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Fast dew maneuversfor the
High-Torque-Wheels BIROS satellite

By Paul ACQUATELLA B.Y

UDLR, German Aerospace Center, Institute of System Dynamit€ontrol, D-82234 Oberpfienhofen, Germany

The satellite platform BIROSH(-spectral InfraRed Optical Systérns the second technology demonstrator of the DLR R&D
‘FireBIRD’ space mission aiming to provide infrared remote sieg for early fire detection. Among several mission goals and
scientific experiments, to demonstrate a high-agility atéteontrol system, the platform is actuated with an extrayaofahree
orthogonal ‘High-Torque-Wheels’ (HTW)For agile reorientation, however, a challenge arises fthen fact that time-optimal
slew maneuvers are in general not of theler-axisrotation type, specially whenever the actuators are caingtd independently.
Moreover, BIROS' On-Board-Computer (OBC) can only accomedatational acceleration commands twice per second. Our
objective is therefore to find a methodology to design fast steaneuvers while considering a highly dynamic plant commanded
by piecewise-constant sampled-time control inputs. We ds Hlyi considering a comprehensive analytical nonlinear model
for spacecraft equipped with reaction wheels and transgrila time-optimal control problem formulation into a multiteria
optimization problem which is then solved with a direct agmtoin a sequential procedure using the trajectory optimizgtackage
‘trajOpt’ of DLR-SR’s optimization tooIMOPS (‘Multi-Objective Parameter Synthesis’). Our approach éfficient design of
rest-to-rest fast slew maneuvers considers an attitude whrose magnitude is proportional to Euler-axis rotationsveen current
and desired attitudes even for large initial attitude exr&esults based on numerical simulations are presenteddwatle our method.

Key Words: Attitude control system, slew maneuver optimization, timeropt control, sampled-time control systems

Nomenclature 1. Introduction
SO(@3) special orthogonal group of rotation matrices The satellite platform BIRO'S (Bi-spectral InfraRed Optical
s0(3) Lie algebra of 3x 3 skew-symmetric matrices  gysteryy successfully launched into space on 22nd June 2016
R set of real numbers at 05:55 CEST, is the second technology demonstrator along
A reaction wheel array alignment matrix with the TET-1 satellite of the DLR R&D ‘FireBIR® space
Y i—th reaction wheel spin-axis orientation mission aiming to provide infrared (IR) remote sensing for
Dy i—th reaction wheel spin-axis angle early fire detection (forest fires, volcanic activity, gasdka
Quj i—th reaction wheel spin-axis angular velocity  and industrial hotspots). These small satellites are sides
R rotation matrix inSO(3) and largely based on the flight-proven BIR® (Bi-spectral
w spacecraft angular velocity Infra-Red Detectiopsatellite bus launched in 2001.
Q inertial angular rate of the reaction wheel array
S() skew map Among several mission goals and scientific experiments,
v vee mapinverse of the skew map to demonstrate a high-agility attitude control system, the
| full inertia matrix of spacecraft platform is actuated with an extra array of three orthogonal
ly matrix of reaction wheel spin-axis inertias ‘High-Torque-Wheel$'®) (HTW) Since the highly-agile slew
i i—th reaction wheel spin-axis inertia maneuvers are meant to be performed mainly by HiaV
H angular momentum of the system array, the satellite platform’s main torque actuators, B3-T,
h angular momentum of the reaction wheel array
hyj i—th reaction wheel angular momentum
Ty i—th reaction wheel torque
Tmj i—th reaction wheel motor torque
THj i—th reaction wheel friction torque
r augmented inertia coupling matrix
o] attitude error function
€, attitude error vector
er angular velocity error vector
Xe attitude control error state
c optimization criteria
d optimization criteria demands S S -
T optimization tuners Fig. 1.: FireBIRD — a satellite duo for fire detection. BIROS

(front), TET-1 (back). Credit: DLR, CC-BY 3.0.



are four preciseRW-90’ reaction wheel in a redundant Table 1.: Wheel characteristfzs 10
tetrahedron configuration. Wheel characteristics for bibth

HTW and theRW-90are presented in Table 1. Performance RW-90 HTW
Nominal speed [rpm] 6000 1825
One of the main requirements for tkW experiment is be- Max. speed [rpm] 7800 3000
ing able to rotate the satellite 30 deg in 10 s around an axtls Wi Nominal torque [Nm] 015 Q21
inertia of 10 Kg- m?. This experiment is implemented withina ~ pjax. torque [Nm] 0021 023
‘Fast Slewmode of BIROS’ Attitude Control System (ACS), Nominal ang. momentum [Nms] 2639 09556
which is responsible for the satellite’s attitude deteration, Max. ang. momentum [Nms] 8431 15708

guidance, and attitude control functions. The reader erred
to® for a detailed description of other (main) modes, which are  Mechanics
similar as the ones implemented for the TET-1 saté|fitéof Number of wheel units 4 3

the FireBIRD constellation. Moment of inertia [Kg m2] 42%10% 5x10°3

For agile reorientation, however, a challenge arises from

the fact that time-optimal slew maneuvers are in general notsequential three-step procedure. Finally, numerical kitiuns

of the Euler-axis rotatiort™ 12 type, specially whenever the of the procedure steps proposed are presented.

actuators are constrained independéntlgs it will be in our

case. Moreover, BIROS’ On-Board-Computer (OBC) can

only accomodate rotational acceleration commands twice pe2. Modeling of spacecraft with reaction wheels

second which means that these must be piecewise-constant

sampled-time control inputs. In this section we describe a comprehensive nonlinear rota-
tional dynamics model for spacecratft including a generiose

The topic of optimal spacecraft rotational maneuvers isequi  reaction wheels in arbitrary configuration which are drivsn

extensivé® and has been studied for many decades: earlierexogenous inputs provided by each wheel’s powertrain.

workst* 19 considered numerical approaches and quasi-closed-

form solutions to reorientation problems; while only until 2.1. Kinematics

recently new results have been found for minimum-time and Consider first an array consistingmfeaction wheels. Intro-

time-optimal reorientation maneuvé&tst®) for more generic  ducing unit vectors; which give the orientation of the spin-axis

configurations. Some of these results have been experittyenta of each reaction wheel with respect to the spacecraft coateli

validated in-orbit® for imaging satellites. Time-optimal system collected in the configuration or alignment matrix

reorientation solutions for rigid bodies have also beemébu

using a geometric mechanics appradact® within an indirect A= [ & ‘ & ‘ ‘ & ] (1)

approach. However, most of the work reported in the liteeatu 1,5, eachs, can define thé—th reaction wheel or ‘actuator’

do mt cons.ider timg-optimal conFroI soluf[ions of spackcra game by takinga; as the first axis and making the remaining

equ!pped .W'th r'eact|on wheels drlven.by |ndeper?dently CON- axes constitute an orthogonal frame. In that sense, thenkitie

strained piecewise-constant sampled-time control inputs ics of thei—th reaction wheel with respect to its corresponding
actuator frame, in terms of its spin-axis anglg and angular

This motivates the objective of this paper, which is to find velocity Q,, is simply given by

a methodology to design fast slew maneuvers for BIROS’ )
HTW-experiment while considering a highly dynamic plant Dy = Q) i=1....n (2)
commanded by piecewise-constant sampled-time control
inputs. The @line solutions considered in this paper are mainly
oriented to rest-to-rest maneuvers and will be implemeated
sampled-input feedforward commands in combination with
error feedback control in a two-degree-of-freedom control
system architecture.

Consider now the spacecraft equipped with theeaction
wheels just introduced. Rotation matrid@se SO(3), repre-
senting a linear transformation of vectors in body-fixednty’
frame into inertial frame, are preferred as the attitudepes-
terization since they represent both a global and a unidise at
tude parameterizatiof?) where the configuration space or man-
ifold of rotation matrice$” is given by the special orthogonal

We do this by 1) considering a comprehensive analyticalgroupSO(B) with the conditions

nonlinear model for spacecraft equipped with reaction \gee
2) considering the outer-loop control as the feedforward SO3) = {R € R%® | R™R = I3, de{R] = 1}.
commands here designed; 3) transcribing a time-optimal

control problem formulation into a direct approach invalyia !N that sense, the kinematics of the full spacecraft witpees
multi-criteria optimization problem considering inecjtyaand to the inertial frame, and in terms of its rotation matixand
equality constraints; and 4) solving the transcribed bl  its angular velocity € R® is given by

directly using the trajectory optimization packageajOpt’ R=R. S(w). 3)
of DLR-SR’s optimization tooIMOPS (‘Multi-Objective Pa-

rameter Synthesis’). To obtain the desired piecewisetaohs The skew map 8) : R® — so(3) is a linear isomorphism be-
sampled-time inputs, the methodology proposed follows atween®® and the Lie algebrao(3), which represents & 3



skew-symmetric matrices, and it is defined by the conditi@mt Combining Egs. (5), (7), and (9), the comprehensive non-
S(X) y = xx y for anyx, y € R3, or algebraically as linear model for spacecraft dynamics equipped with reactio
wheelg? is given by

0 —X3 X2 .
SM=| x3 0 -x w —ox (1o +AlLQ, + AlATw )
X2 X1 0 Q1 Twl
r{ . = ' (20)
The inverse of the skew map is denoted by tree map . :
V 1 50(3) > R3. Qun Twn
22 D ) where
.2. Dynamics
Following the derivations in Karpenko et &), we obtain the I T AI'”TAT a|1|w,1 a“gw’”
rotational dynamics model as follows. First, consider the a r= w18y wl
gular momentum of the spacecraft equipped with the reaction : : . :
wheel array in question lyndd 0 <o yn
H=lw+h (4) is an augmented inertia coupling matrix for the full system.
where, expressed in body-fixed frané,e ®3 is the total an- 3. Attitude control
gular momentum of the systerng R is the constant inertia _ _
matrix of the spacecraft including the reaction wheels; ®2 3.1 Reaction wheel inner-loop control _
is the spacecraft angular velocity; ahd R? is the total angu- Each wheel torque,,; consists of a motor provided torque
lar momentum vector associated with the reaction wheeyarra 7mi @nd an undesired friction torque;
The angular momenturtm can be expressed from individual ac- Twi = Tmi + Ttis i=1....n (11)

tuator frames to body-fixed frame as o ) _
where the friction torque results from of static, viscous,

n Coulomb, an other nonlinear friction torques related totisin
h= Z aihyi = Al,Q, (5) and to extreme conditions of the space environment. The fric
=1 tion torque is estimated with a simple model as
ngstraeslw is a diagonal matrix of reaction wheel spin-axis inertia 260 = MyisQui + Moo SIgNQu,), i=1...,n (12
whereM,;s and M, are viscous and Coulomb friction param-

lyp - 0 eters, respectively. When no gearboxes are present, atetteg
ly = oo , ing the dynamics of the DC-motor’s electrical currgntve can
0 - lyn already assume a relationship between the motor currerthand
motor output given by

Tmi = NmKmic, (13)

wheren, andKy, are the motor ficiency and motor constant,

The termATw is the extra angular motion relative to the space- respectively. However, to compensate for undesired dmcti
craft. Considering the angular momentum associated wéh th torquesry;, a reaction-wheel inner-loop controller embedded

andQ the inertial angular rate of the reaction wheel array

Q=0,+Aw.

|_th reaction Wheel in actuator frame II"I the actuator and Operatlﬂg ata Samphng rate Of 100 Hz iS
designed to compensate th&eet of undesired and estimated
hui = 1i( Qui +alw ), i=1...,n, (6)  wheel friction torques as a nonlinear function
we can already obtain thefirential equation describing the re- Tmi = fu(Twigne Tris Quis Pusi) (14)

action wheel dynamics in terms of reaction wheel torgugs
which are considered as the exogenous inputs to the system pr
vided by the wheel's powertrain

which that tracks a wheel-torque reference commang, with

the estimated quantities for friction, wheel velocity, whan-

gle. The torque reference command can be related to a desired
: _ . . wheel acceleration whenever wheel-rate control is redu
Qw,izlw’}rw‘i—a{w, i=1...,n (7) . ddise

. Tiions = 101 Quniges (15)
Because the angular momentum must be conserved in the ab- . ) . _ . _
sence of external perturbations, applying the transp@o-th wherel,,; is an estimate of the-th wheel inertia. Collecting

rem'329t0 Eq. (4), the following relation is obtained thei-termsr, ,, on a single vector we have
d Twl
aH +wxH=0, (8) u=| : | (16)
Twn Iemg

which can be further expanded as
As mentioned in the introduction, BIROS’ On-Board-Compute

lo+Al,Q+w ><( lw+ AIwQ) =0. (9) can only accomodate commands at a sampling rate of 2 Hz;



therefore, to perform fast slew maneuvers we need to desig®l. Optimal Guidance
an outer-loop controller that commands the wheel torques in

k-sampled times as,, = u,(K) for k € {0,...,N}, whereN
represents the maneuver’s final time sample.

3.2. Attitudeand rate outer-loop control

In this section, we present a methodology for the generation
of offline fast slew maneuvers as solutions of time-optimal con-
trol problems. The solutions serve as basis for the attibade
trol system where they will be implemented as the feedfodwar

Analogous to (3), we consider a smooth attitude commandcontrol commandsigg (k) in sampled-time.

Ry € SO(3) satisfying

R4 = Rq - S(wq) 17)
wherewy is a desired angular velocity assumed to be uniformly
bounded. Le® showed that a careful selection of an atti-
tude error function can guarantee good tracking performafic
nontrivial slew maneuvers involving large initial attigidrrors.
This is because the magnitude of an attitude error vectarigho
be proportional to a rotation about the Euler-axis betwéen t
current and the desired attitude. In this sense, we choose
in?¥ an attitude error functio® : SO(3) x SO(3) — R as
Y(R,Rq) = }tr(| - RIR) (18)
s Rd) = 2 d P
where tr() denotes the trace of a square matrix. With this
choice, we can define an attitude error veagre R and an
angular velocity error vecta, € R® as

&= 5(RIR - RTRy)", (19)

e, =w - R"Ry wy, (20)

recalling thatv denotes the vee map as defined in Section 2. We

then define the sampled-time tracking error sta{&) < R° as

er(K)
e (K)

and our objective is therefore to design an attitude corénl
havingxe — 0 ask — N. This means thak, = 0 if and only
if R = Rq and thereforew = RTRy wq = wy. A sampled-time
nonlinear attitude control is given by a combination of flegck
and feedforward control laws

Uy(K) = Urg(K) + Urr(K),

xe(k) = | (21)

(22)

whereugg can be the discrete version of the geometric PID at-
titude controller proposed in Goodarzi et’alithout the feed-
forward terms

ueg(k + 1) = —kgrer(k) — ke, (K) — ki (k), (23)

and with the integral term considering both attitude andiarg
velocity errors as

k-1

& =ts ) |e,() + kyer(D)]

i=0

(24)

Here,kr, k., ki, andk, are the controller gains angthe sam-
pling time. In what follows we will be interested in design-
ing the feedforward commandsgr (k) as the solution of time-
optimal control problems.

4.1. Time-optimal slew maneuver problem formulation

The objective of time-optimal slew maneuver probléfd)
consists on finding optimal wheel-motor torque commands
i (i = 1,...,n) that transfers any given initial attitud®(to),
angular velocityw(tp), and wheel speed, (to) of the rigid body
to a desired final attitud®(t;), angular velocityw(ts), and
wheel speed},(t;) within a minimum timets. Such time-
optimal maneuvers can be mathematically formulated as the

aﬁ)llowing optimization problem

min

Ty, (i=1,...n) (25a)

subject to the dynamic Eqgs. (3), (10} € [to, t¢],
such thatR(tg) = R,

R(tf) = Ry,
w(tp) = wo,
w(t;) = wy,
Qw(tO) = QwO,
Qw(tf) = Qut,
with:

[rwi®|| < Twinae (=1,....0), Vte[to, . (25Db)
Without loss of generality, we will only consideest-to-rest
maneuvers in this work where we impose directly that initial
and final angular velocities are zero

o) =wt)=(0 0 0)rads
Moreover, in the remainder of this paper, we also consider th
initial HTW speeds to be zer@,,i(to) = 0, i = (1,2,3), and
their final wheel speed are set free. In practice, we may densi
that these wheels should also arrive at zero speed by thefend o
the maneuver. The remainiRW-90wheels,i = (4 - 7), are
set-point regulated according to their initial values véitsimple
proportional control law as

Qui = —Kp| Qui — Qui(to)|, kp = 1x10%  (26)
giving rise to a non-cooperating angular momentum to the
slew maneuvers. Although it was already mentioned that
time-optimal maneuvers are in general not Euler-axis iartat
whenever the actuators can be saturated independently, it i
not straightforward to conclude whether a local solutiotthas

problem corresponds to a global solution or not.



4.2. Transcription of the time-optimal slew maneuver 4.3. Methodology to obtain piecewise-constant sampled-
problem formulation into a direct approach time optimal maneuvers

Because our problem formulation of time-optimal slew For the main objective of this paper, which is to design fast
maneuvers does not involve a prescribed path to be followedslew rest-to-rest maneuvers for BIROSTW experiment with
a-priori, we can consider it as a trajectory optimizatiookgpem piecewise-constant sampled-time inputs as feedforwanttao
which minimizes the total maneuver time according to the commands; we now present a methodology which consists of
presented set of constraints. an iterative procedure that finds solutions to three corisecu

problems which are solved using the direct approach prelyou

In this sense, we will be interested in solving the trajec- outlined. Table 2 presents the criteig demandsdy, and
tory optimization problem by transcribing the time-optima tuners7 used for the design of the maneuvers considered in
control problem into a constrained parameter optimization this iterative procedure. The three consecutive problentset
problem and solving it with a direct approach using DLR’s solved are described in detail as follows.

Trajectory Optimization Packad® ‘trajOpt’ included in the
software environmentMOPS (Multi-Objective Parameter
Synthesis§® 232 implemented in MATLAB3* which solves
multi-objective design problems that are mapped to weihte
min-maxoptimization problems. MOPSis a quite versatile
tool widely used in the aeronautical commurfity®® sup-
porting many aspects of general control design procedses li
multi-model and multi-case design problems, robust tuniag
Monte-Carlo simulations, control law robustness assestme
worst-cases analysis, and parameter estimation amorgssot
Key advantages of using the trajectory optimization paekag
trajOpyMOPS for our problem, originally designed to solve
hybrid multi-phase trajectory optimization problems fauhch
vehicles, is that we can consider boundary conditions at the
beginning and end phases of the desired maneuvers in an
efficient way.

Problem | First, we use criteriac; — c3 together with their
demandsd; — d3, and tuners7; and 7, to obtain a
candidate minimum maneuver time. Here, the input
control commands are interpolated wiphecewise cubic
Hermite interpolating polynomials (‘pchip’available in

the trajOpt package in order to obtain a smooth solution
for these inputs. The optimal slew tinheis approximated
towards a new demanded fixed-tirtje which must be a
multiple of the desired frequency of 2 Hz, and the optimal
control inputs are re-sampled also at this frequency
since they are meant to be used as initial guesses for the
subsequent optimization problem. With the solution of
this problem we can already have an insight not only on
the minimum time required to complete the maneuver, but
also on the maneuver itself since these can be compared
for instance to Euler-axis rotations which are generally

The transcription of the original constrained minimizatio ) . .
P 9 not time-optimal as discussed before.

problem into a direct approach consists on defining the -origi
nalk design objectives mathematically as positivéeria ck to

be minimized against demanded valagsand considering the
following min-maxmulti-criteria optimization problem which
is MOPSsynthesi&’-2%3dformula

Problem Il Here we will be interested ifixed-timesolutions
for the same problem setup as before but already consider-
ing sampled-time control inputs at the sampling rate of 2
Hz. The new demanded fixed-tinipand the initial guess
c(T) for the solution are obtained as described in the previous
{ dy }} (272) problem. We solve this problem considering criteria
C, — c3 together with their demand$ — d; and the tuner
K € {Seq). T>. In this case, the .inputs are obtaiped as piecewise-linear
control commands in order to obtain already a sampled-
time solution close to the previous one. Once finished,

min4{ max
7 | ke{Sm}

subject tock(77) = dk,
(7)) <d, ke {Sineq}s

with: these piecewise-linear solutions are interpolated with a
mid-point rule in order to be considered as initial guesses
Tmint < T1 < Tmaxt> Yt € [0, 1] (27b) for the next and final optimization problem.

Here?9 (S} is the set of criteria to be minimisefiSeq} is the
set of equality constraints andineq} is the set of inequality
constraints; 7 is a vector containing the tuning parameters
71 to be optimized, which lies in between upper and lower
boundsT min; and 7 max|, respectively;cy € {Sm} are thek—th
normalized criterion andlk its corresponding demand value
which serves as a criterion weight; lastly, € {Seq, Sineg} are
normalised criteria which are used as equality or inequalit
constraints, respectively. Finally, the newly formulatedlti-
criteria optimization problem in Eq. (27) can then be solved
using standarahonlinear programmingdNLP) methods to the
objective function with equality and inequality consttain Fig. 2 presents a diagram of the steps involved in the so-
lutions of these three consecutive problems. Whenever bne o

Problem 1l Here we consider again criter@ — c3 together
with their demandsl, —ds, and the tune¥, and we are set
to find piecewise-constantontrol inputs for the original
problem within the minimum fixed-timg approximation
obtained before, which represents the final goal of this pro-
cedure. The initial guesses obtained from the piecewise-
linear inputs of the previous problem are of great help
for this final optimization since the resulting sampleddim
piecewise-constant control inputs are in general already
sufficiently close to the optimal desired solution.



Table 2.: Design criteriax, demandsl, and tuners™ used for

: s ! Problem | }
the design of fast slew maneuvers withj OpyMOPS | Step 1 |
—— ; Solve time-optimal slew maneuvers with :
Criteriacy ‘ piecewise cubic Hermite polynomials !
n°  Criteria specification Description ; }
C1 Minimum slew timet; t 3 Step 2 3
C F!nal attitude erroee(tf) ler(te)l } Approximate t as factor of 2 Hz and re-sample the| '
c3  Final angular velocity errog, (tr)  |e,(ts)l | optimal commands as initial guesses for the next prolem
Demands
n°  Demands Value . Problem II |
, ; Step 3 ;
di  Slew timet 1s . | Solve fixed-time optimal slew maneu- |
d>  Final attitude erroex(t) <1x107'[-] ‘ vers with piecewise-linear commands w
dz  Final angular velocity errog,(tf) < 1x 107 [rad/s] } 1
Tuners7T” | Step 4 |
n°  Tuner Value 1 Approximate the optimal commands with the mid-| |
- ; point rule as initial guesses for the next problem |
71 Slew timet¢ tf | ——— y
7, HTWtorque commands Ty (i=1,2,3)

process is required where the criteria and their demandideha vers with piecewise-constant commands
re-evaluated. For instance, if no feasible solution forbRmm e

Ilis found, a good starting point is reconsidering the fixiae Fig. 2.: Diagram of the sequential three-step procedurédto o
for this problem to be one sample higher, giving an extra con-tjn fast slew maneuvers with piecewise-constant contnui-c
trol command for the potential new solution. This procesg ma mands.

be repeated until a satifactory outcome is achieved.

P I
. ) . i . Step 5 |
these problems fail to give a feasible solution, a new iienat Solve fixed-time optimal slew maneu- !

obtain sampled-time fast slew maneuvers, where the thiee co

secutive optimal control solutions are denoted gst,,, and

7,1 for each problem, Il, andlll, respectively. For the op-

timal control inputs obtained, Fig. 4 presents the simarati

results for their respective attitude errors, angular ciékss,

and reaction wheel speeds. Using the methodology presented
| = diag[ 9 6 9 ] Kg - 2, we have €iciently achieved the final goal to obtain piecewise_—

constant control commands for BIROS On-Board-Computer in
for which we will be interested in designing a time-optimest- order to reorient the platform with a fast slew maneuver.

to-rest maneuver involving the initial and final (objec)iti-
tudes 6. Conclusionsand outlook

0.8627 04981 -0.0872 I . . . . .
R(to) = 735, R(ti) =| —0.5000 08660 0 The objective of this paper was to investigate a high-agilit

00755 00436 09962 ’ a_lttitude _control system by finding a methodology to design
time-optimal slew maneuvers for BIROHigh-Torque-Wheels
The initial HTW wheel-speeds are zero since the experimentsexperiment.
consider using these wheels only for agile reorientatiomijev
the initial RW-90wheel-speeds are set @), (ty) = —200 rads We do this by considering a comprehensive analytical nenlin
to simulate a realistic scenario where an initial angular mo ear model for spacecraft equipped with reaction wheelsamnd f
mentum is already stored in the platform. The fiRAIW and mulating the problem as a constrained nonlinear optimat con
RW-90wheel-speeds are set free; but actually, the final state oftrol problem including both satellite’s continuous-tingndm-
the latter set of wheels will be depending on the performanceics and piecewise-constant sampled-time control inputsghw
of the wheel-controller in (26) during the maneuver. Lastly are implemented as feedforward commands. The solutions are
we consider the nominal values presented in Table 1 as thebtained with a procedure consisting in solving three conse
actuator limits to allow some margin in case the wheels mustutive multi-criteria optimization problems using a direap-
be saturated by the inner-control loops of the wheels. proach with the trajectory optimization packaejOpt’ of
DLR-SR’s optimization tooMOPS (‘Multi-Objective Param-
Simulation results are shown as follows. Fig. 3 presents theeter Synthesis’). We present results based on numericalaim
torque command solutions using the sequential methodatogy tions performed with the nonlinear spacecraft dynamicsehod

5. Simulation

For a numerical simulation using the comprehensive analyti
cal nonlinear model of Section 2, we considerithigh-Torque-
WheelBIROS satellite with an approximated inertia matrix of



Hardware-in-the-loop simulations are envisioned for thie v
dation of the proposed high-agility control system with a8s
air-bearing testbed featuring BIROS’ engineering modalLid-
ing all relevant sensors and actuators of the attitude cbsys-
tem. Once tested, thidTW-experiment can be implemented
in the ‘Fast Slewmode of BIROS’ attitude control system for
in-orbit tests.
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Fig. 3.: Torque command results using the sequential methgy to obtain sampled-time fast slew maneuvéjdirst solution
finding the minimum time with smooth control inputs) second solution with fixed-time and piecewise-linear manbputs; and
I11) final solution of the original problem with fixed-time andepewise-constant control inputs.
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Fig. 4.: Simulation results for the attitude error, angwiliocity, and reaction wheel speeds, respectively; usiagptimal control
inputs obtained with solutioh(- - - -), solutionll ( ), and solution Il (—-—).
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