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OnrumasibHOe ynpaBJ/ieHHe pa3BeleHneM CIMIbI
Tpanc(hopMUPYeMOro pedieKTopa NPH HAJIMYHH BO3MYIICHHH

C. A. Ka6anos, JI. C. Ka6anos, E. H. Huxymun, ®. B. MuTun?

bantuiickuii rocynapctBeHHsbIi TexHuueckuit yausepcureT « BOEHMEX)» umenn [J[. @. YcrtuHoBay
Poccuiickas ®exnepanust, 199005, r. Cankr-IlerepOypr, 1-st KpacHoapmetickast yi., 1
'E-mail: fedor28@list.ru

OOHUM U3 NEPCHEeKMUBHbIX 6UO008 KOCMUHECKUX annapamos SGAmMCs  KPYHnHO2abapummble
mpancghopmupyemvle peghnekmopwvl. Takue annapamvl O00CMAGIAIOMCSA HA  3A0AHHON Opoumy 6
CHIOJHCEHHOM suoe,
a 3amem paszeopauusaromcs 00 paboueco cocmosiHus. Bonvwias anepmypa no360745em 3HAYUMENbHO
PACUIUPUND BOZMONCHOCU AHMEHHbL. [Ipu 5mom 603HUKAIOM 3A0a4U NIAGHO20 U HAOEHCHO20 PACKPbIMUS,
HACmMpOUKYU Gopmvl pAOUOOMPANCAIOWE20 CEMENOIOMHA, Pe2yIUPOsKa OpOUMAIbHO20 NoaoJiceHus. Beudy
MO20 YMO HPOYecC PACKPLIMUS 3AHUMAEm ONUMENbHOEe 6peMsl, YYém GO3MYUWAIOWUX 6030elticmeull
A6nsiemes 8avcHou npoobnemou. Hanuuue paduayuu, 601611020 nepenada memnepamyp, COTHEYHO20 6empa
oKasvleaem GIUSAHUE HA 6CHO CUCEMY U, 2IAGHbIM 00pazoM, Ha duazpammy HanpasieHHocmu. Taxoice
HeoOX00UMO NIAGHO PACKPbIMb  JIeMEHmbl KOHCIMPYKYUW, MAK KAk ¢ Yy8eluyenuem ouamempa
paduoompadicaroweli. NOGePXHOCMU  603PACMAION MOMEHMbl UHEePYUU AHMEHHbl, YMO NpPUBoOUm K
OnumenbHbiM Koebanuim. B dannoii pabome paccmomper npoyecc pazgedeHusi Cnuyvl pe@rekmopa npu
HAIUYUYU 603MyujeHUti u owubox usmepeHuti. Pewenue 3a0auu npe0cmagieo ¢ uCnoib308aHUeM meopembl
paszoenenusl.

s oyenusanus napamempos cucmemvl npu HALUYUU WYMOG usmMepeHuil npumenen guiomp Kanmana.
IHoxazana e2o pabomocnocoOHOCMb NPU PA3IUYHBIX 3HAYEHUSX UHMEHCUSHOCmU wyma. B xauecmee
GHEWHUX GOMYWEHUL U UWYMOG USMEPEHUIl GblOpaH CAVYAUHbIL npoyecc muna 6en1020 wymd.
3aoaua ynpasnenus pewaemcs npu UCHOLb308AHUU AN2OPUMMA ONMUMATLHO20 YNPAGIEHUs NO UepapXuu
yeneeblx Kpumepues. Ilokazana 03MONCHOCG ~MUHUMUBAYUU IHEPLEMUYECKUX 3AMpam nymem
UHMEPBATIbHO20  GKIIOHEHUs. UBMepumebHblx  damuukos. IIpeocmagnenvl pe3yiomamvl  HUCIEHHO20

MOOenUPOBAHUSL.

* VlceneioBanme BHITIONHEHO NpH (GUHAHCOBOH moiepskke POMU B pamkax Hayaroro mpoekra Ne 20-08-00646a.
The reported study was funded by RFBR according to the research project No 20-08-00646a.
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Knouesvie  cnosa: aneopumm  NOCIe008AMENbHOU — ONMUMUZAYUL, KpynHo2abapumHulii
mpaucghopmupyemvlii - pepiekmop,  ONMUMANbHAA  UILMpayus,  MamemMamuyeckds — MoOeb,

Mooenuposaue.
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One of the promising types of spacecrafts are large-size transformable reflectors. Such apparatuses are
delivered to a target orbit folded, and then deployed to a working condition. The large aperture allows sig-
nificantly expanding the capabilities of the antenna. In this case, the tasks arise of a smooth and reliable
deployment, adjusting the shape of a radio-reflecting net, and adjusting the orbital position. Due to the fact
that the deployment process takes a long time, accounting for disturbing influences is an important prob-
lem. The presence of radiation, large temperature differences, solar wind affect the entire system and main-
ly on the directional diagram. It is also necessary to smoothly deploy the structural elements, since with an
increase in the diameter of the radio-reflecting surface, the moments of inertia of the antenna increase,
which leads to prolonged oscillations. In this paper, the process of deployment of the reflector spokes in the
presence of disturbances and measurement errors is considered. The solution to the problem is presented
using the separation theorem. To estimate the parameters of the system in the presence of measurement
noise, the Kalman filter is applied. Its performance is shown at various values of the noise intensity. A ran-
dom process such as white noise was selected as external disturbances and measurement noises. The con-
trol problem is solved using the optimal control algorithm according to the hierarchy of target criteria. The
possibility of minimizing energy costs by means of interval switching on of measuring sensors is shown.
The results of numerical simulation are presented.

Keywords: sequential optimization algorithm, large-size transformable reflector, optimal filtration,
mathematical model, modeling.

Introduction

Space antennas play an indispensable role in aerospace communications, military reconnaissance,
deep space sensing, global broadcasting, Earth remote sensing, and climate forecasting. Because of the
limitations imposed by a launch vehicle, deployable antennas are widely used [1-3]. They are placed
in the fairing during the launch phase, after reaching the orbit the deployment process begins, and fi-
nally the parabolic reflecting surfaces are formed. Stable and reliable deployment of the reflector
largely ensures the success of the space mission.

Since the late 1960s, large-sized transformable antennas have been actively used because of their
large aperture and low mass. At present, the Astro Mesh Reflector is the most perfect and reliable de-
ployable antenna available [4; 5]. The deployment process is completed by fixing the truss and form-
ing the desired shape of the reflective surface.

For the vast majority of such designs, deployment is irreversible and there are no effective ways to
maintain and actively adjust the radio-reflective net in orbit. It is important to study and simulate the
deployment process at the design stage to get a deep understanding of the deployment dynamics [6].
The complex kinematic and dynamic behavior of the system, high nonlinear stresses and different ca-
ble network topologies, as well as energy dissipation caused by friction, damping, and gaps signifi-
cantly affect the deployment dynamics of large-sized transformable antennas. Research in dynamic
modeling for the deployment of different types of structures is actively being conducted [7; 8].

Here we consider the realization of a large-sized space construction using a cable system to create
the necessary shape of the radio-reflecting surface of the reflector (Fig. 1) [9-12]. A large-size trans-
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formable reflector (LTR) consists of a spacecraft (SC) 1. It has deployable elements attached to it,
such as solar panels 2, irradiating system 3. To provide a given directional pattern, the boom 4 extends
the reflector 5 to the required focal distance. The reflective surface is the netweave 6.

Puc. 1. Koncrpykuus KTP

Fig. 1. The design of the LTR (Large-sized transformable reflector)

The important problem at opening of the LTR from the folded position into the set position with
high accuracy of an output to stops is the account of perturbing influences. Also it is necessary to
smoothly open elements of the structure, as with increase in diameter of a radio-reflecting surface the
moments of inertia of the antenna increase, that leads to long damping oscillations. The presence of
radiation, large temperature differences, and solar wind affect the entire system, and mainly the direc-

tional diagram [13; 14]. Therefore, it is necessary to
solve the problems of filtering and control of the reflec-
tor opening.

Mathematical description of the problem

Consider the process of direct opening of a LTR
spoke. It is necessary to change the position of the
spoke by a given angle ¢ under the action of force M
(Fig. 2). The spoke is rigidly fixed with one end to the
SC, the rotation is carried out under the action of an
electric motor.

The mathematical model describing this process has
the form X = (X, u, t) + &, where X = (¢ ® a1 Via)' is
state vector; &= [Ex &x &x Exa]' are disturbances with
intensity By = diag(Bx1, Bxz, Bxs Bxsa); U is control vector;
t is time; ¢ is spoke rotation angle; w is spoke rotation

Hauansioe noroxkenne
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Puc. 2. PazBenenue cruibl pediiektopa

Fig. 2. Spreading of the reflector spoke

angular velocity; a; and Vi, are time-dependent bending and spoke bending velocity, respectively. In
the element-by-element form, the system is represented as follows [15]:
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where | is the moment of inertia of the spoke; E is the modulus of elasticity; lnend is the bending mo-
ment of inertia; p is the material density of a spoke; S is the area of a spoke in a cross-section; | is the
spoke length coordinate; v is the damping coefficient; M is total moment acting on the spoke: M(U, o,
®) = Mp(U) — Mir — Msiop(9, ®) — Mi(p, ®); M, is the net torque produced by the commutatorless ma-
chine; U is the supply voltage of the commutatorless machine; M is the friction torque; Mswp IS the
moment created by a stop; Ms is the moment created by a fixer; h(t, I) = au(t)bs(l) is spoke bending [10;
11; 15; 16]; au(t) are functions of time t only; ba(l) are functions of coordinate | only; g1 = Z/L, where
Z1=1,875, L is the total length of the spoke; Rq is the radius of the motor shaft.

The control is performed by changing the supply voltage of the commutatorless machine U, |U| <
Umax (Umax=12.5 V). The net torgue depends on the control U [10] M, = mppEoUsing / (wpXs), where
Mpn iS the number of rotor phases; p is the number of pole pairs of magnetic field; Eo is the effective
value of electromotive force (EMF) on stator winding; 9 is the mismatch angle (between U and Eo, for
motor it is within [0, 7/2]); wp is the angular speed of motor rotor; Xs is the synchronous resistance.

We consider the spoke as a cylindrical tube. Let's take it as a single-link construction. The angle of
rotation of the spoke and the bend at its end are available for measurement. For the problem of spoke
separation, we consider the equations of observation in the form of

z=h(x, t)+§,, 2)

where z = [z1 z2]", h(x, t) = [e d(L)]", (d(L) = a(t)b(L)), & = [Ex &2]" are random processes of white
noise type with intensity B, = diag(B.1, B).

In accordance with the separation principle, the control problem is preceded by the problem of es-
timating the state vector by incomplete data given by equation (2) [17-19]. The optimal estimation can
be obtained with a Kalman filter, the equations of which for this problem will be of the form
do . ~ . ~ .
d_f[P =0+ Rllell(Zl -)+ Rlel(L)Bz;(ZZ —d),
do M _ . _ :

_t:_+ RZlell(Zl -¢)+ R23b1(L)Bz§(Zz _d)'

da, - ~ . ~ .

d_tlzvla+Rslell(Zl—(P)"‘RasQ(L)Bz;(Zz—d)v 3
4

d;/ia =—%q1 (él+y\71a)+mgﬂ—d+
+RuBy (- )+ Ry (L) B3 (2, -d),
R=fR+Rf, —Rh]B;'h,R+B,,
R(t) =R, (4)

Here

f,=0f Iox, h,=0ch/ox, h [1 0 0 0}
X: X, X: X, X: ,
0 0 b(L) 0
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the remaining elements of the initial covariance matrix of the estimation errors were assumed to be
equal to zero.

The spoke is driven by an actuator, which is represented by a Phytron phySPACE series commuta-
torless electric motor [20]. The accuracy is 3-5% for 1.8°. A RangeVision Standard Plus laser scanner
with an accuracy of £0.03 mm is used to measure the spoke deflection h [21]. A LIR-MA208 encoder
[22] with an accuracy of +1° is used as an angular position sensor.

Tpebyercs mepeBecTH cruiy 3 HadaibHoro monoxenus X(0) = (0 0 0 0)" B xomeunoe
X(t) = (m/2 0 0 0)" ¢ oTcyTcBHMEM mepeperyIMpoBaHus Mo Iy pa3BopoTa ¢ 3a Bpems tr= 90 C npu
HaJMYUHU BHEITHUX BO3MYIIEHHUN &x U IIyMOB U3MEPEHUH &;.

It is required to move the spoke from the initial position X(0) = (0 0 0 0)" to the final X(t;) = (n/2 0
0 0)" with no overshoot in the rotation angle ¢ for a time t;= 90 s in the presence of external perturba-
tions & and measurement noise &;.

Statement of the control problem
We consider a hierarchy of target functionals of the form

J1 =V (Xty), 5)
tf
3, =V, (Xt )+ j[fo(x,t) +0,5(u? + ug)zk—z]dt , (6)

to

where Vi = O,SBJ_[(D(tf) - (Df]z; Vi = O,SAXprkAXf; fo= 0,5[32[([)(1:) - (pf]2+ 0,5B3h2; o= diag(al, O, 03,
as); Bi, Ba, P3, k are given coefficients; AX¢= X(tf) — Xs, X¢= (@ or asr Viar)' are the given final values
of the corresponding variables in (1). Since h(t, L) = ai(t)bi(L), Via(t, L) = Vaa(t)bi(L), then ai(t) = h(t,
L)/ by(L) and aa(ts) = h(ts, L) / ba(L).

The solution of the control problem of spokes dilution according to a hierarchy of criteria in deter-
ministic formulation is presented in detail in [16]. The control problem was also solved by control al-
gorithms by the maximum principle using numerical methods of Newton and Krylov — Chernousko,
an algorithm based on the PID control structure, and an algorithm of control structure parameter cor-
rection [10; 11; 15]. The application of the sequential optimization algorithm according to the hierar-
chy of target criteria makes it possible to solve the problem in real time with the absence of long
damping oscillations after the spoke reaches a given angle of turn. With the help of this algorithm, it is
possible to achieve the required accuracy and quality of system control.

Modeling

We take the time of opening of a spoke t;= 90 s, the maximum permissible amplitude of deflection
hmax = 10 mm. Value of attenuation coefficient y = 0.04 s. Number of rotor phases mpn = 2, number of
pole pairs of magnetic field p = 2, effective value of EMF in stator winding Eo = 2,5 V, synchronous
resistance Xs = 22:10°2Ohm, mismatch angle between rotor and stator field 3 = n/10 at any load,
®p =247 rad/s.

The following parameters of the spoke were taken at modeling [10]: material ABS plastic QHF -
0140: material density p = 1600 kg/m®, modulus of elasticity (Young) E = 1,2-10* Pa, spoke length a
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= 9,75 m, spoke mass (all the nested links) m = 32 kg. We consider a spoke with ring-shaped cross-
section with outer radius R = 0.26 m and inner radius r = 0,25 m. The moment of inertia | will be equal
to | = mR%2 + ma?3 = 1015,4 kg - m?. Bending moment of inertia lpena = 7R3 = 5,52:10* m", where &
is the thickness of the pipe (spoke) wall.

We assume that the perturbations do not exceed +1 % of the maximum values of the corresponding
variables. In the calculations, noises & and & were assumed to be white with intensities Bx = diag
(0,02, 0, 0.0001, 0), B, = diag (0,02, 0,0005) respectively. The initial values of the estimation errors
were given as:  @(ty) =o(t) +Ap(ty), o)) =0(ty)+Aoty), &) =2a/(ty)+Aa(t),
\71a (to) =Via(ty) + AVy, (ty) , where Ag(to) = 0.1 rad, Aw(to) = 0.002 rad/s, Aai(to) =5 - 10° m, AVia(to)
=0.01 m/s.

Fig. 3 shows the simulation results: graphs of dependences ¢(t) (over the entire optimization inter-

val) and h(t) (over the first 10 s). One can see that it was possible to solve the problem, i.e. to open the
spoke from the initial position by a given angle =/2.
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Puc. 3. I'paduku: a — o(t); 6 — h(t)
Fig. 3. Graphs: a — ¢(t); b — h(t)

The maximum deflection of the spoke h(t) = 7-10° m is observed at the initial moment of time,
thereafter, it smoothly tends to zero. When using the algorithm of sequential optimization according to
the hierarchy of two target criteria, the stop and fixing mechanisms do not lead to additional oscilla-
tions of the unfolded antenna because of the smooth approach to the final state.

The optimal filtering and control algorithms successfully solve the problem under the selected per-
turbations and measurement noise. The deviations of the initial values of the variables can be chosen
from the range 7 % of the maximum values of the corresponding quantities, otherwise the correction
of the weighting coefficients is required.

Fig. 4, a shows a graph of the change in the estimation error A¢ at B, = diag(0,02, 0,0005) and in
the absence of external disturbances. Fig. 4, b shows a similar curve when the intensity of B; is tripled.
The largest error is reached at the beginning of the modelling, then it tends to zero (also for other
Ao(to)). In the presence of external perturbations, the errors have a mathematical expectation equal to
zero and a variance not exceeding the variance of the perturbations.
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Fig. 4. Graphs of A¢ at different levels of noise intensity

Fig. 5 shows the diagonal elements of the covariance matrix at R11(0) = 0,017; R2(0) = 0,0002;
R33(0) = 0,001; R44(0) = 0. Rather quickly they come to steady-state values. A simulation with differ-
ent initial values of diagonal elements of the covariance matrix and different intensity of noise meas-
urements was performed, and the Kalman filter successfully worked out for all variants.
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Puc. 5. I'padukn: a — Ru(t); 6 — Ras(t)
Fig. 5. Graphs: a — Ru1(t); b — Ras(t)

To minimize energy costs, it was proposed to periodically turn off the operation of the sensors and

to calculate the state estimation at these sections by predicting using equations (3), (4) at 3211 =0 and

BZ’% =0. This made it possible to successfully solve the control problem at lower energy costs. When

the sensors are turned off, no energy is expended for their operation and data transmission.
Fig. 6 shows a graph of Ria(t)

> 2 -1 2 -1

Riy=—Ry;"By " —Ris™0B,, " +2R;, + By
with periodic disconnection of measurements from the sensors. Each time the measurements are
switched on, the elements of the covariance matrix reach a steady-state value. In the equation for Ry,
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the summands R;,?B,, " and R,;’b,B,, " characterize the rate of arrival of information, their absence
when the measurements are switched off leads to the increase of Ru;.

0.02

0.018
0.018
0.014
0.012f

o 001F
0.008
0.008
0.004

0.002 |

Puc. 6. I'paduk Ry(t)

Fig. 6. Graph Ru(t)

For successful solution of the problem and accurate fulfillment of the terminal conditions it is necessary
to switch on the sensors measuring the state of the system at the final section of the optimization interval.
The longer the sensor inclusion time at the end of the simulation, the more accurately the problem can be
solved. Determining the optimal interval for switching on measurements is an independent scientific and
technical task. If the intensity of external disturbances By increases, it is necessary to measure the system
state for a longer time. At a given By = diag(0,02, 0, 0,0001, 0) for successful solution of the problem it is
enough to switch on sensors in the period from 85 to 90 sec. If the disturbance values are doubled, it is nec-
essary to increase the observation time in the final section to 15 s. Sensor operation time depends on type
and intensity of external disturbances, requirements to permissible energy consumption value. As a result
of statistical modeling the estimation of mathematical expectation of criterion (5) is M(J1) = O, criterion (6)
M(J2) = 0,035, where for one of the variants the following value o(t;) = 1.576 is obtained.

A separate task is to determine the switching off time of the sensors measuring the angular position
of the spoke and the deflection value independently of each other. Thus, in order to fulfill the terminal
condition for the angle ¢ for a given perturbation, it is necessary to observe the last 5 s of the simula-
tion, whereas for the deflection h, 3 s of observation are sufficient. The values of ¢ and h depend on
the applied moment M. The value of h at the end of the opening with the selected control does not ex-
ceed 5-10° m, which corresponds to the accuracy of the sensor. Therefore, the value of the deflection
at the final moment can be neglected.

Conclusion

As a result of this work, the solution of the problem of optimal control of the stochastic LTR spoke
opening model by incomplete data using the separation principle was confirmed. Using a sequential
optimization algorithm with the data estimated using the Kalman filter allowed us to solve the problem
under different intensities of disturbances and measurement noise. The interval switching off of meas-
urements allows to reduce the energy consumption for sensor powering and measurement processing.
Further work involves setting and solving the problem of optimizing the observation intervals to min-
imize the energy costs [23].

The presented research was reported at the XXII International Scientific Conference «System
Analysis, Control and Navigation» [24].
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