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Abstract: Attitude control of a satellite with three flexible elements is considered. Control torque
is developed by a set of reaction wheels, which are installed on the central hub of the satellite. The
flexible elements are large, so the control torque constraints must be taken into account. In the paper,
a control algorithm based on a linear-quadratic regulator is studied. The asymptotic stability of this
control is shown. The choice of the control parameters is based on the closed form solution of the
corresponding algebraic Riccati equation, which is supplemented by the linear matrix inequality. To
increase the convergence rate, particle swarm optimization is used to tune the control parameters.
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MSC: 93D20; 37N35; 37M05

1. Introduction

Consideration of elastic deformations is crucial to ensure high pointing precision
for large space structures (for example, the ISS [1]), and, especially, for satellites with
antennas [2], solar panels [3] and robotic manipulators [4]. Generally, the abovementioned
elements have relatively low natural frequencies and damping ratios, so elastic deforma-
tions of such elements affect the whole system dynamics and could even lead to instabilities.
Therefore, high-precision attitude control of flexible spacecraft has to suppress vibrations.

Numerous control design methods have been adapted and applied for attitude control
of flexible spacecrafts. First of all, this concerns classical methods, such as proportional—-
integral-derivative (PID) controller [3], a linear quadratic regulator (LQR) [5] and sliding
mode (SM) control [6]. In [7] attitude trajectory, the tracking problem is solved by means of
LMI-based gain-scheduled H-infinity control. The SM control concept related to attitude
maneuvers of a flexible spacecraft was further developed. In particular, Cao et al. [8]
presented a robust attitude control law based on a novel nonsingular terminal sliding
surface and operating in the face of actuator uncertainty and uncertain spacecraft dynamics.
An SM adaptive fault-tolerant attitude tracking control algorithm is proposed for flexible
spacecraft with partial loss of actuator effectiveness, unknown inertia parameters and
external disturbances [9]. Additionally, using the singular perturbation theory [10,11],
the equations of attitude motion of a flexible satellite are decomposed into fast and slow
subsystems, and in both cases, the SM control laws are constructed relying on the latter one.
Moreover, a novel component synthesis vibration suppression method is presented [12].
The authors note that the proposed active vibration suppression technique is consistent
with such controllers as PD controllers, SM controllers and model predictive controls. The
latter was used to accomplish large-angle single axis rotational maneuvers of a flexible satel-
lite [13] and attitude/spin maneuvers of a spacecraft equipped with a large rotating flexible
reflector (NASA Soil Moisture Passive Active mission) [2]. A number of research papers are
devoted to the important issue of ensuring the high quality of transient processes during
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attitude maneuvers [13,14]. In [14], a composite adaptive neural prescribed performance
control ensuring the prescribed performance of transient response and attitude trajectory
convergence in a preselected finite settling time is proposed. Fixed-time attitude control
and stabilization using a neural network is considered in [15]. Fuzzy-logic optimal control
was investigated in [16]. Thus, there are a huge variety of control approaches for flexible
spacecraft attitude stabilization.

Control algorithms usually need parameter tuning. In the paper, particle swarm
optimization (PSO) is used. In [17], the state-dependent Riccati equation (SDRE) attitude
control technique is used within the scope of three flexible satellites formation flying,
and the PSO algorithm tuned the pulse-width and pulse-frequency (PWPF) modulator,
generating on—off thruster commands. The paper in [18] presented two combined LQR-PSO
and SM-PSO attitude control methods, within which the PSO algorithm optimized the
variable angle between the rigid hub and the payload. Note that not only the control law
parameters appear as the subject of optimization. For instance, the kinematics of a rigid
satellite undergoing constrained slew maneuvers using reaction wheels are tuned by an
inverse-dynamics PSO approach [19].

Besides derivation of the attitude control law, there is the problem of obtaining its
input information, such as attitude, angular velocity and the values of flexible deformations.
The available set of actuators and sensors as well as their location obviously affects the
choice of attitude control and vibration suppression strategies for a satellite with flexible
appendages. In the last two decades, to solve the latter of these aforementioned problems,
scientists have paid great attention to the use of smart structures, especially piezoelectric
materials, as actuators or sensors [3,10,11,20-22]. For instance, Song and Agrawal [23]
utilize PWPF modulation for producing the on—off thruster firing sequence required for
attitude maneuver execution. At the same time, smart sensors and smart actuators with
positive position feedback (PPF) control are used to actively suppress vibrations at the
flexible appendage. However, the problem of simultaneous angular motion control of
the satellite and vibration suppression in flexible elements, by means of actuators and
sensors located only on the central body (hub), is still relevant. In this case, the clusters
of momentum-exchanging devices are often employed as actuators, such as a system of
four pyramid-mounted control moment gyros [1], ortho-skew construction of the four
reaction wheels [24], and systems of six reaction wheels [12]. Concerning measuring
devices and sensors for the motion estimation of spacecraft with flexible elements, Ivanov
etal. [25] provided a relevant description as well as an overview of methods for the vibration
determination. In [26], the comparison between Extended Kalman filter and Unscented
Kalman filter is made through a Monte-Carlo simulation. In both cases, magnetometer and
sun sensor measurements are used.

The attitude control in this paper is based on two assumptions that come from practical
applications: the actuators and sensors are located on the central rigid body, and the data
on the eigenmodes and eigen frequencies are rather inaccurate. Moreover, usually the
performance of the on-board computer is relatively low, so the state vector cannot include a
large number of variables. The principal idea is rather trivial—the control utilizes the rigid
model of the spacecraft and ignores the flexibility. Thus, the control algorithm becomes
as simple as possible for the on-board, almost real-time, implementation. It utilizes the
estimation of the satellite position, attitude and angular velocity only. However, this
simplicity creates a set of problems that be solved. First is the stability problem. The system
model includes a large number of degrees of freedom, and the control effects directly only
a few of them; moreover, most are completely ignored during the control calculation stage.
So, a stability analysis of the system is needed, and in the paper, the theoretical basis of this
approach is presented, and sulfficient conditions are derived. Secondly, every algorithm has
control parameters that allow one to tune the system behavior. Additionally, in the paper,
the methodology for selection of the control parameters using PSO is provided.

In summary, this paper is devoted to the derivation of the attitude control law for a
satellite with flexible appendages enabling low-frequency vibration suppression. After
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the problem statement (Section 2), in Section 3 a mathematical model of a large flexible
satellite, consisting of a satellite hub and three flexible elements—two solar arrays and
an antenna—is presented. Flexible deformations of each element are described by the
corresponding eigenmodes of vibration [27-29]. Section 4 contains linearized equations of
satellite attitude motion. Sections 5 and 6 are dedicated to control synthesis methodology.
It is assumed that actuators and sensors are located only on the hub, so the proposed
control methodology does not require additional actuators on flexible elements. Also, it
does not contain any information about modal amplitudes to avoid complicating the state
estimation process and increasing the computational complexity of the control algorithm
with their identification. Hence, a reduced (rigid) model of the spacecraft is used to obtain
an attitude control law. In this context the following methods are tested: an inertia-free
nonlinear attitude control algorithm derived by Sanyal et al. [30] and implemented by
Posani et al. [24]; LOR [5] as well as SDRE techniques; the SDRE algorithm tuned by an
input-shaping technique to reduce undesired elastic oscillations [31]. In the present paper,
the LQR-PSO strategy is presented. The LQR is a well-known approach. However, in
the present paper, the control is based on the reduced model (for a rigid body with fewer
degrees of freedom) while being applied to the full one, which includes deformation modes.
Direct implementation of the LQR in this case may lead to instability, so proper selection
of the control parameters must be achieved. In Section 5, the sufficient conditions for
asymptotic stability are derived, and an explicit solution of the algebraic Riccati equation
(ARE) for this system is found. In Section 6, PSO searches for the optimal values of the
LOR parameters minimizing the system’s degree of stability. To improve the calculation
effectiveness, the results of Section 5 are used. In Section 7, an illustration is presented. The
appendices contain the d’Alembert principle for the whole system application and general
forces calculation.

2. Problem Statement

The problem of attitude control of a satellite with three flexible elements (FE) is
considered. The spacecraft is a rigid central hub with two flexible panels and an antenna
cantilever attached to it (Figure 1).

FE,

antenna

FE;

solar panel 1
: FE,

solar panel 2

0: j,

T1,i P2

Pi,i ) 0. T2,

(0]

Figure 1. Satellite (S) with three flexible elements—solar panels (FE;, FE;) and antenna (FE3).
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The actuators (reaction wheels) and sensors (star tracker and angular velocity sensor)
are installed on the central hub only. Therefore, there is neither direct action on nor direct
measurements of the flexible deformations. The goal of the control system is to stabilize
the hub in the inertial space and damp oscillations in the FEs.

3. Equations of Motion

There are two models, which are used in the paper: the full nonlinear model for
the numerical modelling and linear model for the control algorithm synthesis, which is
obtained from the first one. This section presents the nonlinear model.

The following reference frames are used:

1.  OXYZ is the nonrotating frame; its origin coincides with Earth’s center of mass, OZ
is perpendicular to the equatorial plane, OX is directed to the vernal equinox point
corresponding to a given epoch (e.g., J2000);

2. Osxyz is the body-fixed frame; its origin lies in the satellite hub center of mass (S),
and its axes coincide with its principal axes of inertia;

3. Opxpyrzi, k = 1,3 are the flexible-element fixed frames with origin in the center of
mass of the corresponding undeformed flexible element; axes are the principal axes of
inertia of the undeformed flexible element.

The points of the satellite hub m;, solar panel m,; and antenna m,; positions (in

Figure 1) are defined as follows:

Rs,i =R+ Ys i,
Ry; = Ry +1; + pris k=1,3,

M

where R;, Ry are the radius vectors of S and FEj centers of mass, respectively, given
in OXYZ, ry;, 1; are the radius vectors of S and FEj i-th points with respect to Osxyz,
Oxxryxzx, respectively, and py ; is the displacement of FEj i-th point due to deformation,
respectively. It is assumed that p;; < 1; < Ry, k=1,3.

Normal modes are used for deformation definition. Point displacements due to
deformations for each FEj are [27-29]

Pri = Akiqk 2)

where q;(£) = (q1(t), ... ,qu (1)) T are the vectors of modal coordinates, 1y is the number
of modes taken into account, Ay ; is the 3 x n; matrix of the mode shapes. The j-th column
(1 <j < ny) of these matrices defines the flexible displacements of the i-th point of the FE;
(panel or antenna) caused by its j-th normal mode.

There are various approaches to derive the equations of motion of a flexible multi-
body system [27,32,33]. In this paper, the nonlinear model was developed using the
d’Alembert [34] principle for each part of the satellite. The corresponding equations for the

hull are [29,35]
S, (I.‘S> — N, @)
Ws

_ (mslzxz 0 _ Fs
Ss = ( 0 JS>’ N = (Ms — ws x]sws>' @

Here, w; is the absolute angular velocity of the hub, F; and M; are the net force and
torques acting on the hub (including reaction forces in the joint points), respectively, and
ms and ] are the mass and the inertia tensor of the hub, respectively. I,,x; is the n-by-n
identity matrix.

where
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The corresponding equations for the FEy are [29,35,36]

Ry
Sk| wy | =Ny, ©)
3
where
micl33 —[mArqy] mycAg
[mArqy] Jk Y [mii(rei + eki) ] Ak
k — iEFEk 7 (6)
meAl - X A;z, il (i + exi) gy

iGPEk

Fk — MW X Wp X Aqu — kawk X Aqu

Y (teit+pki) X Fri— wp X Jrwg —2 8 gt + pri) X Wi X Py
Ny = i€FE i€FE; .M

T T T :
Qs Qe + L Mg Fri — L mp A g X i X (1 + ppi) —2 L Mg Ay Wk X Prj
iEFEk iEFEk iEFEk

Here, wy is the absolute angular velocity of the FEy, Fx and My are the net force and
torques acting on the FEj (including reaction forces in the joint points), respectively, and
my and J, are, respectively, the mass and the inertia tensor of the FEj. The last one accounts
for the deformations, also.

A=) myiAg;. (8)

iEFEk
o) =diag(Q2, O2 02 9
moxme = A1ag (g Lho o Ll 9

() ; is the i-th eigen frequency of the FE. The notation [r],, foravectorr = (r; 1, 13) Tis

0 —r3 ry
[r] x = r3 0 —n
—1y 1 0

. . . . -T . T .T .T .T\!
Finally, the equation for the full state vector accelerations x = (Rs W, q 9 a3 )
(the details can be found in the Appendix A) is

Sx =N, (10)

where the total dynamics matrix S and right part vector N are

3
Ss+k21W{,1$ka,1 WIS1Wi, WLS,Wp WIS;Wip

S= WS, Wy, wlhs,wy, 0 0 , (11)
WZTzSzWﬂ 0 Wsz SoWy 0
WLS;W3; 0 0 WLS;Wa,

3 T T
N+ 1 (WkrlNk - wkllska)
_ =1
N = WLN; — WS Ty : (12)
WLN, —WLS,T,
WL N; — WLS3T;
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Here,
E3«3 7[Sk + fk]>< 03><”k Ws X Wy X (Sk + fk)
Wi1 = | 0O3x3 I33 y Wia= | 03¢y, |, Tk = 01x3 . (13)
Onk x3 Onk X3 Enkxnk 01><nk
Equation (10) is supplemented by the kinematic relations, which have the form
I.{s = Vs/
o1
Ags = _j<ws/ 7\5)/ (14)

j\s = %()\Osws + As X ws)r
qk - qu, k = 1,3,

where (/\0S )\ST ) ! is the attitude quaternion of the hub, V,, is the change rate vector of
normal mode amplitudes for corresponding flexible elements FE;. Equations (10) and (14)
completely determine the motion of the considered system.

In comparison with [29], the current equations of motion are written relative to the
center of mass of the rigid hub. In this case, if the number of flexible elements attached to
the hub needs to be changed, the system (10) can be easily modified.

4. Linearized Mathematical Model

To derive the attitude control and study the asymptotic stability of the desired equi-
librium, the linearized equations of satellite motion relative to its center of mass are used.
Here, the required position

Ws = 03x1, As = 03%1,

15
qk = Onkxlzvqk = Onk><lr k = 1/3/ ( )

is considered. It is also supposed that there are no external torques and forces except
control torque u produced by the set of actuators installed on the hub. The reasons for this
assumption will be discussed in Section 5. Also, the orbital motion must be excluded. So,
the system takes the following form:

S}“’ S‘Uql S‘qu Sw% (i)s u
S%}‘h STlh Sq10: Sqias q1 _ —Mq (16)
ngqz Sgﬂz Squ Sp05 | | %2 —Mq,
Sw% Slh% Sliz% 8113 q3 —Q3q3
3 L3 3
Sw=J=J+ kgl(lk — g [s £ sk + il ) + mkil(mk[sk + fk]x)k):l(mk[sk + 1),
= = -
Swy, = 'e%s My i [T i) o A + my ([Sk +fil — %k)il my[sy + fi] X)Ak, k=13, (17)
1 k =

S, = _ MEAT k=
qx — Enk X Ny m Ak Ak/ - 1/ 3/
Sqqr = —MALA), k#£1=1,3.

m

T
Grouping flexible variables as q = (q7 qI qI), vV, = (V;1 Vi, V%) and
Q =diag(Q; O, Q3), and taking into account the kinematic Equation (14), gives

(Sg’;q Ssu;q) (%) N ‘(g g) (3) + (3) (18)
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where
Sq:  Sqiz Squgs
Swg = (Swgr Swg, Swes), Sq = S%:lqz Sg,  Saugs |, (19)
Sﬁlﬂs ng% Sqa

is the matrix of natural vibration frequencies of flexible elements.
Having solved the system (18) with respect to higher derivatives and using kinematics (14),
the linear equations of angular motion are [37]

x = Ax+ Bu, (20)

T
where x = (wST Vg Al qT) is the state vector of SC with flexible elements,

-1 T -1g )
03x3 03xn2 03x3 J qu(sq_swa qu) Q

-1
A= 0n2><3 onzxnz 0n2><3 _(Sq—sz;qjilswq) Q ,

1
§E3><3 03><n>: 033 03><n>:
Onz x3 El’lz Xny, Orl): x3 OH): Xny,

-1 (21)
y! (E3x3 +Saq (Sy — S71 1Sy ) SZ,qu)
-1
B=| — (sq - sZ,qJ—lswq) STy
033
Oi’lz x3

Here, the number ny = Y>_, n; denotes the sum of all modes considered in the
satellite’s model. The latter system is used for the stabilization part of the control.

5. Control Synthesis

Since the control must stabilize in the inertial space, there will be two main external
torques that affect the angular motion in the required equilibrium: gravity gradient and
solar pressure. Both values are small (the first is about 103N - m, the latter—10~*N - m)
with respect to the possible control torque (maximum is 1 N - m). The control consists of
two parts: stabilizing and compensating. The second part compensates the external torques
only, while the first one is based on the linear-quadratic regulator (LQR) [37] and does not
include these torques. This control part is based on the reduced linearized model with no
external torques and not requiring determination of the amplitudes of the eigenmodes to
calculate the control of interest.

5.1. Stabilizing Control

The LOR is based on a linear solid-state model of the satellite, so in (20), the state
vector and the matrices take the form

T 033 03><3) (]_1 )
x=xs= (w! A, A=A = , B=B; = . 22
o= (W &) i (%Esxs 033 ’ 0353 (22)

The LOR minimizes the following cost function [37]
= / (x'Qx; +u"Ru)dt (23)
0

with positive definite matrices Q, R that are the parameters of the algorithm. The LQR has
the form [37]
u=—R!'BIPx;, (24)



Mathematics 2023, 11, 4928

8 of 24

where P is a solution to the algebraic Riccati equation [37]
AP+ PA; - PB,R!BIP+Q=0. (25)

Since A is the 6 x 6 matrix, P size is also 6 x 6.
Since the pair (A, B) from (22) is controllable and Q, R are positive definite matrices,
the following are known [37]:

1.  Matrix P from the LQR control law is the only positive definite solution of (25);
2. The LQR provides the asymptotic stability for the linear system with matrices (22).

Let the matrix Q have the form

_ (Qu Q12> 2%
Q (Qsz Qxn)’ 26)

where Qq; and Q,, are positive definite matrices (Qq; > 0, Q,, > 0). A positive definite
solution of (25) P is convenient to represent as

Pyq P12>
P= , 27
(Psz Py @)

where Py = PlTl, Pip, Py = PZT2 are 3 x 3 matrices. This representation is possible since A
and B; are block matrices with 3 x 3 elements. So, Equation (25) is rewritten as

1 (( P, Py > n (Plz 03><3> > B <P112P11 P11ZP12> n <Q11 Q12> —0. (28)
2\\03x3 O3x3)  \P22 033 PLZP; PRZP) " \Qf Qp
Here Z = J~'R™!J 71 is the positive definite matrix since the inertia tensor is J > 0.
As a result, Equation (25) is represented as a system of three equations:
1

1
5 (Ph+Pi2) —PuZPy +Quy =0, SPn =PuZPi+ Qi PHZP=0n.  (29)

The fourth equation is exactly the same as the second equation in the system (29):

1 1 T
P1,ZP; +Qf, = §P22 = §P2Tz = (P1TzZP11) = P11ZP1; + Qqy. (30)

LOR control with (22) taken into account is
u= _R_1]_1 (Pllws + P12As) = —Koyw; — K)As, (31)

where K, = R71J71P;3, K, = R71J71Py,. Since the control is based on the reduced system,
it is necessary to select such matrices K,,, K, that provide the asymptotic stability for the
full system.

Consider the following Lyapunov function:

1 o[ T Swq) [ ws T 1 7
Vfi(ws Vq)<S£q 5 ) (v, ) # MK+ 20T 0a (32)

To satisfy V' > 0, it is sufficient that K, > 0. Its derivative due to the equations of
motion is _
V=wl(u+KA) = —wlK,ws. (33)

If K, > 0, then 1% < 0,and V =0ifand only if w; = 0. According to the Barbashin—
Krasovski-LaSalle theorem [38], the equilibrium is asymptotically stable if there are no
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other trajectories on the set {V = 0} besides the equilibrium. Such a set here is {ws = 0};
this implies
SwyVg = —KjAs,

(34)
SV, = —Qy.

The right part of the first equation is a constant (A; = const). In the second equation,
the matrices S, and () are positive definite, so its solution can be represented as

Cy cos(vit + @o1)
Cy cos(vat + ¢g2)

y=H =HO(t), (35)

Cn COS(Vz;Jf + @on)
where H consists of vectors h; defined from the following equation:
(Q—v;Sy)h; = 0. (36)
From the first Equation (34), it follows that
SwgHO(1) = —K)As. (37)

This equation is not satisfied for any values of the constants C; # 0, ¢y, if the frequen-
cies v; are incommensurable and rank (S,,H) = 3. Thus, the condition of the asymptotic
stability of the zero solution is obtained. In practice, both conditions are usually ful-
filled, but in some configurations (e.g., two identical panels installed symmetrically), this
approach can face difficulties.

Thus, in the case of satisfying the abovementioned conditions for the satellite’s dynam-
ics, a sufficient condition for asymptotic stability is the positive definiteness of the quadratic
forms K, K. This means that R™!, J=! and P;; should commute, since these matrices are
positive definite. If Py, is positive definite, then R~!,J71 and P;; should commute, too. For
three positive definite quadratic forms to commute, it is necessary and sufficient that they
have a diagonal form in the same basis. Since the inertia tensor J is defined, it determines
the basis in which the remaining quadratic forms should have a diagonal form. In this case,
] = WJ#e8WT where W is an orthogonal matrix and Jhies = diag(J1, ]2, J3). Equation (20)
with matrices (22) and, therefore, the system (29), has a unique solution P > 0.

First, consider the case when J is diagonal. If Q and R are diagonal and their diagonal
elements R; >0, i =1,3,and Q; > 0, i = 1,6, then the matrix Z = ]_1R_1]_1 is diagonal,
ie, Z = ding(z1,22,23), where z; = 1/ (R;J?), i = 1,3.

In this case, the solution of the system (29) consists of diagonal matrices Pﬁag,
Pdiﬂg Pdiag
12 7522
. py 0 0 . pp 0 0 . p'y 0 0
Pi8=(0 p, 0, P¥=(0 p 0| P3¥=(0 p, 0] @9

0 0 p, 0 0 p3 0 0 p3

and it is positive definite, and hence the only stabilizing one. Indeed, a particular solution of
the third equation from the system (29) is a matrix Py, with the following diagonal elements:

pi = £V Qirs/zi = £JivRiQiys, i =1,3. (39)

Then, from the first equation, the diagonal elements of matrix Pq; are

ro— g JPitQi EVQira/zitQi
pi=+ z; + z; o (40)

= +Jiy/Ri(£)iv/RiQi3 + Q), i =13,
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and we obtain the diagonal elements of the matrix Py, substituting the coefficients p; and
p'; into the second equation:

pli=2zip'ipi = ZZi\/@ =2/ Qiva(pi+ Qi) =

= 2\/%4—3(\/ Qits/zi+ Qz‘>, i=13.

According to the Schur lemma [39], it is necessary that P1; > 0 and Py, > 0 in order
for P > 0. Hence, for the positive definiteness of the Riccati equation’s solution, it is
required to choose solutions with a plus sign when extracting the roots. It remains to check
the fulfillment of the condition Py, — P{zPl_llPu > 0orp"; — (pi)z /p'; >0, i=13in
the case of diagonal matrices. Taking into account (39), (40) and (41), the latter becomes
V/Qii3/zi +2Q; > 0, i =1,3. This inequality is always satisfied because the coefficients
z;, i=1,3and Q;, i =1,6 are positive.

Thus, based on (39), (40) and (41), a positive definite solution of the algebraic Riccati
equation is

(41)

_ (diqg(p/l,;ﬂ’z, p's)  diag(pi,pa pa) )
diag(p1,p2,p3)  diag(p”,p"2,p"3)

The linear quadratic control law (31) in this case has the form

(42)

3

ws — diag [(\/ Qi+3/Ri)jl] As. (43)

i=1

u = —diag (\/(\/ Qir3/RiJi + Qi/Ri>>

Now, consider the case when ] is a non-diagonal positive definite matrix. Let the
matrices Q1, Q,, and R be diagonal in the same basis as the inertia tensor, i.e.,

di .
Q; = WQ[™W' = Wdiag(Q1,Q2, Q3)W',
Q, = WQ;™WT = Wdiag(Qy, Qs, Q)W (44)
R = WRYSWT = Wdiag(Ry, Ry, R3)WT,

where the diagonal elements r; > 0, i = 1,3 and q; > 0, i = 1,6. The search for a
stabilizing Riccati equation solution leads to the diagonal case. Particular solution of the
third equation of the system (29) is sought in the form

P, = WPLSWT (45)

where P‘f;ﬂg = diag(p1, p2, p3) is a diagonal matrix with the corresponding positive coeffi-
cients (39) of the diagonal inertia tensor case. Substitution of (45) into the first equation of
the system (29) leads to the solution

Py = WP SWT, (46)

where P‘ﬁag = diag(p'y, p',, p'5) is given by the expression (40). Similarly, the matrix Py, is
calculated as ‘
Py = WPLSWT, 47)

where the diagonal elements of the matrix P;;ag = diag(p",,p",, p"5) are given by the
expression (41). Here, we use commutability of the diagonal matrices, the orthogonality of
the matrix W and the fact that for an orthogonal matrix W and an arbitrary positive definite
diagonal matrix Z, the matrix WEWT is positive definite.
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Then, the solution of ARE (29) is represented as

di di
e (o) (T ) (o) -
03,3 W P‘fl;g Pil;g 03x5 WI

and it is positive definite. Herewith, the linear-quadratic control law (31)
w=—R7J (WPSWT w, + WPTEWTA ) = —Kows — Kihg (49)

stabilizes a linear system with matrices (22), and hence, the system with matrices (21).
Moreover, since it is true for a linearized system, the same is true for the initial non-linear
system also [38].

Thus, the possibility of stabilizing the system using the specified control law is shown,
and the method for solving the Riccati equation for the considered problem is described.

5.2. Compensation Control

The provided stabilization control part ignores external torques. There are two torques
that should be considered in the geostationary orbit for a satellite with large solar panels:
solar radiation pressure and gravity gradient torque.

First, the general expression for external torques must be derived. The (12) has the form

3
N+ ¥ W Ng F
N = WHN; , Ns = (1\1:15 ), Ny = | ieFE, (rii + i)  F, , k=1,3.
WL N, ’ L AL Fy
W§2N3 i€FEy
(50)
Since
T Fi
WieiNe = | [sg + fi] Fe + L (ri+ ki) X Fyi |- k=13, (51)
iGFEk
WHONe= Y mAl Fri, k=13 (52)
iEFEk
The resulting general force vector is
3 L3
Ms+ ¥ ([sk+8) B+ ¥ (tei+oki) XFei | — 55 ( Y my[sy + fk]x>F
k=1 i€FE; k=1
Y my ;AT Fy; — Ly ATF
N = icpg, WL , (53)
Y myA] Fr; — LmyAJF
icFE,
) Z m3,iA3T,1-F3,i — %mgAgF
i€FE;
where
3
F=F;+ Z Fy (54)
k=1

is the net force acting upon the system. The first component of (53) is the net torque of
all forces acting upon the whole system. The torques, which are taken into account in the
compensation part of the control, are M$%” and M**". The first one corresponds to the
rigid body gravity gradient torque (see Appendix B) [40]

MET™ — 3%1{ % JR. (55)
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In this case, the resulting control torque is
Mctrl = MBS _ MM _ . (56)

The solar radiation torque for symmetrical configuration of the panels is thought to
be near zero and is considered as a perturbation due to the small difference between the
panel and its mounting point. This control law is used for the spacecraft stabilization in the
neighborhood of the required position.

6. Optimization Problem

LOR requires the choice of control parameters, i.e., diagonalized matrices Qq1, Q»»
and R. These matrices significantly affect the maximum values of the control vector com-
ponents and the quality of the algorithm. Here the degree of stability [41] is taken as a
quality metric. The maximum affordable control torque value is the upper bound. For
linear systems with constant coefficients whose equilibrium position is asymptotically
stable, the degree of stability is the distance from the imaginary axis to the rightmost root
of the characteristic equation. In fact, this is the exponent with the least damping.

A closed-loop system with control

u = —Kx, (57)
where K = (Ko 03xn Ki 03xy), is represented in the form
x = (A —BK)x = Acx. (58)

Eigenvalues of matrix A; determine the transient process rate. In this case, it is also
necessary to take into account the constraint on control

max|Kx| < umax. (59)
Thus, the optimization problem is
® = —Repmin — max under max|Kx| < upmax. (60)

Here, jimin is the eigenvalue with the minimum distance to the imaginary axis on the
complex plane of characteristic values.

It is necessary to formalize the criterion (59), since as a rule, there is a surge effect, i.e.,
an increase in the required control at the beginning of transients. For this, the approach
described in [42] is used. The Lyapunov function (32) is

Sw qu 03x3  O3xn Wy
1

T 1
vol(wl v g[S S 0w on | (Vi) Ly
2 03x3 0O3xn 2K, Onxn s 2

Onx3 Onxn Onxn q

At the initial moment t = tjy, we have 0.5 xg Hxg = ag, where xg = x(t(). Due to the
decreasing Lyapunov function, we obtain 0.5x" Hx < ag or

1 7
P < .
2aox Hx <1 (62)

Rewrite the condition (59) in the form

x'KTKx < u? (63)

max-*
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Thus, it is necessary to guarantee (63) under the condition (62). This is true if and only
if the matrix inequality

1 1
—K'K< —H (64)
Umax Zﬂo

is satisfied. By Schur’s lemma, this is equivalent to the fact that the following matrix is

positive definite.
H K! >0 (65)
2 .
K By )

So, if the linear feedback matrix K satisfies (65), the constraint will not be violated, and
simultaneously, due to the decreasing (61), the system will not leave the initial ball (62).

In this case, the cost function and restrictions have complex form and cannot be
presented explicitly, depending on the problem parameters. To solve this problem, the evo-
lutionary optimization method—particle swarm optimization (PSO) [43]—is implemented
for the search of the set of optimal control parameters.

Let x;, be a set of the control parameters. The PSO is based on the decision-making
model of each swarm particle. The model describing the decision making of particles in a
swarm turned out to be a simple and effective optimization method. The task of the swarm
is to provide a minimum of the given cost function

<I>(xp) ‘RP SR (66)
on the search domain

U= {xp € RP ’ Mowj < Xpj < Nupjr | = 1’7D} 7

defined by restrictions on the values of the D parameters. Each particle p = 1, P in each
generation i = 1,G has a certain position x, (i) and velocity v, (i). The position of the
particle specifies a possible solution to the optimization problem.

The velocity allows deciding the direction of displacement to continue the search and
consists of three components:

Vp(i) = Cinvp(i - 1) + Ceog (xp,best(i) - xp(i)> + Csoc (Xp,lncal best(i> - Xp@))‘ (68)

The position of each particle at the next iteration is determined based on its current
position and velocity:
Xp(i+1) = xp (1) +vp(i) (69)

The first term in (68) is the inertial component; it is responsible for the search continu-
ation in the same direction. The second is the cognitive component; the particle desires to
return to its own best position found earlier, x,, j.s;- The last one is the social component,
which represents striving for the best position found in the particle vicinity, X, jocal pest-

The value of the cost function @, j,c1 pest cOrresponds to the best particle p position
Xp,bests P p,local best cOTTEsponds to the best position in the vicinity of the particle p x, jocar pest:

q)p,best = xp,best) (70)

a
<I)p,local pest = P Xp,local best)

and ®,,; is the global optimal solution found by the entire swarm in i iterations.

The contribution of each velocity component is varied using appropriate weighting
coefficients ¢y, ccog, Csoc- A large value of the inertial coefficient c;, accelerates the explo-
ration of search space and does not allow it to fall into local optima. The correct selection
of social csoc and cognitive ccog coefficients allows each particle to first look for its best
position, and then switch attention to improving the best position found among all of the
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particle’s neighbors. For each optimization problem, the coefficients should be selected
individually, focusing on some empirical rules and selection methods, which are given, for

example, in [43]. However, in any problem when selecting coefficients, it is necessary that
the following relationship be satisfied

1
Cin > 5 (Csoc + Ccog) -1 (71)

to ensure the convergence of the PSO, which was shown in [44].
The search stop criterion is the fulfillment of the following conditions simultaneously:

1. the cost function derivative is small (dimensionless parameter of cost function stagna-
t10r1 IS Qstggn);

2. all particles are falling into some neighborhood of the best position (dimensionless
parameter of swarm stagnation is Sstqgn)-

Figure 2 shows a block diagram of the described algorithm for clarity.

‘ Start of the generation for-loop (i)

v

/ Start of the particle parfor-loop (p)

v

‘ Cost function value calculation D,(1)=P(x,(1))

v

K End of the particle parfor-loop ‘

Start of particle results
{ comparison for-loop (p)

4= D, i)
update the best position of the p-th particle [
at the i-th generation

[

p,local best =

(]

p,best
update the best position in the vicinity [
of the p-th particle

D@, pesi< P,

p. local best

Dpesi =Py local best

D vt besi< Ppos -
Lo (B = update the swarm global best position

false +:
Update particle velocity and position,
expand the particle vicinity

End of particle results
comparison for-loop (p)

Checking the search
stop criteria

{ End of the generation for-loop

Figure 2. Block diagram of the PSO algorithm.

As a result, PSO searches for the optimal values of the LOR parameters, taking into
account the fulfillment of condition (65). Minimization of the degree of stability can be
carried out with a different number of known modes.
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4.34 x 107
Q= | 179

444

Since matrices Qq1, Qy, and R are diagonal, there are nine parameters that should be
found. However, matrices K, and K, depend on the ratios of Qq; and Q,, to R, so one of
these matrices can be fixed. Consider that R = diag(1 1 1) in the basis of principle axes
of the system inertia tensor. The other six parameters are defined by the PSO method. So

Xp (66)isxp = (Q1 Q2 Q3 Qi Qs Q6)p, which are presented in (44).

Since (65) depends on the initial condition, the LOR parameters will also depend on
the initial state. So, two sets of PSO bounds are used to improve the convergence in the
neighborhood of the equilibrium. The first domain is

|w;| < 1073rad/sec,
|)\1‘| S 0.5,‘ (72)

the second one is
|w;| < 10~%rad/sec,

|Ai] <3x 1074 @3

It is considered that satellites are deployed with rather small angular momentum, so
the initial domain for the angular velocity is about 10 times more than the orbital angular
velocity of the geostationary orbit, which is w,,, = 0.7 x 10~° rad /sec. Such selection of the
initial condition domains is based on the following practical consideration. The spacecraft
with large FE usually separates from the launch vehicle with rather small initial angular
velocity, and its FE are undeployed. The deployment of FE increases the inertia tensor
by two orders and hence decreases the angular velocity by the same value due to the
conservation of angular momentum. The final domain is about 10 times less than the w,.
The control limit is umax = 1 N - m. PSO parameters are given in Table 1.

Table 1. Main parameters of the particle swarm method.

D D=6
Mo and 1, n}lmj [1052.(1,1,1), 0';(1’1’1)] n%gwj [1096.(1,1,1), 108 (1,1,1)]
ni, = [10°-(1,1,1), 102 (1,1,1)] nz, = [10°-(1,1,1), 10%- (1,1,1)]
P 200
G 500
cif, clow 0.9,0.4
Ccufg , Clc?{é’ 2.05,0
cikb., clow 2.05,0
Dytagn 0.001
Sstagn 0.005

So, the two following sets of LQR parameters are found:

8.49 x 10° —0.02 0.85 045 0 0
—002  818x10° 432 103> (N-m-s)?, @}y = ( 0 043 o.oz) (N-m)? (74)
0.85 432 x10°  4.40 x 103 0 002 01
17.9 444 2.31 x 10° 1.35 0.54
3.92x 107 212 x 106> (N-m- s)z, Q) = ( 1.35 1.00 x 105 —4.79 x 103> (N- m)2 (75)
212 x 106 1.18 x 10° 0.54 —479 x10®  1.86 x 10°

The corresponding feedback matrices K, and K, are

412 0 0 067 0 0
K,=[ 0 404 16 | Nm:-s, Ki=| 0 066 0 |N-m (76)
0 16 120 0 0 032
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102 0 0 480 0 0
K= 0 08 003|x10*N-m-s, K= 0 317 —6|N-m (77)
0 0.03 0.39 0 —6 431

Both the values of matrices Q,;, Q,, and K, K, are rather large, which may lead to
large control efforts for some domains of the initial conditions. However, the sets of these
parameters are found in such a way that for any initial conditions in the domains (72) and
(73), the control constraint (59) can not be violated. So, the control will always be less than
feasible umax = 1 N -m.

These two sets are used in the following section, where the algorithm operation
is demonstrated.

The crucial proof for the stability is the fact that the control matrices and inertia tensor
are diagonal in the same basis. The problem here is the fact that the inertia tensor used in
the model can (and likely) differs from the one in the real system. Let J, be the nominal
inertia tensor that is used in the mathematical model and J = J,(E3«3 + ¢j) be the real one,
where ¢ is a small parameter that shows the difference between the nominal and real tensor
and j is the symmetric matrix, the norm of which in some sense is one.

Consider matrix K, (K, is analogous)

Ko = R 7'Py; = R (Bsns +¢j) Iy 1Py =~

- o i e (78)
~ R (Esxs — €)Jy P11 = R Py — eR71jJ5 1Py

The first term is the positive definite matrix, while the second one in the general case
can be even nonsymmetrical. However, the equivalent symmetric form matrix is

- 1 or (et e
@ R P = s’ (R "By + PIJg R w, (79)

SO
i - o
Ko ~ R71J5 Py — ze(R71j1g Py + PLJ; R ). (80)

The components of this matrix in the basis of principal axes of ], are

0 1 1 1
St fku O_Sklzl _Ekp
K, = —sk%z ksy — z;,k22 O—sk231 . (81)
—eky, —¢ekyy kg3 —eks;

Since k). > 0, k?j and k}j have the same order while ¢ is a small parameter (the error is

usually small), then the matrix K,, is positive definite for the sufficiently small e.

7. Numerical Example

To demonstrate the typical system behavior, a numerical example is presented
(Figures 3-8). The system parameters for numerical simulation are presented in Table 2.

The numerical modelling is performed in the nonlinear model (10)—(14). Two sets of
control parameters are taken. The simulation results are shown in the following figures.

Figures show that the control stabilizes the satellite and decreases the modal variable
amplitudes. The process is rather slow since the control is small with respect to the
total inertia tensor of the satellite with flexible elements. The peaks in Figures 5 and 6
correspond to the switching between the sets of control parameters. As one can see from
Figures 7 and 8, this allows an increase in the convergence rate. The control level is almost
three times less than the threshold. This is due to the fact that the approach guarantees
(63) for each initial condition set in the domain (72). The evolution of the reaction wheel
angular momentum in Figure 6 is due to the gravity gradient torque compensation.
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0.6 T T T T

Quaternion vector part

_01 1 1 1 1
0 5 10 15 20

Time, h

Figure 3. Vector part of the attitude quaternion of the hub (S).

0-0]— T T T T

—0.01

—0.02

Angular velocity, deg/sec

—0.05

~0.06 ' ' ' '

Time, h
Figure 4. Angular velocity of the hub (S).
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0.3
0.25
0.2
0.15

0.1¢

0.05

Control torque, N-m

0.05

0.1

0.15 1 1 1 1

Time, h

Figure 5. Reaction wheel control torque.
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Figure 6. Reaction wheel angular momentum.
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Figure 7. Modal variables of the antenna (FE3).
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Figure 8. Model variables of one of the solar panels (FEj).
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Table 2. System parameters.

ms, kg 3500
J,, kg - m? diag(1.8 09 1.5) x 103
s;, m (0 0 —0.75)
Sy = —s3, M (05 0 0)
my, kg 130
Ji kg m? (g g ?).4) x 104
0 —04 2
f;, m (0 25 -12)
my3, kg 310
(5w )
0 0 910
f, = —f3, m (4 0 0)

8. Conclusions

The stabilization of a satellite with large flexible elements by means of reaction wheels
only is shown in the paper. The stabilizing control based on the LQOR is provided. The
sufficient condition for the asymptotic stability is derived. This condition has an explicit
form and can be checked once the spacecraft configuration is known. The choice of control
parameters is based on the closed form solution of Riccati’s equation and the degree of
stability of the system. The PSO usage allows one to find the parameters that give a rather
good convergence rate and at the same time fulfill the control constraints.

Author Contributions: Study design and control synthesis, S.T.; mechanical model derivation, A.S.;
particle swarm implementation and original draft preparation, A.O.; system parameter calculations,
A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
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Appendix A

The d’Alembert principle for the whole system has the form (considering that con-
straints are ideal) [34]

.. T 3 . T
) (ms,iRs,i - Fs,i) 6Rsi+ ) < ) (mk,iRk,i - Fk,i) 5Rk,i> =0. (A1)

i€S k=1 \i€FE;

. T
I"{ T SR 3 Rk 5Rk
Ss| .° | —N; (595)+Z S| wy | — Ni 50, | | =o0. (A2)
s k=1 )
qx qk

Given that all three FEs are attached to the satellite hub in cantilever fashion, the
angular velocities of the hub and each FE as well as their virtual rotations are congruent,
ie., Vk 60; = 00,, wy = ws. The following independent virtual displacements are taken:
the satellite hub center of mass position JR;, the rotation of the satellite 665 and the
flexible element modal coordinates dqy. By indicating with sy the radius vector of the FE;'s

or
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mounting point relative to the hub’s mass center and fy—the radius vector of the mass
center of undeformed FEj relative to FE’s mounting point, we have

Ry SR
59k = Wk,l <§es> + Wk,Z‘qu/ (A3)
oqy ’
where
E3x3  —[sk +fi, 0351,
Wi1 = | 0Osx3 E3x3 ; Wia = | O3xy, |- (Ad)
Onk><3 Onk><3 Enkxnk

Here, the expression Ry = 6Rs + 665 X (si + fi) is used. The first and second deriva-
tives of Ry are

I'{k = I'{s + W;s X (Sk+fk)/

. (A5)
Ry = Rs + ws X (s + f) + ws X ws X (s + £;),
then, we obtain
Wy | =Wk <w5> + Wioqy + T, (A6)
.. s

C 13

T
where Ty = ((ws X Ws X (sg + fk))T 0143 01X”k> . Finally, Equation (A2) takes the
following form

R T /sR 3 R r SR
<Ss (wss) - Ns) (592) +k:21 (Sk (Wk,l (wss) + Wi oy +Tk) - Nk) (Wk,l (592> +Wk,2f5qk) =0 (A7)

The independence of generalized coordinates gives (10).

Appendix B. General Force Calculation
Appendix B.1. Gravity
In the point mass model, the gravity force for the i-th point is [45]
PRy

grav
R (A8)
g

Hereinafter, bold stands for the vector and regular for modulus of the vector
IRy ;| = R;. The hub general force vector is [46]

Rs
grav —umg -3
( F > _ RS (A9)

S
grav 3
Mg R*%Rs x JsRs

where y is the Earth gravity parameter. The corresponding vector for the flexible element is
derived under py; < 1i; < Ry ;. Thus,

Rei 1 Rk+(rk,i+9k,i) o 1 Rk+(fk,i+Pk,i)
3 = %3 32~ 3 3
Rii R Ry (14 +pp) ('k,iﬂ’k,i)z R 14 Relrhiteri) (r+exi)
T2 2 (A10)

1%

i+ Pk 'R
Rii (Re + (rxi + pxi)) <1 - 3(rk'+;§)k)-
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Then,

rav Rei
F‘]i = —Zi:ymkri R%’i =~
/ r (A11)
T /H*p i R ~
S 71%;7}1](,,- (Rk + 15+ pk,,'> (1 — 37( L R% ) k> ~~ —RﬂzmkRk,

R +(rki+Pki)
. -) X Fgr‘av = — : -) X ORI =
Zi: (rk,z + pk’l) k,i Vzi: (l'k,z + pk,z) my i Rk+(rk,i+9k,i) ‘3

(ki 0k ) ¥Ry
— Z mk,l(rk,l , ~
¥ i |Rk+(rk,i+Pk,i)|3

T
i+tPki) Ru
—R%ﬂ i (ti + Pri) X Ry <1 _ glmitei) Ry w ) > = (A12)
1

%

= —R%mkpk X Ry + %Zmi((rk,i + ki) X Ry) (15 + pk,i)TRk =
1

3 ~
= *R%mkpk X Ry + R*ERk X Ji Ry,

T g8rav T Rei
LAGE T =~ Ay iy Ril_ ~
i i

T
ThitPki) R
~ —R%ZA,{imi(RkJrrk,ﬂr Pki) (1 _3lm L ) k> _
1

(teit Pk,i)TRk (A13)

= — LY AL mi; (R + 1 + pri) + 345 5 AL my Ry e
R} 5 R 5 R?

T
T /,-+p i R
+3Rﬁ£ZAlzimki (rk,i + pk,l-) 7( k R% ) k.
1
Finally, under u,,; < r,; < R, ;
_R%mkRk
3 -
o5 = _R%mkpk X Ry + ngRk X JiRe |. (A14)
—RﬁzmkA]sz

This value is used in the numerical simulation. Since modal variables are unknown
when control is being synthesized, the rigid body part of this vector is used:

_R%mkRk
rao
(I)§ = %Rk X JkRk . (A15)
0

It can be shown that under u,; < r,; < R, ;, the gravity gradient torque for the
whole system becomes

MS" — %R x JR, (A16)

where R is the radius vector of the center of mass and J is the inertia tensor of the unde-
formed system.

Appendix B.2. Solar Radiation Pressure

Solar radiation pressure (SRP) is considered to affect the solar panels only, since the
size of the hub is rather small, while the antenna has a lattice structure. Due to the small
deformations, only the “rigid” part of the solar radiation force is taken into account. The
force has the form [45]

2
= —Sk? (ni””, nzan) ((1 —a)n"" 4+ 2ap (ni“n,nfﬂn)nzan +a(l—p) (nzun + 3n£an)>, (A17)
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where S is the area of the panel, &y = 1367 W/ m? is the solar flux constant, c is the

speed of light, nj"" is the unit vector of the Sun direction (from satellite towards the Sun),

nimn is the panel normal, & and S are the reflectivity and specularity coefficients. It is also

considered here that (ni’m, n,f'm> > 0. Each panel is considered to be symmetrical, so the

net torque for each panel with respect to its center of mass is zero. Thus, the SRP effect is

=52 (g, nf™) (1= a)ng + 208 (ng, 0™ )0 + a(1— B) (nf" + 3nf™") )
0

Since the solar panels are almost identical and mounted, the symmetrical the net
torque is almost zero.
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