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Abstract 2 Modeling a satellite structure motion

Problems of nonlinear modeling, dynamic analysis, A lot of publications were devoted for a choice of dy-
simulation of spatial motion by a spacecraft with s flex- namic schemes, methods for deriving and research the
ible weak damping structure, are considered. The ob-flexible SC motion equations, analytical reviews are
tained results on a multi-rate filtering measurements well-known, but the problem of development the effec-
and a width-pulse modulation of the jet engine thrust tive methods for modeling dynamics and imitation of
control, simulation and animation for the communica- the SC motion is remained actual. At deriving the ap-
tion satellite with large-scale solar array panels by the proximate models of the flexible SC motion the Reley-
Sesat type at modes of initial damping and guidance onRitz-Galerkin method — the method of the prospec-

the Sun and on the Earth, are represented.
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1 Introduction

For large-scale spacecraft (SC) the structure oscilla-
tions can render an essential influence on its spatial mo-ASKA, SAP-IV etc.), the

tion, it is especially for an initial mode after separation

from a launcher, and also at the SC initial guidance on with rather high dimen-
the Sun and on the Earth. Modern computer technol-

ogy allows to obtain a dynamic analysis and a video-

display the SC structure deformations during its spatial freedom for complex ram- *

motion. That it is very useful at a SC designing and
flight support. The SC Sesat (figl 1) with large-scale
flexible solar array panels
(SAPs) was developed by
Reshetnev NPO PIRus-
sia) under the contract
with Eutelsatand was re-
moved on geostationary
orbit in April 2000. In
the paper for this type SC
the spatial motion mod-
els are created at a width-
pulse modulation (WPM)

. of control by jet en-
The satellite Sesat. gines and the SAPs’ bend-
turning oscillations, results on a control laws’ synthesis
for the initial modes, simulation and animation both the
SC body and the SAPs motion, are presented.

Figure 1.

tive oscillation forms, is most known. At synthesis
of the SC dynamic models with non-rigid structure the
method of fixed elements (MFE) is widely applied. The
MFE represents a located method of prospective oscil-
lation forms.

Having doubtless ad-
vantages and advanced:
software  (NASTRAN,

MFE generates models .

sion reaching several
thousand on degrees of

ified spacecraft structures.
Peculiarity of the applied
approach consists in pre-
sentation of the structure elements’ flexible oscillations
by fixed number of tones. Here calculation is carried
out by the MFE with condensation (reduction) on the
oscillation tones, the factor matrixes of interference for
motions of all sub-structure both rigid and deformable
bodies, are also calculated by computer. Own forms
and own partial frequencies of flexible oscillations by
each SAP for the SC Sesat was carried out taking into
accountn? = 10 lowest tones in standard normaliza-
tion, fig.[4. Design scheme of the SAPs’ first wing
for spacecraftSesatis represented in fid.|3) by the
fixed-element model consisting 129 main points where
33 points are the concentrated weights, and 205 beams
with five various geometrical and two various physical
properties (Butyrin and Somov, 2004).

Figure 2. The lowest tones
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Figure 3. The design scheme for the SAPs' first wing of spacecraft Sesat by method of fixed elements.

The model of the angular motion dynamics by the is the line number anéd = 1,2 is the wing number.
spacecraft with active flexible SAPs was elaborated at Then,G = J(v) w+H+D4(v) q is vector of the flex-
assumptions ible SC angular momentum whel# is vector of the

- . gyro stabilizer's own momentum and the torque vector
e position of the mass center for all mechanical

system have small differ from nominal position —
a pole O at derivation of nonlinear equations for
system spatial motion;

e the SAPs move according to command rate as
piece-constant time function that is caused by step-
by-step gear driver (SGD) with self-braking.
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That model have the form
J(v) Di(y)

} [ ];AO:LDWW Lo

“=—wxG+MP+ M+ M,;
Fi=—(Dq+Waq+(D5(7)"5)-

Herew = {w,,w,,w.} is a vector of the SC angular
rate in the body reference frame (BRB)yz, the in-
ertia tensorJ = J(y)=J° + 2JP(y) at any position
of the SAPs, determined by a angjeand the inertia
tensor for each wing of the SAPs is as follows:

JeC2 4+ Jps? JRIC,S, 0
woy= | mes, mseacs o |,
0 0 JP
whereJ2d = JP — JP andC, = cosv;S, = sinn.

Rectangular matriXD4(~) of an inertial influence by

the SAPs and the SC body motions is represented by

matrix-line D¢ = [D{, D3], and the structure of ma-
trixes DY and D3 by flexible SAPs inertial influence
is those: the matriD}! = {D{,, D}, D},} is repre-
sented by column, whelsz is line. Herej = 1,2,3

(‘]Eg(;i (827“)17 — Coywy) — 2JPwy) ¥
= _(JES(C%W% — Soqwy) + 2 wy) ¥
—2JP 4

M?

presents the inertial-gyroscopic forces, caused by the
SAPs activity. Vectolg = {q1,q2} presents the gen-
eralized coordinates of the SAPs flexible oscillations,
ar € R" is vector of the same coordinates by k-
th wing. Diagonal matrix2, = diag{.} is made
from partial frequencie$, s, s = 1 : n? and/ is
logarithmic decrement of the SAPs’ oscillations, ma-
trixesQ = diag{Q;,Q}, D = (6/7)Q, W = Q2
Dj = {D};,D3,}. Vector M, = Mg + M presents
external torques with respect to a pole O, whifé
is a vector of gravitational torque aid® — a torque
vector by forces of solar pressure. At last, ved@g©
presents the orientation engine unit (OEU) torques.
The motion model of the SC body with active SAPs is
easily turned out fronf {1) and have the form
JotwxJw=F=M> 4+ MP +M,. (2
The BRF orientation with respect to orbital reference
frame (ORF)O z°y°z° is defined by quaternioA® ac-
cording to the differential equation

A° =

=—-(A°ow — P, o A°), 3

N —

where vector-columi(t) = {0,0,7,(¢)} represents
a vectory, (t) of the SC orbital angular rate in projec-
tions on the ORF axes amd(t) is true orbital anomaly.



The SC orbit is considered known,direction of uBit ~ Taking into account a time (transport) deldy, dy-
on the Earth is also known, thus the vector of gravi- namic processes on the normalized thrit(t) for
tational torqueM, is represented by analytical depen- each JE are presented by the differential equation
dence only from quaternioA® of the SC orientation ~ 74 P} + Py = P"(t — T¢,, 7)) with the initial con-
with respect to the ORF. dition P7(to) = 0 where a time constarff¢ accepts
The BRF attitude with respect to the inertial reference two valuesT'¢ or T according to the ratioi f P" =
frame (IRF) is defined by quaternioh according to 1 then T¢ = T¢ else T¢ = T¢. For everyone j-
the differential equatiolh = A ow/2. Therefor direc-  th JED,,j = 1 : 6 there is compared the vector
tion of unit S on the Sun is also known and a torque P;(t) = P™ P} (t) p, of the current jet thrust with
vectorMS by forces of solar pressure is represented by fixed unitp; beginning in a poin();.i where P™ is the
analytical relations. current maximal thrust value, identical for all JEs. The
pointO;1 arrangement is defined by a radius-vegigr
The OEU control torques concerning axes, Oy and
3 Models of the control system’s components Oz are created by JEs’ pairs. Logic of the command
The instrument set of the SC attitude control 7, formation for inclusion everyone j-th JE takes into
system (ACS) in the initial damping mode con- accounta sign of acommand sigra} on channef =
sists the OEU based on six thermo-catalytic jet z,y, 2 and is described by such algorithm;, = |v;x|;
engines (JEs) with the g, = sign v;; i = x,y,2 and then, for example
thrust WPM, a block of  fori = & :if s, > 0 then (rip = Ter&mor = 0)
three one-axial angular else (71, = 0&7;, = 741 ). Formed by the OEU the

rate sensors (ARSs), the control torque vectoM{° is calculated by formula
. SGD and an angular posi-

tion sensor by two SAPS’ 6
wings with respect to the M =M = {M.. M.. M.} — dep. (5
SC body, and also on- ° {My, My, M, } ZPJ Py )
board computer. At mode

of the SC guidance on the
Sun in the ACS instru- 3-2 Model of the SC body rate measurement

ment composition is com- The model of the ARS block for measuring the SC
pleted by the Sun sensor (SS) with wide segmented body rate vector represents by set of three same chan-
field-of-view (fig.[4) and at mode of the SC guidance nels for measurement;(¢),i = ,y,z, moreover

on the Earth — by the Earth sensor (ES) with narrow modgl of each |t§ channel' takes into accourjt: own dy-
field-of-view, fig.[§. Standard denotations for values of Namical properties; a noise and systematic errors; a

a scalar discrete signalty,) = yi, andy(t,) = y, are t?me sampling, quantization and limit Ievel_s. Descrip-
‘ further applied at the tion of the measurement process for a projection of an-

j=1

Figure 4. The SS scheme.

ST time momentst, = gular ratew(t) is presented as follows:
. kT, with the control
N period Tu and _multiple T8 (t) + w* () = w(t);
Tt BT memst et SO =SwEs @) ©
v i the measurement period w? = w*(ts) + wwd = Qutr(d¥, w?).
’ R X, T, where integers, s €

Ny =[0,1,2,...), more-
over the multiple index
ng =T, /Ts.

HereT, is a time sampling period arid” is a time con-
stant;a® andk“ are a restriction level and the normal-
ized gain; there are applied the standard functipas
Sats(a,k,z) : if |z| < a/ktheny = k z else y =
3.1 The OEU model asign x andy = Qutr(d, z) = d E[(x/d)+0.5 sign ]
For the WPM of normalized command by the thrust Whered is a quantization step arid[-] is a symbol of
inclusion pn(t,T;j) e {0,1}, k € Ny by each the whole part for numbér]; b* is slowly varied "zero
JE, namerP”(t,Tg) = 1Vt € [tp,tr + T,gl) and drift”; w? is discrete noise of measurement which is

Figure 5. The ES scheme.

P(t,7d) = 0Vt € [t + 78,tx41) the modu-  considered as Gauss stochastic discrete process with a
lation characteristic is described by the ratiff = zero mean and root-mean-square deviation d is
(T, T, T T - a quantization step by an output signal, at lagtis a

discrete output signal.

0 7k < 7mj 3.3 Models of the Sun and the Earth sensors

d_ )Tk Tm ST <TG @ The SS outputs are a sig¥t of the Sun presence into
™ <y < Ty its field-of-view and the spherical angular coordinates
T, 7 >T,. 0s,vg of unit S with respect to the BRPBx axis, see



fig. @ . The SS digital output signai§, andy¢ then 5 Dynamical properties of flexible spacecraft

are filtering by a computer processing. The ES outputs Both linear and nonlinear methods were applied for

are a sigiN® of the Earth presence into its field-of-view  dynamical research of the robust SC ACS with a width-

and digital values of pitch angk and roll angley?, pulse modulation of the jet engine thrust control.

see fig[b. After separating a SC from buster and disclosing the
SAPs at any time moment= t, the angular rate vec-

3.4 Model of control contour at the SAPs guidance ~ tOr accepts a value(to) € S, from the bounded con-
The control contour by the SAPs position sensor and Vex domainS,,. Let the constant command valueg

the GSD is presented by set of a discrete subsystem(COmponents of the command angular rate veator
with forming errors} = ~¢ — Qutr(d?,~;) and a  &re given and them should be reached with given accu-

piecewise-continuous pajtt) = Zh(T,, %) withini-  racy|wi(t) —w;| < 6., ¥t > to+T; for some acceptable

tial condition~(ty) = ~o. Here4< is a discrete com- duratlonT? of dampmg_r_node. For_spacecraft by Sesat

mand signaljd = k7 ] and the holder with period type at this mode_addmonal requirement consists in a

T, is such:y(t) = Zh[T,, x| = 21 Vt € [te, trsr). simultaneous turning the SAPs on the arijt¢/2 with
respect to the SC body. In this mode at any SAPs fixed
position and the gyro stabilizer momentid#n= 0, lin-

4 Algorithms of discrete filtering and control earized in the IRF the continuous model of free flexible

Operator for averaging with identical weights omly SC controlled motion have the form
last measuremenig of a signal with obtaining an es-

timation g, optimum on method of the least squares,

have the description A{w,q,q} =B1{0w,q,q} + {M, 0,0}, (9)

& wherejw = w — w* and matrixes
Gr=MS(y,)= (D ys)/ng;k=Els/ng].
s:k—11q+1 A _ AO 0 B o 0 0 'BO— —D —W
T I VT {OBO)T T I O

For example, for SC Sesat it is accepid= 1 s and
T. = 4s, therefore the multiple index, = 4. That For calculation of the SC transfer functions, the sys-
operator is applied for multiple filtering the discrete tem [9) is presented in the standard form of linear con-
output signals¢, of the ARSs on channel$£x, y, z) trol systemx = Ax + Bu; y = Cx, where for
and the discrete output signals of the SS and the ES:  this casex = {/w,q,q}, u = M, and matrixes
A =A;'B;;B=A'{I30,0} andC = [I5,0,0].
@i, = MS(wd); The logarithmic frequency characteristics of continu-
i a7 d . ous system from an inpui; to an outpuly;, i = x,y, 2
Osk = MS(05,); wf% = MS(v3,); () were obtained by specialized software. For multiple
@r = MS(p?); O = MS(69). continuous-discrete ACS taking into account the differ-
ent delays both a discrete measurement of the state vec-
At initial damping mode, forming the discrete com- tor and a physical forming the WPM control original

mand signals;; on channels is defined as follows: methods (Somov, 2001) were applied (Somov, 2005
Somov, 2008). As an example, the logarithmic am-
Vie = K (WS — @ip,), i = 3,y 2. (8) plitude frequency characteristics subject to an absolute

pseudo-frequency = (2/T,)tg(wT,/2) on the Sesat
open-loop pitch channel is presented in fig. 6 with
¢y = 713.385 s*/rad.

At mode of the SC guidance on the Sun we have
vectorH = 0 and the SC searching motion is ful-
filled with respect to the BRF axi®y, e.g. vector

Hereky are the gain factors which are formed by re-
lationsky = k, ¢/; k, = P™/P™, wherek,, is the
adjusted parameter for compensation of the JE'’s thrust
variation;c — values of the gain factors at a minimum
level P of the JE’s thrust.

For guidance the SC on the Sun by shortest way after
its appearing into the SS field-of-view (e.g.Nit = 1)
the discrete vector control algorithm is suggested. Let o~y
us a constant vectdr® for required position of the unit ‘
S in the BRF and vectopy, = {p1k, pak, p3r } IS com- § ‘ i
puted by relatiomp;, = b* x Sy (fsk, ¥sk). According 40 |-t - : -
to elaborated algorithm there is forming a preliminary R 3 1
discrete signat;, = —kp(kf pik+k$@ik), L =T,Y, 2. 0 10" 10’ 10'
Than valuev = max(|[vu|,i = x,y,2) is com- e
puted and at conditioﬁr;‘]; > T, the resulting dis- Figure 6. The logarithmic amplitude frequency characteristics on
crete controls on channels are scaling by simple for- Sesat open-loop pitch channet: — ¢y = c3; b — ¢ =
mulav,, =T, Vi, /¥R, i =2, 2. 2¢y; ¢ — ¢ = 4c.
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Figure 7. The logarithmic frequency characteristics of continuous
pitch channel: a) H=0; b) H =40 Nms; c) H =85 Nms.

w = {0,w,, 0}, for examplew, = 0.2 deg/s. More-

over the pith and yaw channels have a weak gyroscopicﬁ'

connection which is essential only for the slowly mo-
tions. At mode of the Earth searching yet all three SC
channels are gyromomently connected, but these influ-
ences are very weak. After finishing the Earth guidance
mode the gyro stabilizer rotor begins to up-rotate and
its own angular momenturH is increased up to value
H = 85 Nms. Fig[T presents the SC logarithmic fre-
quency characteristics of continuous pitch channel for
threeH values. Moreover it is appeared additional res-
onance peak by a nutation motion which is consistently
changed to the right with increasitfjas a parameter.

6 Nonlinear stability analysis of channels

The Lyapunov function method was used for a non-
linear stability analysis (Somov, 2086 At simplest
example, in a single-axis damping mode for the WPM
parametersl? = 0, T4, = 0, 7, = 0, ™™ T,
with an idealized measurement of angular rate and
for its variation dwy, wr — w® = 1z, the nonlin-
ear channel discrete model is presented by the differ-
ence equationy1 = x — bgSat(Ty, vi); vi =
k¥ xy, whereby = dy = M™/J, k¥ and maximum
torque M™ are parameters. For Lyapunov function
Uk v(xg) = |zk| there is derived the inequality
Vg1 = |.’Ek — by Sat(Tu,k‘“ l’k)| < |]. — by k“’|vk for
xp # 0, moreoverv(0) = 0. In result the rigorous
condition for asymptotic stability of solutian, =0 by
this nonlinear model have the forin< b, k¥ < 2, i.e.
0<k¥< 2/bd

In a single-axis attitude stabilization mode for same
the PWM parameters and the state veckgr =
{day, dwy }, the nonlinear channel model have the form

Xp+1 = Agxy + (bg + 5bd(7k))sat(Tuan);

Vi =Kaxi; 7 = Sat(T, [vi);
Ad:[éj;u:|; by = —d, |:7;u:|7 (10)
2
dba(ri) = dy [Tko/ } s Ka = [k k).

Letbeuy =1 —djk¥;x = k¥ + k*T,; uCy = 1 —
djx/2 anduSy = d;(4k°T,/d; — x?)'/?/2 for the
conditions0 < u < 1 andy < 2(k*T,/d;)'/?. Then

Hm

400
time, s

Figure 8. The SC body angular rates and the OEU control torques.

nonlinear model[(7]0) stability is proved by Lyapunov
functionv, = v(xx) = (x}, V x;,)1/2 with matrix

|\

where matrix T composed by eigenvectors of ma-
trix Ag A; + byK, for its eigenvalues
212 = u(Cy £ jSp),j = +/—1. For this Lya-
punov function there is derived the inequality, ; <

(1? + avy + bv?)'/? vy, where constant parameters
a > 0 andb > 0 are appeared during a majorizing
procedure. That inequality is the basis for obtaining
the rigorous conditions of asymptotic stability of solu-
tion x; = 0 by nonlinear discrete channel model and
also for estimating its guaranteed attracting set by the
inequalityxf Vxo < (a? — 4b(p? — 1))/(4b2).

T‘u.uce EL#SO

v=(TT ! T=
( )7 {Mce—l uSp

7 Parametric synthesis and analysis by imitation
Detailed nonlinear dynamical analysis of the flexi-
ble spacecraft ACS and parametric synthesis of dis-
crete control laws on channels were carried out by
methods of computer sumulation which were real-
ized at Matlab environment (Butyrin and Somov,
2004). In the initial damping mode for various ini-
tial conditions on coordinates on the SAPs’ oscilla-
tion tones analysis of the SC dynamics was carried

out. For example, at given initial conditiors (0) =

{11, qi2, 133 = {0.2,-0.3,-0.2}; a:(0) 0;
a2(0) = {go1, 22, q23} = {—0.2,0.3,0.1}; 2(0) =0
numerical results are presented in fip. 8 —[fid. 10.

At the SC guidance on the Sun and on the Earth by
elaborated discrete control laws for a width-pulse mod-
ulation of the jet engine thrust, the SC structure flex-
ibility have smaller influence at comparison with the
initial damping mode yet for decremefit= 10~3 of
oscillations.
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8 The flexible SC motion animation ’ "f
Russian software environme8tiper Visior(the NPO i

PM development) was applied for animation of the SC
motion with flexible active SAPs. In used version of x
this software the requirement specification is applied
for creation and tuning the reflected objects. Interface
between components of the elaborated software for
simulation and visualization of the SC flexible structure
motion is carried out by files on hard disk. In stage 1 the ,
SC damping mode simulation is fulfilled. In the Matlab
environment the Simulink is started, results of the sub- /
system work are graphics of the transient processes or \ X
the ACS state coordinates and the data files, which are
recorded on hard disk. In stage 2 the data preparation N\
is carried out for animation of the SC body motion and
the flexible SAPs’ oscillations by applied visualization
system. At loading the filpanel.svn there will be re- Figure 11. The animation frames of the SC attitude motion.
flected the indicated SAPs’ wing oscillations, and if file
mnk.svn is loaded — the SC body motion in the ORF.
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