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Abstract

This article discusses the problem of constructing a mathematical model of an actuator for specifying the shape of the
radio-reflective surface of a large-sized spage-based reflector using a cable-stayed structure. For large-sized structures
deployment in outer space, an important perfoimance indicator is the ability to minimize the resulting vibrations. So, to
configure a radio-reflective net, it is neCessdry to select an actuator and ensure its reliable control that satisfies the
conditions of the task. A DC motor is selectéd as the actuator. Its mathematical model is presented. A solution to the
problem of controlling a DC motor {5 presented based on an algorithm for optimal correction of the parameters of the
control structure. The problem of filtering with optimal adjustment of the shape of the radio-reflecting surface of the
frontal network of a transformable réflector has been solved. The results of numerical simulation are presented, showing
the possibility of using the propoSadsoptimal control algorithm in real time. Recommendations are given for applying
the developed algorithm in rgal devices.

Keywords: Large-sized. transformable reflector; Radio-reflective net; DC motor; Optimal control; Simulation;
Modeling.

1. Introduction

One of the detively developing approaches to creating space-based reflectors is the creation of large-sized systems
[1], [2]. Oxe of the criteria for their operation is the presence of a simple and reliable structure capable of receiving and
transmitting “Signals in various frequency ranges. This requires [3], [4], [5] the presence of a radio-reflective net,
maintaining geometric accuracy during operation, minimizing vibrations of the entire structure as a whole and the radio-
reflective net in particular [6].

This construction must have a small volume when stowed in the launch vehicle, withstand the overloads that occur
Wwhen, Idunching a mission into a given orbit, and at the same time have a large working surface during operation [7],
{81, [9]. One of the possible solutions to this problem is the use of a cable-stayed structure [10], [11], [12], [13], [14].
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Figure 1 shows the spoke 1, the two main radial cords of the back 3 and front 2 nets and the cable 4 between them.
From the right end, the spoke 1 is divided into two parts to set the desired shape of the radio-reflecting surface. In each
cable 4 there is an actuator 5, for which a DC motor is accepted in this task. DC electric motors are widely used. in
various fields, including the space industries [15] due to the simplicity of design, low manufacturing cost, edse OF
control and maintenance.

<
N

Fig. 1. The scheme of the spokes of the space-based reflector

The following limitations and difficulties should be taken into account” when solving the problem of form
configuration:

e The energy reserve on a space-based reflector is limited, the questioh/f minimizing energy costs to perform the
assigned tasks arises separately

e It is necessary to minimize the vibrations of the entire structtgedas a whole and of the radio-reflecting net in
particular.

The problem solved in this study is to set the shape of thé radio-keflecting net, determined by the frontal net 2, by
tuning the length of the cables 4 using control of the actuators, 54taking into account minimizing energy costs and
minimizing vibration of the structure.

At present, control is carried out according to theaprbportional-integral-derivative (PID) control structure, which
makes it possible to achieve the required parameters,in the terminal part. The use of a PID control structure is not
optimal for minimizing energy consumption and migimizing,design fluctuations.

At the same time, the use of optimal control algarithins will minimize energy costs and minimize fluctuations in the
net. This can be achieved by smoothly stoppingsthe efgine when using the developed algorithm proposed in this paper.

2. Construction of a mathematical modgl of thesstiucture of the actuator and modeling of its operation

In order to represent and predict the operation of the actuator used in the development, a mathematical model of the
brushless motor included in the MRB-82 [16] assembly was built. The simulation was carried out in the Simulink
application package using elements of the SiinPowerSystems library. Automatic based on time function was chosen as
the control method. A diagram of & model of a DC drive with automatic control by a function of time, in a simple
approximation, is presented in Fig.2;
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Fig. 2. Diagram of a DC drive model with automatic time control

Ideal switches simulate the operation of contactors, and control ogcurs uSing "Stair Generator" blocks, which contain
time functions that simulate real control signals. So, for key lmthe ¥node is as follows: 0...1.5 s — the key is open;
1.5...3.5 s —the key is closed. The "Step" block is needed to greate reactance. Scope virtual instruments are installed in
the system as tools for visual interpretation of signals and coastruction of oscillograms. The circuit also contains a
power element that simulates the energy source for the system tnder consideration. The power supply of the field
winding and the armature winding of the motor were chosefito be controllable in order to implement reverse functions.
Data on the output parameters of the engine is received via,a combined bus, which is decomposed into components for
further use through the connector module.

Next, Fig. 3-5 shows part of the simulation resultseusing the example of the processes of starting, braking and
reversing the used motor, taking into accountsthe $gttirig of the following parameters: supply voltage 24 V; rotor
winding resistance 3.45 Ohm; rotor winding ind@etance 0.0380 H; rotor inertia 17*10° kg*m?. Fig. 3 shows the
dependence of the rise and fall of shaft rotation on fime.
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Fig. 3. Dependence of the rise and fall of shaft rotation over time

As ¢an be seen from Fig. 3, the shaft from a state of rest in 0.5 seconds picks up an angular velocity close to 400
rad/spwhich in terms of angular frequency is about 3820 rpm and, in general, corresponds to the engine data stated in
the technical specification. We can also conclude that the shaft returns to a resting state approximately 1 second after
the power is removed. Fig. 4 shows the dependence of the motor armature current on time.
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Fig. 4. Dependence of motor armature current on tire

The starting current reaches a value of about 1 A and decreases as the enging accelerates to a value close to zero (it

should be borne in mind that theoretically the starting process has notwet#nded), with a steady angular velocity of
443.2 rad/s. Also shown in Fig. 5 is the dependence of changes in engine terque over time.
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Fig. 5. Dependence of changes in engine torque over time

The resulting model is simplifigd,thowever, even in the presented configuration, through proper selection and input
of input parameters, it becomgsspgssible to get an idea of the aspects of the operation of the actuator. In order to obtain a
much more accurate and highiquality picture of the operation of the drive used, it is planned to significantly supplement

this model with gearbox ymits, additional sensors and other tools that allow for a comprehensive add-on to the actuator
system.

3. Equations of D& notor

When develdping the control algorithm for the MRB-32 geared motor, a mathematical model of the electric motor
was used, described i [17], [18], [19] in the form

di(t) o Upg=RI(Ekpw(t)

e R M
do (O =PI (t)—M,

T T @)
de(® _

— = 0(t) +&, 3)
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where | is motor current, U, is armature (rotor) voltage, R is armature (rotor) active resistance, L is armature (rotor)
winding inductance, ke is coefficient of proportionality, called back EMF constant, o is angular velocity of the moteés
shaft., km is motor torque constant, Me is electromagnetic torque of the motor, J is rotor moment of inertia, ¢ issthe
rotation angle, &, &,, &, is noise values corresponding to current, angular velocity and shaft rotation angle of,the
gearmotor, respectively.

As a first approximation, in the MRB-32 gearmotor, an instrument gearbox with a gear ratio is selected k, = 1/i,,
where i, = 150 is gear ratio of instrument gearbox.

Due to the need to solve the problem of controlling and filtering noise that arises during the operatiop=of the’system
for tuning and maintaining the shape of the radio-reflective net of a large reflector, described in Section, 1, we will use
the generally accepted practice of posing and solving the problem of joint synthesis of optimal contrgisTheformulation
of the problem of combined synthesis of optimal control of systems is based on the separation thedrem. According to
this theorem, an optimal control system consists of a filter that forms estimates of the system *Sistatc” vector, and an
optimal controller that determines control in a deterministic setting under the assumption that theystate vector is known
exactly. The result of this theorem, proven for linear systems, is quite reasonably transferred tG*"mohlinear systems with
small estimation errors [20], [21]. Otherwise, an already complex and time-consuming tésk b&emes dramatically more
complicated. In this case, it is possible, for example, due to the duality of optimal controi and/estimation problems, to
apply an approach to combined control synthesis with consideration of the hierarchysef corresponding functionals [22].

The angle of rotation of the shaft ¢ and the current | of the gearmotor MRB-32 arehavailable for measurement. For
this purpose it is supposed to use the 4GNSS sensor 0S-213 [23]. For the proljtem, of,controlling a geared motor, we
consider the observation equations in the form

z=h(x,t) +¢&,. “)

In Equation (4) z=1[z; 0 z3])",h=[I 0 ¢]",z=[§ ¢&u <$al’ are random processes such as white noise
with intensity B, = diag(B,1, B,2, B;3).

In this article, a linearized Kalman filter and an algorithm for optiméal correction of control structure parameters are
used to construct control [24], [25].

The choice of an algorithm for optimal correction of cogftrol structure parameters to solve the control problem is
explained by the fact that the use of a classical PID control stictufe does not take into account the minimization of
energy costs, which is extremely important in conditions of energy limitation. The works [16], [17] show that the
algorithm for optimal correction of control structure parafmeters is more stable in terms of convergence compared to
classical optimal control methods, such as the Newtonand¥rylov-Chernousko method.

The control task is to drive the DC shaft of the MRB-32 gearmotor (1) — (3) from the initial position x(t,) =
[0,0,0]" to a given end state x(t;) = [0,0,2507]" undgf the control constraint u, which is taken as the external supply
voltage Uamax=124 V for a given time t;. This rgtation@ngle ¢ will provide a change in the length of the cable.

4. Development of a control algorithm af DC metor
In accordance with the separation prineiplesthe control task is preceded by the task of estimating the state vector

from incomplete data specified by equation (1) — (3). The optimal estimate can be obtained using the Kalman filter, the
equations of which for this problem will take the form of the equations

4 Ug—RI-kg® - & - A~

I = %Ew + Ryq - Bz11(21 - [z) + Ry3- Bz31(23 - 0), (5)
A ey T—Mex -1 ) -1 O

®=——"""+Ry "B (Zl — Iz) + Ry 'Bz3 (z3 — @), (6)
$=00+Ry - Bz_11(zl - iz) + R35 'Bz_31(23 - 9), )
R=f,"R+R-fI'\R-hl-B;' h, R+ By, R(ty) = R,. (8)

R kg
. oh 100 -0 —
In (5) { (BN, = é, he =" he=[0 0 O fi=[kn o of R;;(ty) = Ry, i= 1,n, other elements initial
0 0 1 J
0 1 0

covariance miatrices of estimation errors were taken equal to zero.

Frof,an engineering point of view, the main task that arises during filter synthesis is to define mathematical models
of naise. According to [15], system noise can be specified in the form of white noise with a power spectral density equal
f0 uhity. We use the maximum principle to search for optimal control, taking into account the formulation of the
problem of minimizing energy problems over the entire control time. As a target, we consider the Boltz functional:
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J = Ve tp) + [) folxu )de, €)

where V, = 0,5[x(t;) —xf]Tp[x(tf) —xs]; fo =05k, U,%/R? p =diag(py, pz,ps); ku, p1. pa, ps are given
coefficients; x; = (Ir wy <pf)T is given final values of the corresponding variables in (1) — (3). Since the tasksWas, sét
to minimize energy costs, the expression for the consumed supply voltage U,over the entire modeling interval ywas
taken as the function f,.

Solving this problem using the maximum principle using classical methods allows us to identify the Stueture of
optimal control. Using the moment of time t,0f switching the control structure as parameters, we represent the control
structure in the form

u(t) =uy (t) + Auf (OI(E, ), (10)

where i= 1,7, i is control structure section number, r is number of control switchings,irf™thesstructure 1T(t, ;) =
[L(t, ) 1(t, ) .. I(t, T,)], Au] = [—u; + Uppq, oo, —Uiq + U], ug(t) = uy(t) for t<ti. Hefeyu,, ;. are control in
the previous and subsequent sections of this structure relative to t;; I(t, T;) are Heaviside Tunctions.

To use the algorithm for correcting the parameters of the control structure, thegguations are added to the original
system (1) — (3) t = w, where T = (1, 75 ...7,)T; w = (W, w, ...w,)T are vectors 6f hew variables taken as controls.
Then the equations for the generalized state vector will be written as

X =f(x,ut); T=w. (11)
This problem can be solved by minimizing the new criterion
J=J+5 [ Wik 2wt + = [T wik-2w,dt (12)

where k is diagonal matrix of given coefficients, wy is optimaldvalueyw:
By introducing a new control vector w, the original optinifzation pJroblem by defining u is solved indirectly through
finding this vector w.

5. Results of testing the proposed control algorithm ¢ DC Motor

To assess the influence of disturbances on the“systei, it is necessary to determine the magnitude of external
disturbances and measurement noise. In addition to eéxtemal disturbances, a change in the initial and final states can be
observed, caused by impacts on the structure when.delivering the reflector into orbit.

Let us assume that the filtered measurement noise does not exceed the errors of the measuring sensors. External
disturbances (the influence of load, ambiefit temperature, solar pressure, radiation, etc.) affect the entire vector of state
variables. As a rule, external disturbances ‘afe,random, uncorrelated and uniformly distributed over a given range. In
outer space, the external influence exerted“on the reflector is quite long-lasting and slowly growing, so over the
considered time interval (no more than 10 sY'it can be considered quasi-stationary. Let us take the disturbances to be
equal to £1% of the maximum valugs of the corresponding variables. In general, the magnitude of disturbances from
emergency situations is difficult to predict.

Having analyzed the control¢structure obtained in [17], [18], we can describe function (10) taking into account
restrictions in the form

Ua (t) = Ua maxSign(PI) = 2Ua maxl(tr Tl) + Ua maxl(t' Tz), (13)

where P, is conjugatévariable’in | arising from the solution of the optimal control problem.

Based on (12)i.two structure changes were chosen at time 7, and t,, respectively. Numerical modeling of the
transition of the systef,from the initial state X(0) = (0 0 0)" to the final state X(t;) = (0 0 250m)" while minimizing the
energy Pe=U, - Lin time t; =3 seconds was carried out by the Euler method with a step At = 0.001 seconds.

In Fig. 6 pfeserits, the results of the simulation: graphs of the dependences ¢(t) and o(t). It can be seen that it was
possible to selvesthie fask, rotate the shaft of the MRB-32 gearmotor to a given angle ¢ = 250z rad. Moreover, for all
modeling gases,the error in the shaft rotation angle ¢ at the final moment of time did not exceed 0.1 rad.
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For selected disturbances and measurement noise, optimal filtering afd control algorithms successfully solve the
problem. A feature of this algorithm is the good convergence of the'§iftietiire 'change time 7, and t, to the optimal value
when choosing these variables in the modeling interval t=[0, 3] and subject to the conditions t,(0)< and t,(0). In Fig. 7
shows graphs of the control of the switching moments t, and &, veksusitime, clearly demonstrating that the moment t,
converges to the optimal value, and T, tends to t:.
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Fig. 7. Structure change time graphs t,(t) and t,(t)

As can(be Seen“from the presented graphs, T, is located quite close to t,. In some cases, due to the presence of
disturbancesptheir intersection occurs. Based on this, it is advisable to determine the condition |t,-T,|<g, where ¢ is a
given simali™value, at which only one switching remains. Time t; allows one to successfully work out the disturbances
exerted 011 the system before the moment of structure change occurs. After reaching time t,, the algorithm does not
have,a control effect on system (1)-(3), which leads to failure of the terminal conditions. To solve this problem, it is
pecessary to control the final simulation time t;, that is, determine t,= t;. Next, it is necessary to apply a stabilization
algorithm, for example, in the form of a PID (proportional-integral-differentiating) structure. Due to the proximity of
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the state vector x to the specified final conditions, one adjustment of the PID controller will be required without
changing its coefficients, regardless of the operating mode, which greatly simplifies its use.

In Fig. 8 shows the diagonal elements of the covariance matrix at R11(0) = 0.00055; R22(0) = 1.9; R33(0) = 0.0004.
Quite quickly they come to steady-state values. Simulation was carried out with different initial values of the diagenal
elements of the covariance matrix and different intensity of measurement noise, the Kalman filter successfullysWorked
out all options.

6x1o'4R11 RZZ

0 0.05 0.1 0.156 t’ S 02 0.1 0.15 t, § 02

Fig. 8. Graphs a) Ry (t),") Rez (1)

When the intensity of disturbances increases to values By = diag(0.005, 0.1, 0.5), vibrations of the structure and the
operation of the control algorithm become noticeable. In Fig,9 and fig. 10 shows the graphs ¢(t) and Ua(t), respectively.
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Fig. 9. Graph (t) under the influence of disturbances
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In this case, the control U, does not have time to completely change the structure, but reaches a level of ~ -9 V and
returns to the final value of 0 V. This is due to the choice of the Cofftipugtis function I(t, ;). The transition between
control levels in (12) does not occur by relay switching, but rather smgothly. This allows you to customize the control
algorithm for a real system with a given delay.

6. Conclusion

As a result of the work done, the mathematical modehof thésselected DC motor MRB-32 was confirmed. A solution
to the problem of optimal control of a stochastic DC métormodel using incomplete data using the separation principle
is presented. The use of an algorithm for optimal ‘eorrectiGn of control structure parameters with the obtained data
evaluated using a Kalman filter made it possible to Solvesthe problem posed for various intensities of disturbances and
measurement noise.

To use the algorithm for optimal correction”of conirol structure parameters in real time, it is recommended to switch
to the PID control structure when approaghing the“final simulation time. This will allow us to solve the problem of
optimal control of the actuator, as well as solve the problem of stabilization. In this case, due to small deviations of the
state vector at the final moment of timesfiom the specified terminal ones, only one adjustment of the PID controller
parameters will be required.

Taking into account the disturbances and noises of the proposed sensors acting on the system under study leads to
complex problems of processing thigymeasurement results and their planning. It is expedient to use the algorithm of
correcting the control structuregpdranieters studied in the article in more complex solutions using measurement
processing and optimization of oldgervation intervals.

The results of these studi€s can be used to calculate energy costs, select the actuator and power plant of the space-
based reflector. The application of the developed optimal control algorithm requires significant computational costs,
which must be taken intg agéeuritwhen designing on-board equipment. With further research, it is planned to conduct
an additional analysisy of (passible electronic components (microcontrollers, FPGAs, etc.), as well as conducting
prototype tests of thie agtuator and confirm the effectiveness of the developed algorithm on the layout.
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