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Abetract. This paper addressesthe design of pointingcontrolsystems for lutonomou_ tlaa_ vehicles.The function
of the pointingcontrolayztem is to keepdistant orbitingobjectswithin the field-of-viewof am on-boardoptical sensor.
We outline the de_lopment of novelnonlinearcontrolLlgorithmswhichexploit the availabilityof on-boardsensors.
Simulationrenultscompaxingthe performanceofthe differentpointingcontrol implementationmare presented.
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be a 3 x 1 vector whose first component is the roll rate, the
1. INTRODUCTION second is pitch, and the third is yaw rate. The quaternions

evolve in time according to i :
Design of space vehicle attitude control systems where large
angular rotations are required has been addressed using the 1 x
conceptofEuleraxisofrotationand quaternionfeedback qvE = -_(w qvE - _tvs), (i)
control(Mortensen(1986),Wieand Barba (1985),Vadali 1 v
(1986), VanDe_ ct. al. (1986), Wie ct. al.(1989)), rtvs = -_w qvE. (2)
Euleraxisofrotationispreferredsinceitdefinesan axis
aboutwhichffthespecifiedscalarangleofrotationisper- The body ratessatisfyrigidbodyrotationaldynamicsequa-
formedprovidesthemostdirecttransitionbetweentwoori- tion:
entationsofthespacevehicle.Rotationalmaneuverswhich
execute the Euler_ rotation are considered to be oi)- JD = -wxJw + _, (3)
timal maneuvers. The existing worlm dealt with rest-to-
rest re-orientation manuevers where the vehicle body rates where v denotes a three component vector whose elements
are regulated, and vehicle quatemion feedback is employed, represent torque applied to the vehicle with respect to the
Lyapunov synthesis methods are mostly applied for design body axes, and J is the moment of inertia matrix.
and stability analysis, although variable strcuture control
design method has also been considered. 3. ON-BOARD IMAGING SENSOR

Inthispaper,weexaminethedesignofpointingcontrolsys- An opticalsensorisrigidlymounted to thevehiclebody.
ternsforautonomousspacevehicleapplicationswherewide Gimballedmounts areeliminatedby othervehiclesystem
Field-Of-View(FOV) on-boardopticsensorsareavailable engineeringdesignconstraints.Itisassumedthatthepoint-
totrackdistantorbitingobjects,and theprimaryattitude ingaxisofthesensorcoincideswithvehicle'sX(roU)axis.
controlactuatorsareintheform ofthrusters.The design The imagingplaneoftheopticsisinthevehicle'sY(pitch)-
objectiveofthepointingcontrolloopistoaligntheLine-of- Z(yaw)plane.A distantorbitingobject,ifdetectedwithin
Sight(LOS)oftheorbitingobjecttothecenteroftheimag- thefield-of-viewofthesensor,isregisteredon theimaging
ingplaneoftheopticsensor.For autonomousoperations, planeand decodedasa pairofcoordinateswhichrespre-
thepointingcontrolsystemutilizes,inadditiontotheoptic sentthe "centroid"oftheobjectimage.Equivalently,its
sensormeasurements,thevehicle'sangularrateswhichare locationon theplanecan becharacterizedby an azimuth
measuredby means ofgyros.As theorbitingobjectmoves angle8A,and an elevationangle0E.Giventheseangles,an
inspacerelativetothespacevehicle,thepointingcontrol unitline-of-sight(LOS) vectorisdefined:
systemistobe designedsuch thatthe LOS alignmentis
maintained, f =r_"( 1, tanSA, tamOE ), (4)

2.VEHICLE KINEMATICS AND DYNAMICS rv = (i+ tan20A + tam2BE)½. (5)

Threedirectionalcosineangles,a,ft,%arederivablefrom
The orieh_ationofthe orbitingvehicleisdefinedwithre- _:
specttoa Cartesiancoordinateframewhose originisat

the center of Earth (Earth Centered Inertial (EC o frame), cos .),= 1rv, cos _ = tan 8AIry, COSa = tan 8E/r v (6)
The difference in orientation between the Body Fixed (BF)
coordinate and the ECI frame is expressed by its Euler pa-
rameters, or quaternions which consist of a scalar part r/vE, :_=(al,_,aa) isexpremedM3xlvecCorar=[a:,al,as],a '_=

and a threecomponentvectorpartqvE. Angularratesof [ 0 -al _ ]

[a_ 0 -ai
rotation with respect to the three orthogonal BF frame axes -a2 a_ 0 J
characterize the vehicle's angular motion dynamics. Let w



4. POINTING CONTROL orbiting vehicle synchromze with that of the LOS asymp-
totically, and the quatermons of the vehicle tend to the

The pointing control algorithms we developed are based on same as that of the LOS frame. This means that the point-
Euler rotation. Froc. ' _-ical mechanics (Goldstein(198 I)), ing axis would eventually be in perfect alignment with the
it is known that given two coordinate systems with different LOS.
orientations, there exists an axis of rotation (the so-called

4.2. Feedback Control Rgaliza_ion
Euler axis of rotation) _ and an angle ¢ such that rotat-
ing one of the coordinate system about _ by ¢ produces The feedback mechanisms in the pointing control law be-
two coordinate systems with identical orientations. For the come clear if the last term in Eqn.(12) are expressed more
orbiting vehicle, the goal of pointing the roll axis at the dis- explicitly in terms of the azimuth and elevation angles.Denote
rant orbiting object is equivalent to aligning the roll axis the feedback control in Eqn.(12) as r/,
with the LOS vector p. By adopting the LOS vector as the
X axis of a fictituous rigid body and defining the other two [ dt (_1 - WL,l)

orthogonal axes by fight hand rule, a new coordinate sys- r ! = -D(w- wL) -- KqLv = -- [ d2(u_ -t_/.,2) +tem (the LOS frame) is created. The pointing control goal gs(u.'3- wL,s)
is translated into matching the orientations of the LOS and
the BF frame. The Euler axis of rotation is defined with 0

the directional cosine angles: + -ku v_(l+r,)'_ tan 0E (16)

) (7> +k,: tan0= (0 - ._'r-_',' w(l+,..>'_
and therequisiteangleofrotationis7. FigureI shows
the relative orientations of the LOS and BF frames. The From these expressions, we observe that:
quanternions that characterize the orientation of the BF 1. The roll torque (the first component of v') provides
frame relative to the LOS frame are: damping only. Orientation error in the roll axis is

automatically nulled by servoing actions in the pitch
(_'VL= (sinT/2) ,k, rrvL = cos.),/2. (8) and yaw channels.

The quaternions for the orientation of the LOS frame rela- 2. The servoing actions which operate on the pitch and
tive to the BF frame are: yaw orientation errors are proportional to the tan-

gents of the azimuth and elevation angles of the opti-
eLY = --@L, nLV = WL. (9) cal sensor.

Using trigonometric identities, we express CLV aS a Lbl'ce For a vehicle whose body axes conicide with the principal
component vector in the form : axes, the inertia matrix J is diagonal and its diagonal el-

q_v = [ 0 _ -_ ] (10) ements J_,i = 1,2,3 are the principal moments of inertia.' The roll dynamics are decoupled from the pitch-yaw dy-
namics, and the dosed loop system is reduced to t:

4.1. A Lyapunov Design Jl_ = -di(w1 - wL,l ) , (17)

A pointing control law is derived below using a Lyapunov ,]ad_ = -da(w2- wt,2) -- k2r(0s P_t)tan 0e, (18)
stability argument. It is composed of a feed/'orward term
to compensate for cross axis rate couplings, and rate and .]sd_s = -da(_ - WL,S)+ k._r(PE,Pa) t&n0A, (19)
orientation error feedback where the orientation error is where

expressed in terms of qLv: I"(PE,PA) A ( rp ,_ (20)
-r = _"./_ - D(_ - ,,,,.)- KqLv. (11) = _,?(1+ rp)/ '
D = diag(dl, _, ds), K = diag(kl, ku, ks), (12) is a norm-like measure of theangular deviations from bore-

sighting the distant object.
where _ > 0, _ > 0, i = 1, 2,3 and wL is a 3 × 1 angu- From a feedback control realization viewpoint, tt m _dvan-
lar rate vector whose components are the rates of rotation tageous to replace _L which is a vector expremmd m the
about the LOS frame's axes. It is assumed that the body LOS frame by w_ - a vector whose components ate the ro-
rates of the LOS frame remain constant during the orbital rations of the LOS frame as detected and computed from
encounter. The closed loop system stability is examined via the vehicle's on-board sensors. For the pitch and yaw axes,
a Lyapunov function candidate: the azimuth and elevation angles can be used ,_ ,,r_p_lar

displacement state variables. From the relat_ g_metry
V = _(w - _L)TK-IJ(w - WL) + Of the LOS and the body frame, we have

+(qvE - qLE)T(ClVE-- qLS) + (rive -- r/LE)2 , (13) _e = W2+ &E, (21)

where qLE,rll,E ale the quaternlons of the LOS frame with 0A = -wa + aA, (22)
respective to the ECI frame. Since J is positive definite,
and k,'s are chosen to be positive, V is positive de_nite where _rEand aA are the rotations of the LOS fr_rr_ w_th
except at the origin where w = wL, qvs = qtg", and r/v_ = respect to the pitch and yaw axis respectwely b'or the roll
r/_E. The Lyapunov stability proof hinges on an equivalent axis, the angular rotation of the object a_ _een frnm the
representation for qLv which is expressed in terms of the imaging plane is the third displacement state _nable

" (23)quaternions qv_ and qt.s: 0_ = _ - _L,Z = wR.

qvL = --qLV = rlvEqLE -- 17LE;qvE -- _b"qLE. (141) Note that the steady state value of 0a defin,_ the orien-
tation of the LOS frame in _he plane normaJ to the I.OS.

lt has been proved (the proof is omitted due to page limits) Defining the rate errors as
that

A (24)
_/ = --(W--wL)TK -1D(w --WL) < O. (15) a

_A = _ - i,A= -OA, (2"5)
Thus, in the closed loop system, the origin is an asymp-
totically stable equilibrium, i.e., the angular rates of the =Forvehicleswith non-diagonal inertia matrix, thu= =mp:=fc_tioncs_.nbe.s_compli_hedby premultiplyingthe R|LSof [_qn(12) by J.



the resulting feeback control realization and the as_ciated where a deadzone is established in un _, neighborhood of
slac space model of the closed loop s_tem are summarized the switching surface a_(., .) = 0. A constant torque _, is
below, applied by the firing one of two thrusters which exert forces

[dlwR] [ 0 ] in opposite directions. The signs of the torques for the pitch

_/ ==-- d._E + -k2r(gs, 0A)tan 0E _26) and yaw channels are:

d_A +k3r(OE, OA)tan 0a _ = -_'2, _ = +_r2> 0, (37)

0R = wR, (27) _=_'_>0, _=-_3, (38)
dlwR = -dlwa , (28)

0E = wE (29) Design of the swishing surfaces is reduced to choosing the, parameters c_,c3. From the sliding mode condition, i.e.,
J2DE = -d_E - k2r(0E,0a)tan0t_, (30) 02 = as = 0, the ideal sliding mode dynamics govern the

0a = --wa, (31) transient behavior of the azimuth and elevation angles:

J._d_a = -d_a + k._r(OE,0a) tan Oa. (32) 0s = -o_r(0E, Oa) tan 0s, (39)

Since 2-1/2 < r(0E,0A)) < 2 -l, the stability of the pitch 0a = -_r(0E,0a)tan0a. (40)
and yaw subsystems can be attributed to its similarity to a
coupled spring-mass system where nonlinear stiffness exists Using the same approximations as in Eqn.(34), the time
in the equivalent mechancial springs - spring forces become constants for the azimuth and elevation channels are -2/o2,
unbounded only at the singular points 0E = Oa = r/2 which and -2/c_ repsectively. For initial off-bore.sight angles larger
are physically unrealistic even in wide-field-of-view optics, than lr/4, the effective decay rates are higher. Thus these

time constants provide conservative estimates of the tran-
4.3.FeedbackControlGain Design sientdecayingtimeinslidingmode.
The designofthecontrolgains_'s and _'s forthepitch An alternativeto thedeadzoneistoimplementan PWM
and yaw channelsaresimplifiedby usingthatthe follow- realizationofa continuouslinearfeedbacksignal,
ingapproximationsforthe nonlinearitiesforazimuthand

a_(es,oa)
elevation angles in the range O <-Oa,Os <-Ir/4: _-_= n__ , ff la_(OE,Oa)[ < c_ , i=2,3 , (41)

1 e,
_(o_,0a) _ - (33)2 ' wher _;2= -1, ns = 1.

tan Oa _ Oa, tanOE_Os. (34)
6. SIMULATION STUDY

The control gains can then be selected for a linear system
whoseclosedloop characteristicequationis: For thepurposeof checking thepeformanceofthevarious

pointingcontrolimplmentations,we simulatethepointing

j_s2+ &s + _-= 0, i= 2,3. (35) and trackingperformanceofthepitch-yawloops.Foreaseofreference,we normalizethetorqueinput,tothevehicle
Fortherollchannel,thetimeconstantoftherollrateer- axisby therespectiveprindpalmoment 9finertiasuchthat
rordecayis.I_/d_.Standardlinearcontroldesignmethods thecontrolinputsareangularaccelerations.The dynamic.
areapplicabletomeet transientresponseand ste..adystate performanceofthe pointingcontrolloopdependson the
performance criteria. For large initial off-bore.sight angular pitch and )raw motion. Thus we focus on the pitch and
errors,implyingwiderfield-of-viewoptics,therearetwo yaw loop controldesign.For the controlgainselection,
optionsforthedesign.First,thesame gainvaluesascalcu- we specifya worstcasetransientresponsetimeconstant
lated from the above equation can be used. For large initial of 0.1V_ seconds. According to the characteristic equation
errors_ the effective damping is smaller than as predicted in and the desired double poles at -sgr2,
the linear design. This is due to the large linearized position
gain for large angles, whereas the velocity gain is constant, d_ = d3 = 10V_, (42)
Thus, the linear design can be used as a conservative design k_ = ds = 100, (43)
evenforlargeinitialerrors.Alternatively,a directoompen-
sationofthenonlinearitiesisalsofeasible.Fortheparticu- whichcorrespondtoadamping ratioof_ = 1.
larfeedbackcontrolrealizationusingazimuthand elevation Disturbancerejectionpropertiesofthepointingcontrolloops

angles as orientation state variables, replacing the last term are tested, ._th a sawtooth time profile to represent the
in Eqn.(26) by contant gain feedback of the respective off- effects of time-varying disturbance torques which change
boresight angles reduces the design problem to essentially signs abruptly. The disturbance torque is similarly scaled,
a linear one. and therefore is measured in rad._/sec.'. The magnitude

of the disturbance is =kl0rad./sec. , and its period is 100
5.CONTR(" L ACTUATOR CONSTRAINTS msec.Thisisasevere,persistingIyexcitingdisturbancefor

The use of constant magnitude thrusters in pointing con- the control authority assumed. The disturbance has zero
trol for autonomous space vehicles requires a Pulse-Width- mean. The same disturbance is applied to the azimuth and
Mo0ulation(PWM) implementationofthedevelopedcon- elevationchannelssimultaneously.
trol ,Jgorithms. This means that discrete value discontinu- Initial off-boresight errors correspond to an _.u_nuth angle
ous control signals are devised to approximate the contin- of 0a(0) = 1.5658 radians, and an elevation angle of 0.1
uous control signals. Alternatively, discontinuous control radians are chosen for the simulation. The in.itial azimuth
design methods such as variable strcuture control (VSC) angle is deliberately chosen to be very close to the singu-
can be directly applied to oompute the feedback parame- larity of the tangent function in order to test the robust-
ters. One of the major advantage of this approach is the nem of the linear control design. Figure 2 shows the time
superb disturbance rejection and robustness properties of responses with the continuous time pointing control. The
VSC. This means that it is not necessary to provide a feed- time response of the azimuth angle is divided by 0.10a(0) to
forwardterminthepointingcontrollaw.The VSC pointing permitacomparisonofthesmalland largeangleresponses.
controldesignissummarizedbelow.The controltorques Whereastheelevationangleshowsthepredictedtransient

response,theovershootcausedby thereduceddampingfor
arecomputedas: largeangleisexhibitedinthescaledazimuthangleplot.

{ 'r_,, if a_(O_,Oa) > e_ The effects of the PWM implementation of the continuous
_ = O, if la_(O_,Oa)l <_e, , i = 2, 3. (36) time pointing control law are shown in Figure 3. The con-

v'_(, if a_(O_,Oa) < -e,. stant normalized torque level is set at 10radians/sec. _. A



100 tIz sampling rate (T = 10 m sec.) is chosen for the
computation of the sampled pointing control law. For the

PWM implementation, a minimum pulse on period uf 1 k_ _r)" .___ame
msec. is assumed. Control input saturation in the azimuth ame
channel slows the error decay rate, as well as reducing the Ya_CL) , _"P
overshoot. The VSC pointing control, whose responses are t . , • .,,,..,¢'." ,

L" a_• l_'qCJ,._p !

giveninFigure4,isimplementedasa discretetimecon- _ ..... __o__jv---._
trollawwitha samplingperiodofi0msec.The switching [ ***..."-._¢""__-,q,qb'_, ¢

surface parameters c2 and csarechosentoyielda time I.,_*s_ :""

constantof0.2sec.forsmallinitialangularerrors.This BF Frame Rolf(X)
correspondsto:

c2= c3= 10. (44) FigureI:Body fixedreferenceframeand theLOS frame.

Inbothofthesefigures,theovershootcharacteristicsofthe
continuoustimecontrolarepresentforlargeazimuthini-
tialerror.Controlinputsaturationintheazimuthchannel "d0.12a Contla.'uous tln_, Pointing Control

lengthensthesettlingtime. _"0.I _ with-torquedlstnrbmnce.......

iiiiiiiiiil,i,
7. CONCLUSIONS _0.08 •

Design of pointing control systems for autonomous space _ 0.06 !vehicles which utilizes on-board optical sensors for the de-
tection of other orbiting objects can be simplified by adopt- "_0.04
ing a new state space model which compactly represents the
essential pointing system dynamics. The res_'lting pointing -_ 0.02 ,

......control laws are connected to those oontml laws designed =!' 0 "'"
forlargeanglemaneuversforspacecraftsviaEuleraxisro- o .:-'"""- ."

= :....:.%..........:.................
tations. The dynamic variables required for feedback how- _0.02 " .._- :_.,,_ & ?ienll'lh ]

everaredirectlymeasurableinthepresentdesign,ascom- -_
paredtorequiringquaternioncomputationsintheprevious _.L0.040 0.5 1 1.5 2
designs.Controlgainselectionsinthepresentdesignare

basedon standard._,lineardesignmethodswherethe tran- Figure2:Elevationand azimuthangles:continuoustime.
sientperformancepararneters,such as damping ratioand
time constants, are directly translated in the gain parame-
ter space. This is in contrast to the Lyapunov methods in

previousdesignsusingEuleraxisofrotationswhereasymI>- _ 0.1 1
totic stability is the primary design objective, and transient ._ ', i ,PWM pointing Control- i

', _ with t.or,que disturbance I
performance is indirectly controlled via the rate of conver- _ 0.08 "',:"" • ........ . ....... .........
genceoftheLyapunovfunction.Withinthecurrentdesign _ ,_,. : : !

framework,we compared thePWM and theVSC imple- .ffi_0.06 \"",""!........!........i.........

mentationofthepointingcontrollaw,bothofwhichutilize " _ ,._:
controlpulsestopoint.We foundthatVSC ismore robust _ _.._ ........!........thanPWM toboth crosscouplingsbetweenthepitchand _ 0.04 "

..._..".,.._:•cawchannels,and externaldistcontinuousdisturbances. _ .........

0.02 ......"___',__': t .....ledAzlmu hi '
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