latitude and longitude, and a
maximum allowable attitude error of £0.02° in yaw, pitch,
and roll. Simulations are performed for 425 orbits, but only
the results from the last 365 orbits are presented and used
for analysis, to remove the initial transient behavior.

A simulation is first performed using the non-quantized
MPC policy from [13] to provide a baseline for Av per-
formance. The MPC policy uses a prediction horizon of
20 hours, a discretization time step of At = 1 hour, and
weighting matrices of Q = diag{Qr, Q¢, Qg, Qu, Q4 Qs }
and R = Ryt + Riorques Where Qp = 1072 - diag{0,1,1}
I/m?, Q; = 0 s?/m?, Qg = 1073 -1 1/rad?, Q, =
1073 - 1 s?fad?, Qy = 107* - 1 s?frad®, Qg,, =
0, Ryue = 10* 1/N2, Riorque = 10* - LTL, where
L = diag{B7,B7, B%, B} }. The inner-loop attitude controller
gains are K; = 0.2-11/5, K, = 2-1 N-m, K, = 100-1 N-m-s.
The observer dynamics of the inner-loop attitude controller
are chosen as Agisy = diag{Agis, Adist, Adist} and Caige =
diag{Cuisi, Caist, Caist}, Where Agi = 0001wy

s ’ ' 1 —0.001’
wgq = 2w rad/day, and Cgi = [1 0]. The observer matrix
Bt is given by By = Py iCl, where Py = P, > 0
satisfies the Lyapunov equation A(Esthist+PdistAdist = —Quist
with Qg = 1073 - 1. The resulting Av with the non-
quantized MPC policy from [13] is 73.4 m/s. The MPC
policy in Section III without the quantization of Section III-
E is implemented in the same simulation, with identical
controller parameters except with a split prediction horizon
where N7 = 5 hours, Ny = 20 hours. This MPC policy
yields a Av of 65.9 m/s, which amounts to roughly a 10%
savings compared to the MPC policy from [13]. Another
simulation is performed with the quantized MPC policy of
Section III with identical control parameters as the previ-
ous simulation, a thrust cutoff of ¢ = 0.01 mN, and the
weighting matrix W = diag{W,, W;, Wo, W,,, W5, W, },
where W, = 10~ - diag{1,1,103} 1/m?, W; = 1 s?/m?,
Wo = 10* - 1 lrad®, W, = 107! - 1 s?/rad®, W, =
10-1 s?/rad?, and Wy, = 10-1. The results of this simulation
are included in Fig. 5, where a Av of 65.9 m/s is achieved
with an average of 2.7 pulses per thruster per orbit. This
Av is the same as without quantization, and the number
of thruster pulses is reduced by a factor of ten compared
to the PWM scheme in [13]. Figs. 5(a), 5(b), 5(c) show
that constraints are satisfied throughout the simulation and
momentum management is performed.

V. CONCLUSIONS

In this paper it was shown that a split-horizon MPC policy
can yield a significant reduction in the Aw required for
simultaneous station keeping and momentum management
of a GEO satellite compared to a standard non-split horizon
MPC policy. A novel single-pulse quantization method was
also presented that reduces the number of on-off thruster
pulses required for station keeping, without sacrificing per-
formance in Av. The contributions of this paper led to signif-
icant improvements in performance compared to the results
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(c) reaction wheel speeds, (d) thrust forces over the last 5 orbits, (e) accumulation of Aw for each thruster, and (f) gimbal angles over the last 5 orbits.

of [13], and yielded a control policy that is realistically
implementable on existing flight hardware. Future work will
investigate the effect on Av and the number of thruster pulses
of the thruster magnitude cutoff.
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