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This paper presents results for the Zero Propeliat Maneuver (ZPM) ™ attitude control
concept flight demonstration. On March 3, 2007, a BM was used to reorient the
International Space Station 180 degrees without us§ any propellant. The identical
reorientation performed with thrusters would have burned 110lbs of propellant. The ZPM
was a pre-planned trajectory used to command the CK attitude hold controller to perform
the maneuver between specified initial and final stes while maintaining the CMGs within
their operational limits. The trajectory was obtained from a PseudoSpectral solution to a
new optimal attitude control problem. The flight test established the breakthrough
capability to simultaneously perform a large angleattitude maneuver and momentum
desaturation without the need to use thrusters. Thélight implementation did not require
any modifications to flight software. This approachis applicable to any spacecraft that are
controlled by momentum storage devices.

[. Introduction

N this paper, the Zero Propellant Maneuver (ZPMattitude control concept is described and resatts

presented for the flight demonstration on Marcl2@®)7, when the International Space Station (IS wtated
by 180 degrees without using any propellant. Wi ZPM, non-propulsive rotational state transifienspacecraft
controlled by momentum storage devices can be golisimed. In this context, the rotational state udgs attitude,
angular rate and momentum. A rotational state iiianscan be either a maneuver between prescritegdssand/or
an attitude maneuver used to desaturate the momeattuators.

The general ZPM concept is based on developing eiapattitude trajectory to accomplish the desired
rotational state transition. The trajectory is slthpn a manner that takes advantage of the nomliggstem
dynamics to reduce or eliminate the “cost” of theneuver. For example, an eigenaxis maneuver isridtieally
the shortest path between two orientations. Femttitude controller system to follow the eigesathe nonlinear
system dynamics must be overcome, thereby incrgdisen“cost” of the maneuver. By considering a kia¢cally
longer path and increasing the time to performniameuver, path dependence of system dynamics cexptated
to lower the “cost”. This allows spacecraft that usomentum storage devices for attitude contralh s the ISS,
to perform large angle attitude maneuvers by conagimgrtheir maneuver logic.

Normally, ISS large angle attitude maneuvers ardopmed using thrusters. The maneuvers are typicall
between torque equilibrium attitudes (TEAS), iatjtudes that can be held by the Control MomentoSgopes
(CMGs) attitude control system without momentunusatton. A Momentum Manager (MM) controller is usfed
long term attitude hold at these equilibrium oréiuns. For short term attitude hold and maneuvers, a&tifude
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hold controller with an eigenaxis maneuver logicised. However, the CMGs have limited torque andherum
capacity. Commanding a large angle maneuver usiagexisting attitude control flight software woudduse the
CMGs to rapidly reach their capacity limits, i.saturate. To regain control authority, thrustersildahen be used
for momentum desaturation. Due to CMG lifetime essumomentum desaturation using thrusters is dilyren
prohibited. For the ISS, the benefits of a ZPM udel reduced lifetime propellant use and reducedtcaints on
solar array operations due to loads, erosion anthotination from thrusters. Another advantage efZRM is that

it does not require ISS flight software modificasosince it is a set of attitude and rate commaaitisred to the
specific attitude control architecture. More impatly, ZPM provides the only means by which to tethe ISS in
case thruster control capability is lost.

Previous related work can be traced back to thdaBkgrogram where gravity gradient torque was used
momentum control. During the night portion of thebig gravity gradient torques produced by two-axiitude
maneuvers were successfully used to desaturate momeccumulated during the daylight portion of dnbit>3
Other applications of using gravity gradient to atasate CMG momentum have been proposed in Ref. #é
common thread in these approaches appears to baséhef small angle approximation in the gravitadient
torque model in order to compute the momentum dogpnaneuver. An approach for optimizing the atéitud
command sequence to the ISS CMG attitude hold aldetrin order to minimize fuel use that includesnfinear
system dynamics was proposed in Ref. 6. In thikwan 1SS 90 degree yaw maneuver using a simglifiedel of
the vehicle dynamics and environment (includingeEand gravity gradient, but no aerodynamics) werfopmed
without using propellant, however, the CMGs wereisded at the end of the maneuver.

The ZPM attitude control concept was developed taper Laboratory over the previous decade. Itsmgigan
be traced back to the mid 90’s when the first aufiroposed this approach during the developmerat géneral
Centralized Momentum Management contdpt spacecraft that utilize various momentum exggadevices such
as CMGs, reaction wheels, thrusters, ion propujstder. The goal was to improve performance (insgesatellite
life) by trading-off between satellite “degreesfededom” (e.g. performance or control variables) artorporating
“look-ahead” in decision making. To achieve thed&@ff and “look-ahead” capability, a general ogiroontrol
problem framework was proposed. With such an amiroao simplifying assumptions such as small amgula
excursions are necessary and disturbance termsasuEkler or aerodynamic torques do not have toelggected.
In the late 90’s, the first application of this &pining” approach was to pose and solve the probleperforming a
CMG maneuver between specified attitudes while @imgi momentum saturation during Orbiter-mated-t8-1S
robotic payload operatiofis This was the first demonstration of the ZPM cquicéo utilize prediction of
environmental dynamics, including time-varying dgries due to payload motion, in performing a rotadio
maneuver using CMGs while avoiding saturation dwrthe maneuver and minimizing the final momentum
magnitude. In the early 00’s, the ZPM concept wseduto establish the capability for general thras-mmomentum
desaturation without the need to use thruStedBy maneuvering an Orbiter-mated-to-ISS along aZattitude
trajectory, it was shown for the first time thatga amounts of momentum can be unloaded. The defdira
rotational state transition problem was then solaad flight demonstrated by rotating the 1SS 90releg’** on
November 5, 2006. With this flight test, the brémktigh capability to simultaneously perform antatte maneuver
and CMG momentum desaturation without the userofters was established.

This paper reviews the ZPM attitude control conceiphin the context of a specific 180 degree Spataion
maneuver. The Station environmental dynamics, obrgystems, and operational modes are introduced, aa
suitable optimal control problem solved. Specifimstraints imposed on the control problem due #ii@t flight
software and operations will be presented. Thehfligperational maneuver is described and ZPM trajgds
verified in high fidelity simulation. Flight resgltare then presented with detailed comparison leet\weedicted and
actual results.

II. Problem Formulation & Solution Technique

A rotational state transition can be planned toimire a user specified “cost” by posing and solvargoptimal
control problem (OCP) for a specified maneuver tifitee OCP in this context is to transition the suaaft from an
initial to a final rotational state while satisfgrthe system dynamics and maintaining the CMGs imitheir
capability. For the ISS, the system dynamics inel&aller, gravity gradient and aerodynamic torqaesculating
appendages, attitude kinematics, and the ISS CM@ds hold controller dynamics.

The constraints for the OCP include the attitudge,rand momentum states at the beginning and etk o
maneuver, as well as peak CMG momentum and torgagnitudes and peak CMG gimbal rates. Additional
constraints such as maximum angular excursiongacéh axis can also be specified. The degrees afdraare the
commanded vehicle attitude and rate history widpeet to the Local Vertical Local Horizontal (LVLHgference



frame. It should be noted that the maneuver trajgcis a function of the particular 1SS configuecaiti mass
properties as well as the specific combinationotdiry joint motions.

The complete details of this nonlinear, constraioptimal control problem are described in Ref. 19.general,
solving optimal control problems has been considledifficult;’* however, in recent years, advances in
PseudoSpectral (PS) methtté have allowed for the efficient and rapid solutiohoptimal control problems
governed by arbitrary nonlinear dynamical systeRfS.methods differ from other techniques in sevdiférent
ways. Because they are based on discretizing tbblggn by way of Lagrange interpolating polynomialger
Gaussian nodes, they offer spectral accuracy &.&aster convergence rate than any given polyriomia) which
provides the efficiency required for flight applicas. In contrast, prior methods typically offemly order four
convergencé? Furthermore, PS methods offer a simple way taktiee optimality of the solution by way of the
Covector Mapping Principl€ This concept is particularly important in solvingcomplex problem like the ZPM
because it facilitates quick and efficient ways/édidate the feasibility and optimality of the stidun. These ideas
were used by the first and second authors to sotdevalidate the ZPM optimal control probf@rasing the 2003a
version of the software package DIBOwhich implements the Legendre PS method in an cofjeented
framework under MATLAB.*® DIDO uses a spectral algorithm in conjunction WBNOPTY an active-set
sequential quadratic programming solver, to geedit ZPM solutions.

lll.  Operational Implementation

The ZPM process usually starts about a month béefardlight date, L-30days. First, the relevantadalbout the
specific ISS configuration and maneuver definittma collected. For convenience and subsystem auation, orbit
noon was selected as the location in orbit at witicktart the ZPM. Once an initial trajectory isveleped, it is
verified in simulation. In the next phase, robustef the trajectory to parameter uncertaintiesnalyzed. At L-
21days, the trajectory is sent to Attitude Deteation and Control Officer (ADCO) for ISS communicat
coverage analysis during the ZPM. It is also serdther subsystems such as thermal and powewn&uation. A
final verification is performed at L-7days basedugdates to environmental conditions and orbit ipetars from
the Trajectory OPerations Officer (TOPO) and angrgjes which may require a revision to the trajgctohe final
trajectory is delivered to Mission Control Cent®tGC) three days before flight.

To implement the ZPM, the ground-developed trajgcttommands are uploaded to the ISS. The ADCO
receives this data from the Mission Evaluation Rq®MMER) GN&C Team and uses it as input to a softwand
which builds a GMT time-tagged command pair seqadnc uplink to the Command and Control computefQC
MDM) prior to the maneuver execution time. This limp that the ZPM commands are hardwired to stathea
specified GMT times only. As the C&C MDM commandfeu is limited to 200 slots, the non-propulsive meaver
is allocated 160 slots and is composed of 80 condrpairs (attitude and rate). Since the ISS attitunld controller
uses an eigenaxis maneuver logic, the rate comrigaadscalar maneuver rate required to transitiomflone
attitude command to the next in the specified tifitee attitude and rate command cannot be issuid &ame time
with the current flight software and must be sefgtdy a minimum of 1sec. The rate command is s$ust. The
ISS GN&C system begins in momentum management éreference frame, and transitions to a CMG atitud
hold controller with desaturation inhibited to perh the maneuver. After the maneuver is complatesl, GN&C
transitions into the momentum manager in the fisédrence frame. The command timing sequence ¢alltor the
specific ISS ZPM flight demonstration is shown igu¥e 1. A partial listing of the ZPM attitude arate command
files for the flight demonstration are shown in ig 2.

As the non-propulsive maneuver is a feedforwarchdpep trajectory that is a function of initial t#¢a and 1SS
dynamics, its performance depends on how accur#itelse are known, e.g. mass properties, centereskpre,
aerodynamic drag force, etc. Robustness analysigeiformed to identify the range of uncertainty these
parameters for which the maneuver can still be detag without the use of thrusters. If the fliglnditions are
outside this uncertainty range, the trajectory setw be redesigned or thrusters can be used talizgt the
rotational states at the desired values in ordstad the maneuver. Similarly, when handing-odinfrthe maneuver
to momentum manager there will also be discrepaniciehe rotational states from their target valuéshese
discrepancies are outside the robustness boundsmentum manager startup, thrusters can be usediatize the
rotational states.
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Figure 1. ZPM command timing sequence for ISS ZPMlight demonstration.

r07-ZPM_Flight_RateCmds.txt - Notepad

Be [dt Fomst Yew bl Bl [dt Fomat Vow el
Attitude command file ~ # rRate command file ~
124.1 AS W3 #XWW Lo -XvW Maneuver # 124.1 AS VW3 +#XVV to -XWW Maneuver
Maneuver Start Time: 03-03-07 GMT 62 @ orbit Noon (TBD by ADCO) Maneuver Start Time: 03-03-07 GMT 62 @ orbit Noon (TBD by ADCO)
X0 MM CR10_10745 XV MM CAL0_10745
_ZPM aH CAL0 03012 _2PH A4 CALD_G30L2
M4 (A10_10746 MM (A10_10745
Mass Propertiest Mass ropertiest
A.1 AS, Revw confi uratiun 119, s021_12alas A.1 AS, Revw Configuration
vwn‘!ng vemc;e config 3 v‘mting vemc;e config 3

9, s021 12alas

MT4SSRMS @ MT+SSRMS @
Rotary Joint Configuration (MaPs corwention): Rrotary Joint Configuration (MaPs corwention):
Alpha Joints: Alpha Joints:
PSARI: Autorrack PSARI: AuToTrack
PE-26: Autotrack
Rretracted

Beta “3oints:
24a: Autotrack

iy Autotrack
Gamma Joints:
PTCS: Autotrack
Autotrack
FGB‘SH Autotrack Autotrack

Enviromment :
Altitude: 180 mni
solar Beta: -45 deg
F10.7: 75

Ap: S

Environment :
Altitude: 180 nmi
solar Beta: -45 deg
F10.7: 75

Apr s

Predic(ed Per‘formance Pr‘E\ﬁ((Ed Perful‘mance
Moe: of 3-CMG Capacity

Peak Suter eambel nive: 0,53 deg/sec
# Total Maneuver Time: 10000 sec

rum: of 3-cMG Capacity
pqu Ou‘ter Gimbal nate 0.93 deg/sec

R R R R R R R R R
FEAARA AR AR R AR AR AR AR AR AR R AR AR

Total Maneuver Time: 10000 sec

# Time petween Commands: 125 sec l# Time_serween Commands: 125 sec

# Total Commands: 80 # Total Commands: 80

* Fﬂe Generated: 02-28-07 17:44:59 CDT * FﬂE Generated: 02-28-07 17:45:01 COT

#ELAPSED TIME (MM:SS)  YAW (deg) PITCH (deg)  ROLL (deg) #ELAPSED TIME (MM:SS)  RATE (deg/s)
00:01 4.943 -8.684 -0.900 00:00 0.008864
02:06 4.847 -9.028 1.219 02:05 0.017078
04:11 4.841 -9.391 3.530 04:10 0.018702
06:16 5.200 -9. 5.343 06115 0. 01540
08:21 5.738 -9.778 6.321 08:20 0.009556
10:26 6.188 =9.788 6.433 10:25 0.003855
12:31 6.3 =0.702 6. 085 12:30 0.002982
14:36 6.343 -0, 598 5,603 14:35 0.003271
16:41 6.143 -9.491 5.314 16:40 0.003760
18:46 5.775 -9.374 5.020 18:45 0.0041
20:51 5.251 -9.247 4,841 20150 0.004749
22156 4.564 -9.108 4,764 22155 0.005737
25:00 3.717 -8.953 4.779 25:00 0.006867
27:06 2.707 ~-B.783 4,875 27:05 0.008116
20:11 1.531 -8 5 5.030 20:10 0.008440
31:16 0.198 -8.357 5.229 31:15 0.010700
33:21 -1.2 -8.115 5.466 33:20 0.011970
35:26 -2.938 ~-7.835 5.717 35:25 0.013218
37:31 -4.733 -7.508 5.970 37:30 0.014473
39:36 -6.6 -7.131 6.211 39:35 0. 015
41:41 -8.731 =6.747 6.467 41:40 0.016699
43:46 -10.924 -6.329 6.722 43145 0.017750
45351 -13.238 -5.876 6.067 45150 0.018758
47:56 -15.681 -5.389 7.199 47:55 0.019840
50:01 ~18.240 ~-4. 866 7.400 50:00 0.020813
52:06 -20.926 -4.308 7.577 52:05 0. 021881
54:11 . -3.732 7.721 54:10 0.022857
56:16 -3.134 7.822 56:15 0.023851
58:21 =2.520 7.874 58:20 0.024830
60126 -1.896 7.877 80125 0.025022
62:31 -1.268 7.801 62130 0.026807
64:36 -0.651 7.658 64:35 0.027756
66:41 -0.047 7.438 66:40 0.028711
68146 0.518 7.153 & 68145 0.029816 g

Figure 2. ZPM command files.



IV. Flight Demonstration Description & Predicted Performance

The ZPM operation was designed for ISS Stage 12Adlinvolved a maneuver from X-axis in Velocity ac
(+XVV) to -X-axis in Velocity Vector (-XVV) flight attitude using only 3 CMGs. The ISS Stage 12A.ksna
properties are given in Table 1. The ISS GN&C wobé&lin +XVV momentum management, then transition to
CMG attitude hold control to perform the maneuved &hen transition into the -XVV momentum managére
initial and final LVLH attitude targets wers - 85 - 2|degrees and- 175 - 8 - 2]degrees (YPR order and

sequence) respectively. The initial and final anguhtes were the rates needed to maintain thialimihd final
LVLH attitudes respectively (i.e., zero rates widspect to LVLH). The initial CMG momentum in th8S Body
frame was[1275 - 100 - 629 ft-Ibf-sec and the final momentum target Wa8200 300 404 ft-Ibf-sec (RPY

order). The momentum targets were obtained fromntlbenentum manager design specifications. The mameuv
duration was 10000sec, with 80 uniformly spacedtualt/rate command pairs (updated every 125secg Th
maneuver was assumed to start at orbit noon. Thectad ISS altitude was 180nm and the expected beta
angle was -45deg. The atmosphere parameters wees len predicted NOAA environmental conditions of
F10.7=75 (solar flux) and Ap=5 (geomagnetic ind&@¥)e rotary joint operations (see Figure 3) wesuawed as:

- Port Solar Array Rotary Joint (SARJ): Autotrack ETBARJ assembly constitutes ~7% of the ISS mass.)

- P4, P6, Russian FGB & SM Solar Photo Voltaic Arré®¥As): Autotrack

- Thermal Radiator Rotary Joints (TRRJs): Autotrack

Table 1. ISS Stage 12A.1 Mass Properties.

Mass [Ibs] 465,873
19,886,842 2,530,940 3,039,659
Inertia [slug-ft"2] 2,530,940 27,966,826 -729,378
3,039,659 -729,378 40,507,299

Foreword P4 PVA

FGB PVAs

Port TRRJ \\

\
\, \
\
N
\
\
\ 8
i S

E Aft P4 PVA
240t - SM PVAs

Figure 3. International Space Station Stage 12A.Jlomponents.




A. Nominal Performance

The ZPM was tested and verified in non-realtimewation. The ISS vehicle response to the sequefice o
attitude/rate commands was verified using the Hidblity Space Station Multi-Rigid Body Simulation
(SSMRBS)® A performance summary of the maneuver is showRigure 4, where the simulation results are
compared to the DIDO optimal solution. The attitualed rate profiles agree very well, however, thare
differences in the CMG momentum profile. This ispegted as the fidelity in the dynamical models loé t
simulation and the optimization are not the sanie fleak momentum in simulation is 70% of capacttylenit was
62% for the optimal solution. For comparison, tesult of commanding an eigenaxis trajectory for saene
maneuver time (10000sec) is shown in Figure 5his tase, the CMGs saturate very quickly, resulimtpss of
attitude control.

Figure 4. ZPM predicted performance.
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Figure 5. Eigenaxis performance.
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B. Robust Performance
To assess the robustness of the ZPM, Monte-Camntoilations were performed using SSMRBS for various

parameter uncertainties. A single variable wasupeed at a time to identify sensitivity to indiviaduerror sources.
Results for initial state perturbations as welbtgude are given in Figure 6, which shows peragatof total CMG
capacity reached during the ZPM for 100 samplesisTtD0% of capacity indicates saturation. It isnstmat the
ZPM can tolerate initial error magnitudes of atsteddeg in attitude, 5mdeg/sec in rate, and 3066&ec in

momentum. Also, the ZPM is relatively insensitigeattitude (180nm is nominal).

Figure 6. ZPM robust performance.

V. Flight Results

The flight took place on March 3, 2007. The traositto ZPM from +XVV momentum manager occurred at
GMT 062:16:39:16 which was orbit noon, while trdizsi to -XVV momentum manager occurred at GMT
062:19:25:56. The ZPM completed successfully angnopellant was used. The Mission Evaluation RoME&ER)
console views of the ZPM are shown in Figure 7FegirFigure 7 shows the ISS actual attitude anddhemands,
Figure 8 shows the momentum which does not excééal af capacity, and Figure 9 shows the CMG gimb#ds
which are less than 0.91deg/sec.

While the flight attitude matches design, there diferences in CMG momentum. These differences are
attributed to simulation fidelity and mass propeutycertainty, and rotary joint operation. For exéamigure 10
shows a large difference in the flight TRRJ behafriom the pre-flight assumptions.



Figure 7. ZPM Flight commanded and actual attitude.

Figure 8. ZPM Flight CMG momentum.



Figure 9. ZPM Flight CMG gimbal rates.

Figure 10. ZPM rotary joint performance comparison.



VI. Conclusions

This paper presented the results for the Zero MesppeManeuver (ZPM)™ attitude control concept flight
demonstration of a 180 degree International Sp&ao8 rotation on March 3, 2007 without using ptient. The
ZPM was designed to not require any flight softwaredifications, which was achieved by only uploadtime-
tagged commands. It also provides the only meampetform ISS rotations if thruster control is unidatsle. This
ZPM was historic at several levels. While the ZPM dot use any propellant, the identical maneuwafgomed
with thrusters on January 2, 2007 consumed 110l apellant with an estimated cost of $1M. The ZRMo
made history from a mathematical perspective agm# the first ever use in flight of PseudoSpediP8) optimal
control theory in a feedforward guidance mode. Baell implementation is also possible, howeverrplément it
would require modifications to the ISS flight sofire. Moreover, the flight test established thatZR& concept
can be used to execute a large angle attitude nman@md momentum desaturation at the same timeoutitthe
need to use thrusters. This concept can be apjpliady spacecraft controlled by momentum storagéecds.

)TM
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