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B Oannoti pabome paccmampusaemcs peuieHue 3a0auu QUILMPAYUU C NPUMEHeHuem @Guibmpa
Kanmana npu  onmumanvrou  Hacmpotlke — paduoompadicaroweco — cemenoiomua. Paccmompen
KpYNHO2a0apumHwlli  mpancgopmupyemviii  peghnekmop  Kocmuuecko2o  basupoeanus.. B npoyecce
6b16e0CHUsL  OAHHOU KOHCMPYKYUU HA 3A0AHHYIO OpOUMY B03MOJCEH YX00 peanvbHol  (opmul
PadUuoOmpadcawe2o cemenoiomHua om diceraemou. s obecneyerus nomoue ol HacmpouKu aKmueHou
yacmu CemenoiomHAa NPUMEHSIEMC MPOCO-6aHMOBAs. cucmemd. Y3106vle mouku paduoompasjicaiowet
NOBEPXHOCMU CE53AHbL C MbLILHOU CIMOPOHOTL CEMeNnOIOMHA Yepe3 6anmul. B HUx ecmpoervl akmioamopbi,
no36oNAWUe USMEHAMb ONUHY 6aHM. B kauecmee ucnornumenvrHozo opeana 6vlOpan nbe30aKmoamop.
Ilymem nomoueyHol HACMPOUKU Nbe30aKMIAmMoOpPos HPOUCXOOUM HAMSAJICEHUe CemenoilomiHa 00
HeoOX00uMotl popmel. Dmo noseonsem obecneuusamv KAYeCMEEHHYI0 OUASPAMMY HANPAGIEHHOCMU U
BbICOKULL  YPOBEHb CUCHAIA Npu npuéme-nepedave Oanuvix. IIpusedeHbl KOHKpemHble 3HAYECHUs
sosmywarowux 8ozoetcmeutl. [l uMepeHus HANPAJNCEHUsT NUMAHUS HA Nbe30aKmioamope U ONuHbl
6AHMbl NPUMEHAIOMC NPeobpazosameib HANpsdiceHus: U nazepuvlil ckanep. OnpedeieHvl 803MONCHbIE
OMKIOHEHUs. OM PACYEMHO20 HAUATILHO20 NOJOJNCEeHUs. B coomeememeuu ¢ npunyunom paszoenenus cnepsa
pewaemcs  3a0a4a  OYeHUBaHus, 3amem 3adaua ynpasieHus. 3a0aua OYeHUBAHUS PEudemcs C
ucnonvzoeanuem gurompa Kammana. 3adaua ynpagnenus — ¢ ucnoib308aHuem aieopumma OnmumMaibHO20
VApAGIeHUs: N0 uepapxuu yenesvlx kpumepues. [lpedcmagnenst pesyibmamsl YUCIEHHO20 MOOEIUPOBAHUSL.
Ioxazano ycnewnoe pewieHue NOCMAGIEHHOU 3A0a4u NPU 6APUATNUBHBIX 3HAUCHUSIX ULYMOS USMEPEHULl U
sosmywarouux gozoeticmeuil. IIpueedeHo cpasrerue ¢ mpaekmopusmu, NOLYYEHHbIMU C UCNOTb308AHUEM
PA3TUYHBIX AI20PUIMMOE ONMUMATILHO20 YAPAGICHUSL.
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In this paper, we consider the solution of the filtering problem using the Kalman filter with the optimal
tuning of the radio-reflecting net. A large-sized transformable space-based reflector is considered. In the
process of this structure placing in orbit, it is possible that the real form of the radio-reflecting net can deviate
from the desired one. To ensure point-to-point adjustment of the active part of the mesh, a cable-cable system
is used. The nodal points of the radio-reflecting surface are connected to the back side of the net through
cables. They have built-in actuators that allow one to change the length of the cables. A piezo actuator was
selected as a control device. By point-by-point adjustment of the piezo actuators the net is stretched to the
required shape. This ensures a high-quality radiation pattern and a high signal level when receiving and
transmitting data. Specific values of the disturbing influences are given. To measure the supply voltage on the
piezo actuator and the cable length, a voltage converter and a laser scanner are used. Possible deviations
from the calculated initial position are determined. In accordance with the principle of separation, the
estimation problem is solved first, then the control problem. The estimation problem is solved using the
Kalman filter. The control problem is solved using the optimal control algorithm according to the hierarchy
of target criteria. The results of numerical simulation are presented. The successful solution of the problem is
shown with variable values of measurement noise and disturbing influences. Comparison with trajectories
obtained applying various optimal control algorithms is given.

Keywords: sequential optimization algorithm, large-sized transformable reflector, radio-reflecting net,
piezo actuator, mathematical model, modeling.

Introduction

Currently, communication satellites are actively employed to solve a wide range of problems [1; 2].
One of the efficient ways to implement such satellites is the creation of large space reflectors [3-5].
Active developments are underway in this area. These systems make it possible to operate
simultaneously at several frequencies and have a large exposure area [6-9].

Let us consider the implementation of a large-sized space structure using a cable-stayed system to
create the necessary shape of the radio-reflecting surface of the reflector (fig. 1) [10-14]. A large-sized
transformable reflector (LTR) consists of a spacecraft (SC) 1. Deployable elements are attached to it,
such as solar panels 2, an irradiating system 3. To provide a given radiation pattern, the rod 4 extends
the reflector 5 to the required focal length. The reflective surface is net 6.

For the effective use of communication satellites, it is necessary to maintain the exact shape of the
radio-reflecting net 6. This ensures a high-quality radiation pattern and a high signal level when
receiving and transmitting data [15; 16].

Due to the equipment operation in outer space, periodic disturbing effects on the reflector parts
occur. Such disturbances are caused by changes in the temperature regime, presence of radiation, and
the solar wind [17; 18]. In the process of obtaining data about the state of the radio-reflecting surface
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shape, it is necessary to take into account the influence of measurement noise. In view of the limited
energy resources on the reflector, it is important to minimize energy costs.

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

Puc. 1. Korcrpykuus kpymHorabapuTHOro tpancopmupyemoro pediekropa

Thus, it is necessary to carry out a point adjustment of the net while minimizing energy costs,
taking into account the influence of measurement noise and external disturbances.

Mathematical description of the problem

Fig. 2 shows one LTR spoke in cross section, where 1 is the spoke, 2 and 3 are the outer and rear
nets, and 4 are the cables into which the actuators are installed. It is necessary, by changing the length
of the cables 4 with the help of the actuators 5, to set the desired shape of the radio-reflecting net 2,
thereby providing the required radiation pattern. A piezodrive was considered as an actuator. The
desired shape is set in ground conditions. In the process of delivering the LTR to a given orbit and
during the system opening, a slight shift in the real shape from the desired one may occur. After
deployment, the checkpoints are revised and the actuators 5 are controlled to change the length of the
cable 4.

Fig. 2. The spoke in cross section

Puc. 2. Crinia B ceuennu
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A piezo actuator of the APM type [19] with a displacement of Imax = 10 mm with a displacement
tolerance of +15% was chosen as an actuator to control the setting of the radio-reflective net. To
measure the voltage at the input of the piezo actuator, a measuring voltage converter PIN-50-U-4/20-
DH [19] was employed with a basic reduced error of no more than 1.5%. To measure the change in the
cable length, a RangeVision Standard Plus laser scanner [21] is used with an accuracy of £0.03 mm.

The system of differential equations, describing a piezoelectric element with an executive body
based on the findings of A. A. Nikolsky [22], has the form X = f(X, u, t) + &, where X = (I V U,)" is
the state vector, & = [&xa & Ex]' is noise with intensity Bx = diag(Bx, Bxz, Bxs). Or in element-wise
form

=V +&,,
. NKU,+F -K_ I -K\V
V= 0 e+ S el d +§X2, (1)
My,
e U KV
e e _ p +aX3’

. CO Rinth CO Rinth CO Kd

where | is the change in the length (stroke) of the actuator; V is the actuator extension speed; N is the
number of elements; Ko is the coefficient of the inverse piezoelectric effect; Uk is the electrical voltage
applied to the actuator electrodes; Fs — static force; Ke — elasticity coefficient; Kq — coefficient of
internal damping; e. is the voltage from the source of the electromotive force; Co — capacity; Rint —
internal resistance; K, is the coefficient of the direct piezoelectric effect; my is the total mass,
consisting of the piezo actuator’s mass and the mass being moved.

A generally accepted in practice problem statement of the cooperative synthesis of linear systems
optimal control is based on the separation theorem. According to this theorem, the optimal control
system consists of an optimal filter, which forms estimates of the system state vector, and an optimal
controller, which determines the control already in a deterministic setting under the assumption that
the state vector is precisely known [23-25]. In this article the Kalman filter and the sequential
optimization algorithm [26] are applied to build the control.

The extension length and the voltage on the piezo actuator are available for measurement. Let us
consider the observation equation in the form

z=Hx+¢,, 2

where z = [z1 22]", H = [1 0 17", & = [€a &2]" — random processes similar to blank noise with the
strength of B, = diag(B, By).
The optimal estimate can be obtained using the Kalman filter

dl _ A _
9y gt -1) B (1,0,
dV  NKU, +F, - Kgl =KV . 1 \
T My +R21821(Zl_|)+R23BZZ(22_Ue)’
dlje _ ee Lje KPV

= - - +Ry Bz, —1)+RyB; (2, U, ).
dt CORinth CoRinth COKd 31 Zl( 1 ) 33 zz( 2 e)

R=AR+RAT —-RH'B;'HR +B,, R(t;) =Ry,
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where
0 1 0
A= —& _ﬁ NKO ’ Rnn(tO):gc)zm’
My My my
0o - & 1
L CoKy CoRintKq |

The remaining elements of the matrix of initial estimation error covariance were taken equal to zero.

Control problem statement

To solve the control problem, an optimal control algorithm is used according to the hierarchy of
target criteria [26]. In addition to fulfilling the terminal conditions, it is necessary to reduce energy
costs. In case of controlling a piezo actuator, this is the power released on the piezo actuator during the
control process.

The control is calculated as u = u; + u,, where uz and u, minimize performance criteria of J; and Jo,
respectively

‘]1 =Vf1(xltf) '

t
3, =V, (Xot) + [[ (X0 +0,5u” +u3)’k,” Jdt
)
where Vi = 0,5B[V(tr) — VA%, Viz = 0,5AX¢" pkAXs; fo= 0,5B2[I(t) — I]* + 0,5B3Pe(t); px = diag(ps, pz, ps,
p4), P1, B2, Pa, ke are given coefficients; AXs= X(t) — Xy, Xi= (It Vi Uer)" is the given end value of the
vector X in (1), P, =U,l = (e, -U,)* /Ry
solution of the control problem in a deterministic formulation is in-depth considered in the work [22].

To assess the effect of disturbances on the system, it is necessary to determine the magnitudes of
external disturbances and measurement noise. In addition to external disturbances, a change in the
initial and final states can be observed, caused by the impact on the structure during the delivery of the
reflector to orbit.

Let us assume that the filtered measurement noise does not exceed the errors of the measuring
sensors. External disturbances (the influence of load, ambient temperature, solar pressure, radiation,
etc.) affect the entire vector of state variables. As a rule, external disturbances are random,
uncorrelated, and uniformly distributed over a given range. In outer space, the external influence
exerted on the reflector is quite long and slowly growing, so that it can be considered quasi-stationary
in the given time interval (no more than 10 s). Disturbances are assumed to be +1% of the maximum
values of the corresponding variables. Generally, it is difficult to predict the magnitude of disturbances
from non-routine situations.

The piezo actuator moves out of its initial position at a value of I = 0 mm and is fixed when a
predetermined length lr= 5 mm is reached. The actuator in the initial position is at rest, respectively, the
linear velocity Vo = 0 m/s, voltage Ueo= 0 V. The end value of the linear velocity Vi = 0 m/s. The piezo
actuator converts electrical voltage into mechanical movement [19]. When the electrical voltage is
applied to it, it deforms; when the voltage is removed, it returns to its original state. Let us take the end
value of the voltage, based on the restrictions adopted on orbit, Ue = 12 V. The extention time ;=4 s.

is electric power; U is total applied voltage; | is current. The

Modeling
For modeling, a thin-film piezoelectric microactuator of the APM type was chosen with the
following technical characteristics [19]: Ko = 3.425-10® C/m, mgz = 0.125kg, Fs = ON, K¢ =
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7.611 N/m, K4= 1.9, Co=11.7-10° F, Rine= 1.025-10> Ohm. To carry out extension to a given length I
=5 mm with a control restriction of ee max= 12 V, N = 305 layers are required.

Numerical modeling of the system transition from the initial state x(0) = (0 0 0)" to the final state
x(t) = (If 0 Uer)™ while minimizing the energy P. without readjustment along the extension length |
during the time tr = 4 s was carried out applying the Euler method with a step At=0.00001s.
Calculations have shown that for the values of the criterion parameters Jp: p1 = 10%, p2=10%, p3=0, ps
=0,B1=0, B2=0, Bs=0, ko= 1, the algorithm successfully solves the problem. The power expended to
transfer the system from the initial to the final position P. = 0.0075 W, at the maximum current | =
0.0069 A.

Fig. 3 shows the simulation results, dependency graphs of I(t) and V(t), respectively. It can be seen
that it was possible to solve the problem, i.e. to transfer the piezo actuator from the initial state to the
final state by moving its active part by 5 mm at Bx= diag (0.00075, 0, 0, 12, 0).

Fig. 4 shows the current and power during the piezo actuator operation. It can be seen that about 8
mW was consumed during the simulation.

The received disturbances and measurement noise do not have a significant effect on the transient
characteristics of the system. The algorithm successfully copes with disturbances and deviations of
initial values in the range of + 10%.

Fig. 5 shows the diagonal elements of the covariance matrix for Ri1(0) = 0.01; R»(0) = 0.001;
R33(0) = 0.1; Bz = diag(0.0001, 0,18). It can be seen that over time they come to steady-state values.
Simulations were also carried out at different noise levels. The Kalman filter fulfills them successfully.

Since the measurement noise does not have a strong impact on the control, it was proposed to
periodically turn off the sensors operation and determine the current position by mathematical
modeling to save energy. 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.

-3
8 T T T T T T T g X107

V, m/c

0 0.5 1 15 2 25 3 35 4

Fig. 3. Graphs: a —I(t); b — V(1)

Puc. 3. I'padpuxu: a — I(t); 6 — V(1)
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Fig. 6. Graphs: a — Ru(t), Rea(t); b— 1 (t)

Puc. 6. [padpuxu: a — Ru(t), Raao(t); 6 — 1 (t)
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Fig. 6, a shows the graphs of R1i(t) and Rz>(t) when measurements are turned off for 1 to 3 seconds.

Fig. 6, b shows the estimated value | (t). The elements of the covariance matrix come to a steady-state
value when observed. At the measurement cut-off interval at B, =0 and B, =0 the values of the
estimates and Ri1(t), Rz(t) are calculated using the filter in the forecast mode.

When measurements are turned on for 3 s, the Kalman filter brings the estimate to the optimal
value by 3.2 s. The mathematical expectation of noise is equal to zero, therefore when measurements
are turned off there are no significant differences in the assessment of the measured values. The
presence of external disturbances is critical, since during the time the sensors are turned off, the
mathematical model can leave the state of the real system. In view of the fact that the control process
for the problem under consideration takes ti = 4 s, it is important to include measurements when
approaching the final values which will allow to assess the state of the system and, if necessary,
correct the control. In this case, it is sufficient to measure the length of the piezo actuator I extension;
turning on the voltage measurement sensor Ue = O slightly increases the accuracy of the problem
solution.

Estimation errors Al and AUe during the Kalman filter operation tend to zero over time. In the
presence of external disturbanses, these errors have a mathematical expectation equal to zero and a
variance that does not exceed the variance of disturbances.

Conclusion

To solve the control problem, algorithms were also applied based on the Pontryagin maximum
principle using the numerical methods of Newton, Krylov-Chernousko, and the algorithm for
correcting the control structure parameters [12; 23; 27]. The sequential optimization algorithm allowed
reducing energy costs for control by 12 %. The use of the PID control structure increased the cost of
electricity by 27 % compared to the proposed algorithm [28] in the presence of readjustment.

As can be seen, numerical modeling has confirmed the possibility of solving the optimal control
problem of the piezo actuator stochastic model for the LTR radio-reflective net adjustment using
incomplete data while applying the separation principle. Interval measurements turn off allows the
reduction of energy consumption for sensor power supply and measurement processing. In this case
longer sensor activation at the terminal time leads to a more accurate fulfillment of the terminal
conditions. Therefore, an additional problem of optimizing observation intervals arises in order to
minimize energy costs with high-precision fulfillment of terminal conditions [29].

The research presented was reported at the XXII International Scientific Conference "System
Analysis, Control and Navigation" [30].
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