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Abstract—The task of angular orientation and stabilization of a space structure during its
assembly in orbit is solved. The structure includes elastic elements that are installed during the
assembly process. The elastic elements of the structure have no sensors to obtain information
about their deformation parameters. Control algorithms are proposed to ensure the stability of
the angular motion of the structure. A nonlinear extended Kalman filter is used to obtain the
necessary information. A joint estimation algorithm for the coordinates of the angular motion
of the considered mechanical system and the coordinates of the elastic vibration tones, as well
as an algorithm for the identification of their unobservable parameters are developed. The
results of mathematical modeling of a variant of the mechanical system of a space structure
are presented, which confirm the operability and efficiency of the developed algorithms for

estimating coordinates and parameters.
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1. INTRODUCTION

Modern spacecraft are dynamic control objects with mechanical structures containing elastic
elements. It is noted in [1] that as the size and complexity of the mechanical structure of such
vehicles grows, the influence of the elastic properties of the structure on the dynamics of the
orientation mode increases. In addition, there is a tendency to complexity of modern spacecraft
structure itself, for example, the use of extended elastic elements. Perturbation in the dynamics
of spacecraft is also brought by the transformation of elements of the design during operation [2].
With the development of space technology, large-size space structures have emerged, called “large
space structures” (LSS), which can be created in space in various ways. LSS—a multidimensional
multi-frequency mechanical system with varying parameters [3, 4]. Some of the first LSSs were
considered to be large-sized umbrella reflectors, whose structures were envisioned to be built by
assembly in space [5]. The development of space robotics makes it possible to solve LSS assembly
problems using various robotic devices [6]. In [7] it is noted that the development of space robotics
is characterized by two trends. On the one hand, elements of future space infrastructure such as
large, multi-modular spacecraft, for example, orbital stations, are expected to be improved, with
robotics as an integral component. On the other hand, more and more attention is being paid
to robotic servicing, interpreted in a broad sense, which also includes robotic assembly operations
for a very broad class of objects [8]. In the robotic environment, space manipulation robots [9],
including free-flying [10] robots, are expected to be used extensively.
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This paper considers an umbrella-type LSS assembled in space, which is a dynamic control object
with variable parameters and a large and discretely time-varying number of degrees of freedom.
As a mechanical system, such LSS can be considered as a sequence of intermediate mechanical
structures formed in the assembly process. The structure contains elastic elements installed in the
assembly process using a space manipulator or a free-flying space manipulation robot. A variant of
LSS is considered, in which elastic elements have no sensors of information about coordinates and
vibration parameters. One of the main LSS control tasks is orientation control and stabilization of
the structure hull axes. The solution of this problem is traditionally obtained on the basis of relay
or discrete algorithms [11]. The breaking character of control actions on the hull and shock effects
during installation of new structural elements are the causes of elastic oscillations of LSS. When
controlling the angular motion of the LSS, a contradiction arises between the main goal of controlling
an elastic dynamic object as a rigid body and the need to damp the appearing elastic oscillations.
Absence of atmospheric resistance forces leads to accumulation of energy of elastic vibrations in the
process of controlling “rigid” motion of LSS. Exceeding the critical amplitude of elastic oscillations
and the proximity of their frequencies to the frequencies of controlling the “rigid” motion lead to
instability of the system [12]. The lack of accurate determination of the mathematical model (MM)
variables in ground conditions leads to the necessity to solve the problem of stable and accurate
control of angular motion at all stages of LSS assembly using robust or adaptive control methods
of dynamic objects [13].

In [14] an algorithm for LSS orientation control is proposed with low frequencies of elastic vibra-
tions, which significantly affect the quality of transients due to the proximity of natural frequencies
of the structure to the frequency of control of its “rigid” motion. In [15] the problem of providing
robust stability of elastic vibrations of spacecraft with a nonlinear orientation control system using
flywheel motors is solved. The solution is based on the purposeful change of stability region bound-
aries in the space of object and regulator parameters to maximize the number of robustly stable
elastic components of the spacecraft structure. It should be noted that the algorithms providing
robust control are effective for the final assembled spacecraft structure (SS). The approach proposed
in [14, 15] is limited by the need to obtain current information on the state of the system and its
MM parameters. Adaptive control algorithms allow to ensure stability and damping vibration in a
wide enough range of LSS elastic vibration natural frequencies with a minimum value of structural
damping. In [16] three types of adaptive control strategy for SS on the sequence of stages of its
change during assembly in space were defined. The first type: control using analysis and predic-
tion of LSS elastic vibration state. The second type: control with estimation of the phase of the
dominant vibrational component in the frequency spectrum of elastic vibrations at the moment of
control switching. The third type: control based on fuzzy logic [17]. In [18], an adaptive control
algorithm with a reference model for the angular motion of the assembled LSS is proposed. Its
functioning does not depend on the intensity and spectral composition of the input influences and
does not require the estimation of the elastic vibrations of the LSS. However, the algorithm provides
high control accuracy at high energy costs. Currently, attention is paid to the realization of the
first type of LSS adaptive control strategy, which uses methods of identification and estimation of
the state of the mechanical system of the structure. In [11], active damping of elastic vibrations of
the International Space Station structure by the orientation motors using identification algorithms
is proposed. To obtain the necessary information for controlling the angular motion of a space
structure with an elastic mechanical system, it is reasonable to use estimation algorithms based
on the Kalman-Bucy [19] filtering theory. In [20], the task of estimating the coordinates of elastic
vibrations of SS using a nonlinear extended Kalman filter is solved. In the present work (as a
follow-up to [20]), an algorithm for joint estimation of the coordinates of angular motion of a me-
chanical system and unmeasured coordinates of elastic vibrations tones, as well as an algorithm for
identification of their unobservable parameters, is developed. The problem of forming algorithms
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for controlling angular stabilization of SS at the assembly stages is solved. It is assumed that at
each stage of assembly there is a connection of a structural element causing elastic vibrations that
need to be damped within a given time interval using gyroscopic power drive of the LSS angular
stabilization system.

2. MATHEMATICAL MODEL OF ANGULAR MOTION OF LSS

The structure of the umbrella-type LSS mechanical system will be considered as a set of solid
bodies, one of which is a carrying body. The other (carried) bodies are building elements attached
in one or another order to the carrying body using the spiral scheme of the umbrella-type frame
assembly. Such a mechanical system contains non-rigid elements and is characterized by a discretely
varying number of degrees of freedom [21]. At the connection points of the structural elements, the
rotational degree of freedom in the considered plane of motion and elastic coupling that limits the
possible displacements of the elements to the area of small deviations relative to the equilibrium
state are taken into account [22]. Using a gyroscopic power drive for LSS assembly containing three
identical control moment gyroscope (CMG) installed in a three-beam star pattern, gyrostabilization
channel interconnections arise due to inertial and gyroscopic influences [23]. A simplified MM of
the spatial angular motion of the mechanical system of the considered LSS type, obtained from
the full MM, is presented in detail in [23]. To solve the problem of analytical synthesis of the
structure of CMG control algorithms, the model of gyro-power-driven LSS motion, neglecting the
cross-effects of CMG motions, can be simplified to three single-type control and gyrostabilization
channels of the following form

Na
LX + > Lisiie — HB + algfs + F(X) = M,
=1

Qi aX + Giw + bizio + CiaGie =0, i=1ng,
I3 + kaf + Hx + algfs = My (uy),

where x = (¥, p,9)T is a vector of hull orientation angles, 8 = (By, By, B9)T is a vector of precession
angles of CMG frames, ¢ = (qx)"T is a composite vector of coordinates characterizing the elastic
vibrations of the structure elements along each of the three channels of orientation angles such
that g5 = (qi,k)T, i = 1,n,, where n, is a number of elastic coordinates considered in channel yy,
(k=T1,3); Bs = [(By + Bo)s (By + Bo), By + By)|T; a = cos(m/4 = 0.707 (for installation of CMGs
of “star” type), Ig are moments of inertia of CMG frames; H = diag(hy, ha, h3) is a diagonal matrix
of CMG kinetic moments; k4 is a damping coefficient along the CMG suspension axis; a; s, b; 2, Ci »

_ Nx  ~ _
are parameters of the equations of vibrations of elastic elements; I, = I, + > I; », where I, is
i=1

a diagonal matrix of axial moments of inertia of the hull, INM is a matrix of inertial influence
of ith elastic element on the dynamics of the structure; F(x) is a vector of nonlinear functions
containing products x;x;, i,j = 1,3, i # j; M, is a vector of disturbing moments of external forces
acting on the hull; M, (u,) is a vector of control moments applied with respect to the CMG frame
axes; U, is a vector of control voltages, whose components are fed to the inputs of the corresponding
CMG momentum drives.

In the mode of angular orientation and stabilization of the LSS at the assembly stage, the values
of velocities xj are small enough to allow neglecting in F(x) the products xix;, i,j = 1,3, i # j.
In the analytical study of gyro-power-driven control with three identical CMGs, it is reasonable to
neglect the interchannel cross-couplings and take algfs = 0 in (1) [22]. Then the system (1) has
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the form

Na
I(EX + Z Ii,xq.i,m - Hﬁ = Mma
i=1

Qi xX + Giw + biz@iz + CiaGiz =0, 1=1,ng4,
IgB + kBB + HX + algBs = My(ug).

MM (2) is the basis for its decomposition into three subsystems, which correspond to isolated
gyrostabilization channels [22].

3. LSS ANGULAR MOTION CONTROL ALGORITHMS

Synthesis of control algorithms for dynamic objects with MM of the form (1) or (2) is tradi-
tionally carried out sequentially by two steps [22]. In the first step, the type and parameters of
the algorithms forming the values of the components of the vector u,(t) are determined before the
start of the assembly without taking into account elastic vibrations (¢ = 0). Such algorithms are
called basic algorithms, during the synthesis of which the MM (2) is transformed to the form of

LX — HB = M,,

Iﬁ,@ + kB + Hx + afﬁﬁs = Mu(ux)

At the second step of synthesis for stabilization and damping of elastic vibrations it is proposed

to form a control algorithm in addition to the basic algorithm, which uses information about elastic
vibrations of elements and their parameters.

It is reasonable to apply basic algorithms for controlling CMG in the LSS stabilization mode at
the stage of assembling PD-algorithms in each kth channel in the form of

Uz (1) = preXxk(t) + p2rXe(t), k=1,3,

where py i, p2 i are coefficients, which are chosen taking into account the parameters of the equa-
tions (3) and without taking into account the elasticity of the structure from the conditions of
ensuring stability and the required quality of control.

The control moments applied relative to the CMG precession axes are formed as [22]

My i (g ) = pok(PrLrxk(t) + p2rxk(t)), k=13, (4)

where the coefficients pg ; are determined by the structure characteristics of the hull and are set
depending on the moments of inertia I, at the assembly stage. It should be noted that MM (3)
with algorithms (4) describe a linear dynamic system with constant parameters at the assembly
stage, whose stability condition on the angular velocity vector y is determined from the analysis of
its characteristic equations in each kth channel in the form of [22]

ka(hi, + poxp2k) > Igporpie, k=1,3. (5)

Based on the same characteristic equations, the problem of determining the values of the coeffi-
cients py j, po i of the algorithms (4) that provide the required regulation time ¢, ~ 3/n;, k = 1,3
at the coordinates of the vector x. Here n; are the given values of the stability degrees of the
characteristic equations of [22].

Studies of the dynamics of the umbrella-type LSS have shown that, when the number of elas-
tic elements increases, lower frequencies of elastic vibrations appear in the frequency spectrum.
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It should be noted that the gyro-power-driven system with the basic algorithm (4) provides the
necessary damping of high-frequency elastic vibrations. However, in the low-frequency region, the
processes of elastic vibration damping by means of basic control (4) under the condition (5) appear
to be overly delayed [22]. Such dynamics of the processes of orientation and stabilization of the
angular position of the LSS is unsatisfactory. In addition, the increase in the elastic vibration
damping time creates known difficulties when a free-flying space manipulation robot is used in the
LSS assembly process [24]. The mentioned disadvantages require complication of the initial basic
control algorithm (4). A possible way to correct the basic algorithm is to organize a subsystem
of additional gyro-power-driven stabilization of low-frequency elastic vibrations of the LSS, using
estimates ¢; ., (}m of the corresponding elastic coordinates. The additional subsystem is connected
after the reorientation maneuver is completed and the structural element is installed at the assem-
bly stage. To accelerate the vibration damping, the subsystem generates additional influences of
the following type at the CMG inputs

ng Nk
Ma(ugr) =Y Prrilei + Y P2kideis *k=1,3, (6)
i=1 i=1

where g, ¢ are estimation vectors of elastic coordinates and their derivatives, pi1 i, Dok, are
constant coefficients at the assembly stage.

In choosing the values of the coefficients in (6), it is necessary to take into account the values
of the parameter estimates in the equations of MM elastic vibrations (2). Estimates of partial
frequency values w;, = /i ; from the low-frequency spectrum of elastic vibrations allow us to
choose the coefficients py i, P2 x,; that ensure stability and minimum damping time of the elastic
component [22]. Using the estimates X, x taking into account (6), the control moments are formed
in the form of

N . ne
My g (U ) = Pok [m,k (ik ~ ;! ZQ,M%,k) + P2k (Xk —1;! Zfquzkﬂ , k=13 (7)

i=1 i=1

The gain coefficients in (7) at estimates §; x, (}Zk depend on the values of fi7k, which can be less
than the values of I, by an order of magnitude or more. For accelerated active compensation of
the effect of elastic vibrations on the angular orientation of the LSS, it is reasonable to introduce
reconfigurable coefficients py . ;, D2 in (7). Then the algorithms (7) take the following form

Ny R Nz R
My g (e ) = Pok [pl,k ()?k - Zﬁl,k,j(ii,k) + P2k <>_(k - ZﬁZ,k,i%,k)] . k=13, (8)

i=1 i=1

where py i > praly 'Ly Pogi > parl;

If the elastic elements do not have information sensors, it is necessary to solve the problem
of obtaining estimates of ¢ and elastic vibrations parameters at each stage of LSS assembly after
its completion. To solve this problem, a modified version of the Kalman filter-based estimation
algorithm proposed in [20] is used.

4. SYNTHESIS OF AN ALGORITHM FOR JOINT ESTIMATION OF COORDINATES
ELASTIC VIBRATIONS AND THEIR PARAMETERS

The synthesis of the algorithm for joint estimation of the coordinates of angular motion and
coordinates of vibrations (tones) of elastic elements of the structure will be carried out on the
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example of an isolated channel y2 = ¢, which is obtained from MM (2) in the form of

n
I.¢+ Zfiiji —haB = M,,
i1

;P + G + bigi +ciq; =0, 1 =1,n,,
I5f3 + kaf + hopp = My (uy),

where M, (uy) = P, Py = (P1,p, P2.p) is a vector of coefficients, u, = (¢, $)T.

During the synthesis of the estimation algorithm, assume M, = 0. Then the system (9) is
transformed to the form [20]:

(1._0. _I;1h2ﬁ = Oa
n

n
(1—Qf§:%ﬂ>@+<1—5f X:aﬂa(m%+qw)
=1

i=1,j#i
noo_ ] (10)
+a;i Y, Li(big; + ciq;) + aihaB =0,
i=15#i
. . n ~
IgB + ka3 + ho (@ — qul Z Iz‘(]j) = Pl
i=1
and the angle ¢ is defined by the expression
n ~
(,D:@—I;IZIZ‘(]Z', (11)
i=1

where @ is an angle of rotation of the hull caused by the rotation of the LSS as a rigid object.

The representation of the ¢ coordinate in the form of (11) allows to apply filtering algorithms
for joint estimation of the coordinates of angular motion of the considered mechanical system of
LSS with CMG, unmeasured coordinates ¢; of elastic vibration tones, and identification of elastic
vibration parameters in real time. It should be noted that unlike the [20] system (10) is nonlinear
because it contains unknown parameters. A nonlinear extended Kalman filter is used to obtain the
estimates. During the synthesis of the estimation algorithm, let represent the MM equations (10)
and (11) in the Cauchy form

(t) = f(z(t)) + duy, + Cw(t), (12)

where 2 € R4 is a state vector, x = (@, 0, 8, 8, ¢i, 4, ai, bi, ;) ¥, i = T,n, b € R®** with non-zero
element dy = 1, f(z) is a nonlinear vector-function defined from (10) and (11),

-1
fr=wa, fo=1I"hatonta, foiv1 = 22it2, fants = Tanta,

n .
fonya = 15" {dw@ — kaon+a — ho <$2 — 1! ‘21 Ii$2i+2>
1=

9

foive = ()" l$2n+4+ih2$2n+4 — (4)j(@8nta4iT2i42 + Tantat+i®2i41)

n
— T2n+4+i Z Ij($3n+4+j$2j+2 + x4n+4+j$2j+1)] )
J=1j#i
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where
n ~ R
y=1-1 lzal i ()j=1-1, ! Z ajlj, j=1,n, j#i,
Jj=1,j#i

fon+avi = fantati = fantati = 0;

w € R *2 is a noise vector, C' = diag(Cp---C;---) is a block-diagonal matrix of object noise,
containing blocks Cy € R**2, C; € R%**. The elements of matrix Cj are zero except co; = c42 = 1,
matrices C; also have zero elements except co1; = €32 = ¢43,; = Cpa; = 1.

It is assumed that in (10) the unknown parameters of elastic vibrations are assumed constant
at the assembly stage. If necessary, any parameters can be included in the state vector y, which
leads to cumbersome mathematical expressions.

If only coordinates ¢ and ¢ are measured on board the LSS, the measurement equation has the
form

z(t) = Gx(t) + v(t), (13)

where the measurement vector z € R? has coordinates
n n
-1 ~ -1 T .
ao=x1— I Lagpi+v1, 20 =20 — 1,1 Y Livggngi + va
i=1 i=1

v is a noise vector of the meters.
The structure of the measurement matrix G' € R?*(>»+4) has the form [20]

G =[C1Gs - - Gital,

where C1, Gy, G419 are adjoint matrices, ¢ = 1,n; G is a square unit matrix, Go is a square zero
matrix; the matrix G 1o € R**5 consists of the following non-zero elements: Jils = 922,i = —I;lfgo.

It is assumed that the initial values of x(tp),w,v are independent of each other, w and v are
Gaussian white noise with zero mathematical expectations and correlation functions:

M{w(t)w™ (1)) = Qu(t)o(t —7), M{u(t)v" (1)) = Qu(t)d(t — 7).

Here 0 is the Dirac delta function, the diagonal noise intensity matrices Q. (t) and Q,(t) are
continuous and positively defined for ¢t > tg. Then the problem of synthesizing an algorithm for
estimating the coordinates x(t) from the measurements z(t) reduces to a special case of a continuous
nonlinear extended Kalman filter [20] with constant matrices C' and G:

2(t) = f(&) + du(t) + P()GTQ [=(t) — Ga(t)),
P(t) = D(2)P(t) + P(t)D~!(2) — P()G" Q, 'GP(t) + CQ.(t)C",

where Z(t) is a vector of estimates of the coordinates of vector x(t), P(t) is a covariance matrix,

D(z) = 0f(2)/0% is a Jacobi matrix.

(14)

5. MATHEMATICAL MODELING

The investigation of the capabilities of the control algorithm (8) for active compensation of elastic
vibrations at the angular orientation of the LSS along ¢ coordinate was carried out by means of
mathematical modeling using in (8) estimates derived from the (14) algorithm. The number of
tones and the values of their parameters were assumed to be known and the same in both MM (9)

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 8 2023



1000 RUTKOVSKII et al.

and the estimation algorithm (14), except for those parameters that are assumed to be unknown
in (14). To reduce the simulation time in (9), only two tones n = 2 were investigated, and the ¢,

¢ and g;, ¢; LSS estimates were used to form the control moment. The constant parameters ¢
and ¢y were chosen as unknowns, and their estimates ¢; and ¢ were used in (14).

The control signal is generated on the basis of (8) as follows

2 2

Up =p1P— Y Pridri+ 2P — Y D202 (15)
=1 i=1

where the coefficients p1 ;, po; have the same order as p; and pa, respectively.

In the modeling of angular orientation dynamics to obtain measurements, a variant of the
system (9) with the algorithm (15) was used as MM in the form of [20]

Y= Ay + Ju@, (16)

where y € R® is a state vector, y = (9, %, 3, B,q1,q2, 41, 42)", d € R is a vector with one non-zero
element dy = 1.

Based on (16), a vector of measured coordinates z = (¢*, »*)" was generated using the expression
2z = Gy + v, where the matrix G € R?*® has non-zero elements Jgi1=0g22=1,q15=go7 = —I;lfl,
32,6 = 28 = —I;lfz, v = (vg,v2)7T is a vector of measurement noise.

In (14), MM (12) was used with vector € R'?, which includes identifiable unknown parameters
c1 and ¢y, x = (@fgp,ﬁ,ﬁ.,qi,qi,cl,CQ)T, i=1,2, d e R is a vector with one non-zero element
dy = 1. C € R'9%6 i5 a noise matrix with non-zero elements €21 =C42 =C63 =C84 = C95 = Cl0,6 = L.
The measurement model for the algorithm (14) is formed as 2 = G'#, where the matrix G € R?*10
differs from the matrix G by the presence of the ninth and tenth zero columns. Matrices Q,, € R*6
and Q, € R**? (14) are assumed constant.

The initial values at ty = 0 of the coordinates and parameters, as well as the vectors y, &, and
the elements of the diagonal covariance matrix P(0) are assumed to be [20] as follows:

y1(0) = 0.017; y2(0) = 0.016 s~ 1; y3(0) = 0.18 x 1073;
y4(0) = 0.7 x 107% s71; y5(0) = 0.017; y6(0) = 0.19 x 1074 s7L;
y7(0) = 0.37 x 1072, yg(0) = 0.13 x 107* s71;
a1 =12; ay =232 by =024s"1 by=0125""1;
c1 = (0.34)% 572 ¢ = (0.47)% 572
I, = 69200 Nms? [ = 1270 Nms?; I = 2500 Nms?;

I =1.1 Nms* kg =25 Nms; h = 240 Nms;

P11 =39%x107% pro=38x10"%s72% p33=049 x 1072
Paa=61x10"1 5% ps5s=47x107% peg =054 x 1072 572
pr7=011x10"% pgg=0.11 x 1079 s7%

Poo=11x10"2s"% pig1g=1.8x 1073 574

The initial values of the estimates were used:

Given that the parameters ¢; and ¢z can only be positive, then #9(0) = 0.002 s~2; 219(0) = 0.005 s~2.

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 8 2023
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Fig. 1. Identification errors of partial frequencies.

The following standard deviations were assumed for modeling discrete analogs of the continuous
white noise of the object and meters:

w1 =15x10°52% 0,0=2x107° 52 0,3=22x10°s"%
Ows=18%x10%5% 0,5 =48x102s"; 0,6=36x10"2s"";
o1 =26 x107% 0,0 =134x 107" s L.
The white noise intensity matrices @), and @, are assumed to be diagonal due to the lack of

correlation between the object noise and the noise in the measurement channels. The elements of
these matrices are calculated using the expressions

Quok = 20037, k=T1,6 and qu;; = 20,7, j=1,2,

where 7 is a correlation time, 7 < At, At is an integration step. The following values are adopted:

Gual =23 x 1072 873, g00 =049 x 1071 573 g, 33 = 4.8 x 1071 573,
quw,44 = 3.2 % 10_14 S_3; qQu,55 = 2.3 X 10_6 s_?’; Qw,66 = 1.3 % 10—6 S_3;

qv,11 = 4.7 x 10_12 S5 Q22 = 2.9 x 10—13 S—1‘

In statistical modeling, discretization of the equations (14) was performed using the fourth-order
Runge-Kutta method with At, which was chosen to range from 0.002 to 0.005 s.

Figure 1 presents the identification error plots of unmeasured partial frequencies Aw;(t) =
VG —/é(t), i =1,2 with doubled standard deviations calculated as the corresponding diago-
nal elements of the matrix P(t): oy1 = Py, 3, Ow2 = pl_(fw. From the results of statistical modeling,
it follows that the convergence time of the parameter estimates c; to 2% of the maximum value of
the initial value is on average from 3 to 6 s. At the same time, the convergence time of coordinate
estimates ¢ and ¢ to 2% of their maximum values averages 20-25 s.

In order to verify the possibility of using the algorithm (15) to actively compensate for the
influence of vibrations of elastic parts of the LSS on its angular dynamics, mathematical simulations
in the angular stabilization mode have been carried out. The results of comparative modeling of
the angular motion of the LSS along the coordinate ¢ with the control algorithm (7) and the
algorithm (15) are presented in Fig. 2.
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Fig. 2. Stabilization processes for the rotation angle of a structure.

Figure 2a shows plots of the real values of ¢ (11) obtained when using the algorithm (7) with
p1i = 0.017, po; = 0.01, i = 1,2, in Fig. 2b shows the graphs when using the algorithm (15) in
which py; = 3.6, po; = 2.3. In the first case, the elastic vibrations decay to 2% of the maximum
value of the initial amplitude in ~ 6000 s, while in the second case, with active compensation of
the effect of elastic vibrations occurs for ~ 80 s.

In simulations of the stabilization process of the steering angle up to 150 s (see Fig. 2b), errors
in the identification of partial frequencies ranged from 0.7 to 1.6% of the true values of the w;
parameters.

6. CONCLUSION

The problem of vibration damping arises in controlling the angular motion of an LSS assembled
in orbit, containing elastic elements, in the absence of information about new mechanical parameters
of the assembled structure and initial characteristics arising at each stage of assembly of new
elastic components. This requires ensuring not only a timely change of the estimation strategy
and, accordingly, of the control during the transition of the structure from one class of mechanical
systems to another, but also the application of the principles of adaptive control on the interval of
the structure development within each stage of assembly above the first one. The task of optimizing
the coefficients in the algorithm (8) at the coordinates of elastic vibration tones from the point of
view of rapidity should be solved at the assembly stage, if necessary.

The synthesized algorithm of joint estimation of LSS angular motion coordinates, tones of elastic
vibrations of the structure and their parameters allows to obtain with high accuracy estimates of
their unmeasured coordinates and parameters in real time based only on the readings of LSS angular
motion meters in the absence of any objective information on elastic vibrations.

It should be noted that the construction of an extended Kalman filter for estimating the motion
coordinates and their parameters of such a complex mechanical system as the umbrella-type LSS
considered in this paper requires using a full MM of a much higher order, in which the mutual
influence of vibrational components is taken into account. It is advisable to solve such a problem
when developing the system for a particular variant of the assembled structure using an appropri-
ate amount of computational means. This paper considers the principal possibility of using the
proposed approach to solve the problem of estimation of such complex dynamic objects.

The use of the synthesized algorithms (8) and (14) in LSS assembly has a number of advantages.
Thus, when the first elastic element is installed, the dimensionality of the state vector in the
estimation algorithm is increased by five unmeasured coordinates: two coordinates of the elastic
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vibration tone and three vibration parameters. Since these parameters remain constant for a
long time, after their identification they become known and further identification of them is not
reasonable, then these three parameters can be excluded from the state vector. After installation
of the next elastic element, the above change of dimensionality is repeated and the state vector is
increased by five coordinates. After the identification procedure of the next constant parameters,
the state vector is also decreased by the next three coordinates and so on. Thus, the state vector
after identification of vibration parameters of all elastic elements of the LSS increases only by
2n coordinates, where n—the number of elastic elements installed on the LSS.

The results of statistical mathematical modeling prove the possibility of active compensation
of the influence of vibrations of elastic parts of the LSS on the dynamics of angular orientation
and stabilization of the LSS itself using control of the form (15). When modeling the algorithm of
identification of parameters a, b, ¢, three variants of estimation were tested, in which one of the
three parameters was chosen and the other two were considered to be known.

FUNDING

The work was partially supported by the Russian Foundation for Basic Research under grant
no. 20-08-00073.

REFERENCES

1. Akulenko, L.D., Krylov, S.S., Markov, Yu.G., Win, T.T., and Filippova, A.S., Dynamics of Spacecraft
with Elastic and Dissipative Elements in the Attitude Control Mode, Izv. RAN. Teoriya i Sistemy
Upravleniya, 2014, no. 5, pp. 106—115.

2. Gecha, V.Ya., Grinevich, D.V., Chirkov, V.P., and Kanunnikova, E.A., Influence of Elastic Trans-
formable Structural Elements on Spacecraft Stabilization Accuracy, Spravochnik. Inzhenernyj zhurnal,
2013, no. 5, pp. 3-6.

3. Nurre, G.S., Ryan, R.S., Scofield, H.N., and Sims, J.L., Dynamics and Control of Large Space Structures,
J. of Guidance, Control, Dynam., 1984, vol. 7, no. 5, pp. 514-526.

4. Rutkovsky, V.Yu. and Sukhanov, V.M., Large Space Structure: Models, Methods of Study and Control,
Autom. Remote Control, 1996, vol. 57, no. 7, pp. 953-963.

5. Mikulas, M.M., Collins, T.J., and Hedgepeth, J.M., Preliminary Design Considerations for 10-40 Meter-
Diameter Precision Truss Reflectors, J. Spacecraft Rockets, 1991, vol. 28, no. 4, pp. 439-447.

6. Boning, P. and Dubowsky, S., Coordinated Control of Space Robot Teams for the On-Orbit Construction
of Large Flexible Space Structures, Advanced Robotics, 2010, vol. 24, no. 3, pp. 303-323.

7. Belonozhko, P.P., Space Robotics for Assembly and Service, Potencial’nye zadachi, koncepcii perspek-
tivnyh sistem Vozdushno-kosmicheskaya sfera, 2018, no. 4, pp. 84-97.

8. Flores-Abad, A., Ma, O., Pham, K., and Ulrich, S., A Review of Space Robotics Technologies for
On-Orbit Serving, Progr. Aerospace Scie., 2014, no. 68, pp. 1-26.

9. Papadopoulos, E.; Aghili, F., Ma, O., and Lampariello, R., Manipulation and Capture in Space: A
Survey, Front. Robot. Al., 2021, no. 8, pp. 1-36.

10. Ishijima, Yo., Tzeranis, D., and Dubowsky, S., The On-Orbit Maneuvering of Large Space Flexible
Structures by Free-Flying Robots, Pros. of the 8 Int. Symp. on Artificial Intelligence, Robotics and
Automation in Space (SAIRAS-2005), Munich, 5-8 Sept., 2005, Noordwijk: ESTEC, 2005, pp. 419-426,
(ESA SP ISSN 1609-042X. no. 603).

11. Timakov, S.N. and Zhirnov, A.V., Algorithm of Active Damping of Elastic Vibrations of the Interna-
tional Space Station Structure, Vestnik MGTU im. N.E. Baumana. Ser. “Priborostroenie,” 2014, no. 3,
pp. 37-53.

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 8 2023



1004 RUTKOVSKII et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Krutova, I.N. and Sukhanov, V.M., Dynamic Features of Flexible Spacecraft Control in Process of Its
Transformation into a Large Space Structure, Autom. Remote Control, 2008, vol. 69, no. 5, pp. 774-787.

Teoriya upravleniya. Dopolnitel’nye glavy (Control Theory. Additional Chapters), Novikov, D.A., Ed.,
Moscow: LENAND, 2019.

Krutova, I.N. and Sukhanov, V.M., Design of Modified PD Algorithm to Control Angular Motion of
Large Space Structure, Autom. Remote Control, 2009, vol. 70, no. 1, pp. 33—42.

Krutova, I.N. and Sukhanov, V.M., Design of Discrete Control System of Flexible Spacecraft Maintaining
Robust Stability of Elastic Oscillations, Autom. Remote Control, 2009, vol. 70, no. 7, pp. 1109-1119.

Rutkovsky, V.Yu., Sukhanov, V.M., Zemlyakov, S.D., and Glumov, V.M., Models and Methods of
Control of Large Space Structures with Discretely Changing Construction, Proceedings of International
Conference on Nonlinear Problems in Aviation and Aerospace (ICNPAA-2008). Cambridge Scientific
publishers. Ed. by S. Sivasundaram, 2009, Plenary paper, chapter 12, pp. 115-142.

Glumov, V.M., Krutova, I.N., and Sukhanov, V.M., Fuzzy Logic-based Adaptive Control System for In-
orbit Assembly of Large Space Structures, Autom. Remote Control, 2004, vol. 65, no. 10, pp. 1618-1634.

Rutkovsky, V.Yu., Glumov, V.M., and Sukhanov, V.M., New Adaptive Algorithm of Flexible Spacecraft
Control, Complex Systems. Relationships between Control, Communications and Computing, Dordrecht,
The Netherlands: Springer International Publishing, 2016, pp. 313-326.

Kalman, R.E. and Bucy, R., New Results in Linear Filtering and Prediction Theory, Trans. ASME. J.
Basic Eng., 1961, vol. 83D, pp. 95-108.

Ermilov, A.S. and Ermilova, T.V., Estimating Nonmeasurable Coordinates of Elastic Oscillations for
Large Space Constructions with a Gyroforse Engine, Autom. Remote Control, 2013, vol. 74, no. 9,
pp. 1545-1556.

Glumov, V.M., Krutova, I.LN., and Sukhanov, V.M., A Method of Constructing the Mathematical
Model of a Discretely Developing Large Space Structure, Autom. Remote Control, 2003, vol. 64, no. 10,
pp. 1527-1543.

Glumov, V.M., Krutova, I.LN., and Sukhanov, V.M., Some Features of Powered Gyrostabilization of a
Large Space Structure Assembled in Orbit, Autom. Remote Control, 2017, vol. 78, no. 12, pp. 1345-1355.

Dinamika i upravlenie kosmicheskimi ob”ektami (Dynamics and Control of Space Objects), Matro-
sova, V.M. and Reshetneva, M.F., Eds., Novosibirsk: Nauka. Sib. Otd. RAN, 1992.

Glumov, V.M., Adaptive Control of Free-Flying Space Manipulation Robot in the Working Area when
Assembling a Large Space Structure in Orbit, Proceedings of the 12th International Conference “Man-
agement of Large Space System Development” (MLSD), M: IEEE, 2019, pp. 1-4. https//ieeeexplore.
ieee.org/document /8911089

This paper was recommended for publication by A.I. Matasov, a member of the Editorial Board

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 8 2023



