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Abstract—The possibility of using system state observers in the orientation and stabilization systems of
small space vehicles is considered. A comparative assessment of systems with a system state observer and
classical execution is carried out. For comparison the criteria of stability of automatic systems, criteria for
assessing quality in steady-state and transient modes of operation, criteria for assessing quality under the
action of random disturbing influences were used. The method of mathematical modeling is used as a
research method. For its implementation, mathematical models of systems and their components have been
developed. Simulation is done in state variables. The synthesis is based on the apparatus of modern control
theory. It has been established that the use of a system state observer in the orientation and stabilization
systems of small space vehicles will not only reduce their weight and dimensions, increase their reliability
and reduce the cost of components, but also provide practically the same control quality indicators as in the

classical version.

Index Terms—Small space vehicle; orientation; stabilization; state vector; system state observer; matrix;
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gyrodyne.
I. INTRODUCTION

Aerospace technologies has had an increasing
impact in recent decades on the economic and social
development of states and societies, finding wide
application in communications, agriculture and
forestry, cartography and geodesy, geological
exploration, hydrometeorology, transport, for the
prevention and elimination of emergencies.
Aerospace systems are becoming a key element in
ensuring the security of the state.

The emergence of a new class of spacecrafts —
small space vehicles (SSV), allows you to move from
grand space projects to inexpensive — monitoring,
information gathering, surveillance, etc., which is
fully accessible to a wide range of countries and
individual consumers.

To perform the tasks on the SSV set the payload,
onboard equipment. The main problem when using
SSV is to ensure control accuracy. Because the SSV
orientation and stabilization systems must include
amplifiers, control units, orientation sensors,
executive bodies, when creating an SSV it is
necessary to decide on the choice of highly efficient
orientation and stabilization system taking into
account restrictions on their energy consumption,
size, weight and cost. On the other hand, not all SSV
will have to return to Earth after completing the tasks
assigned to them. And this is an additional cost for the
production of equipment to create new samples of

small space vehicles.

In this regard, in order to reduce the weight and
dimensions of the SSV, increase their reliability and
reduce the cost of components promising direction of
SSV development may be the creation of automated
systems of orientation and stabilization (ASOS) with
the use of system state observers.

II. PROBLEM STATEMENT

It is known that the control principle of the SSV is
the formation of the input vector u (t) — with a change

in the output vector y(t) of the system (Fig. 1).

u(r) SSV Y(f)
L x(1) J
ASOS

Fig. 1. The principle of SSV management

However, it may be that not all of the required
SSV state variables can be determined directly, or it
is impractical to do so using equipment that should be
placed on board the SSV. Therefore, they can be
evaluated on the basis of measured parameters using
equipment located, for example, in the flight control

center. The results of the lack of information
assessment can be used to implement SSV
management.

A system state observer that evaluates all variable
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states of the SSV is called a full-order observer.
During the implementation of the law of
management, it is enough to place the observer in the
control loop of the SSV. Then the signal coming to
the input of the automated system of orientation and
stabilization, will be a combination of all its state
variables (Fig. 2a).

If some of the state variables remain available for
measurement by sensors, a low-order observer can be
implemented. In Figure 2b shows a control model of
the SSV with a low-order observer.

u(r) SSV () u() ssv y()
x(1) x(1)
Observer Observer
x(1) x(1) !
< ! |
ASOS | ASOS |<—1
a) b)

Fig. 2. SSV with a system state observer: «) is the full
order; b) is the reduced order

In connection with the above, the development of
a system of orientation and stabilization of the SSV
with a system state observer and its comparative
assessment with the classical one is of some interest.

III. PROBLEM SOLUTION

Consider a symmetrical small space vehicle, an
integral part of which is the gyrodyne — a three-stage
power gyroscope, acting as a gyrostabilizer.

The orientation of the SSV is controlled due to the
fact that the outer frame of the gyrodyne is the body

of a small space vehicles on which the gyrodyne is
placed. The block diagram of SSV with gyrodyne is
shown in Fig. 3.

Fig. 3. Structural diagram of SSV with gyrodyne:
k=1/J, isthe static transfer coefficient of SSV;

ky = l/ﬁ T=J, /f‘ are transferable coefficient and time
constant of the inner frame of the gyrodyne

Small space vehicles angular orientation and
stabilization systems consist of various elements,
each of which can be described by differential
equations and obtain their structural images. The
composition of structural images of the equations of
the elements that make up the system will be
equivalent to the structural image of the linear
differential equation of motion of the system itself.
According to [1], Fig. 4 shows a mathematical model
of the automated system of angular orientation and
stabilization of the SSV.

Assuming the errors of the gyroscopic angle
sensor values of the second order of smallness, after
turning the contour of the control object, we obtain
the calculated model of the system of orientation and
stabilization of the SSV (Fig. 5).
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Fig. 4. Mathematical model of the automated system of orientation and stabilization of SSV: k. /T s +1,
k;/Tes+1 are transfer functions of the gyroscopic angle sensor; A is the main kinetic moment of the gyroscope of the

gyroscopic angle sensor; (H/C,)/Ts> + T,s +1 is the transfer function of the gyroscopic speed sensor; X, ,

K, are gain

coefficients of rotating transformers of sensors of an angle and speed; (K, /R, )/T;s+1 is the transfer function of the

aiming electromagnet; K, is the transfer function of the electronic amplifier

In order to obtain more information about the
studied system of angular orientation and

stabilization of the SSV and more efficient design,
the transition to its description in state variables was
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performed. Modeling of ASOS in state variables was
performed on the basis of the classical model (Fig. 5)
in two stages.
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Fig. 5. Calculation model

First, the transfer function (1) of the open circuit,
including an electronic amplifier, a guidance
electromagnet and an SSV with a gyrodyne, was
calculated.
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Based on the transfer function (1), the simulation
of an open system is performed.
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Fig. 6. Block diagram of an open-loop system

It remains, following the rules of modern control
theory, to add to the model the main feedback on the

angle of rotation of the SSV, realized through £

rta
and local feedback on the speed of deviation of the
SSV, realized through -k, H/C, ( T,,T, time
constants will be considered second-order values).
The block diagram of the closed ASOS in state
variables is presented in Fig. 7.
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Fig. 7. Block diagram of a closed-loop system

The model (Fig. 7) makes it possible to find the
matrices of coefficients A, B input and C output

of the linear matrix equation of the closed ASOS SSV

X = A B39
X X+ s @
9 =Cx.
We find
[0 1
0 0
Af =0 0
_krta _12 _krtsH/Ct
L 0
0 0 |
1
0 1 )
(L+T)  (LL+T)
0
0
C — kotakealzcm kCO 0 0 0 R B — .
LT'R 0

1

The simulation results based on the obtained
model are shown in Fig. 8.

Step Response
From: Step To: Integrator

linsys1

Fig. 8. Dynamics of ASOS behavior based on
simulation results

The analysis of the obtained data allows us to
conclude that it is necessary to optimize the model in
order to ensure the dynamics of the system behavior
in accordance with the requirements of the technical
conditions for SSV.

In the synthesis for the purpose of optimization,

the control law is defined as u(¢)=-Kx(r), where
K is the vector of dimension (1><4) of constant

coefficients. Thus, the signal coming to the ASOS
input is a linear combination of all its state variables.
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The task of the synthesis was to determine the
desired position of the roots of the characteristic
equation of the system and find the coefficients K,
that provide it.

Ackermann's formula was accepted as an
algorithm for calculating the matrix

K=[0 0 0 1][A AB A’B A'B] 4,(A).

where 4;(A)=A*+a,A’+a,A’ +aA+al is a
matrix polynomial formed by using the coefficients
of the desired characteristic equation.

We know the matrices A and B of a small space
vehicle

1 0 0
0 0 1 0 0
A=10 0 0 1 ,B= 0 )
. 0
-1 (n+1) (Bh+TY) |

LT} LT} I,T}

The coefficients of the desired characteristic
equation of the system may be found from the
transfer function of the desired system

34.67
VVd(S): 4 3 2 2
s"+8.67s” +30s” +44.44s +34.67
which provides the optimal dynamic characteristic
shown in Fig. 9.

Step Response
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— linsys1
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Fig. 9. Optimal dynamics of ASOS

As a result of the performed calculations, we find the
components of the matrix

T.T +T;
=2 208,
LT
3)

LT,
1
K,=———=17.77;
T,

3

5=
372

K, =34.67.

The model of the optimal ASOS SSV in the
application package takes the form shown in Fig.10.

Fig. 10. Model ASOS in Matlab

Let's now move on to ASOS with a system state
observer.

Suppose we have an SSV controlled by the
original coordinate. The equations of its motion have
the form

x=Ax+B3,
9=Cx.

It is necessary to obtain an estimate of the SSV

4)

state vector X(t) , which we denote as i(t) The

functional diagram of the state vector estimation is
shown in Fig. 11. In the evaluation process, all
available information can be used, i.e. the input signal

9,(¢), the measured value of the output () and
the matrices A, B, C.

5(1)

SSV] 490, [Observer

X  x()

Fig. 11. Functional diagram for estimating
the SSV state vector

x(1)

——

»
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Since the system state observer must have the same
dynamics as the SSV, we will write its equation as

x(t)=Fx(¢)+HY, (1)+Gy(t). (5)

Matrices F, H, G should be chosen so as i(t) to

give an accurate estimate X(t). Then in the control

system the vector can be used in the formation of the
control law

9, (1) =-Kx(z).

Equations for determining matrices F, H,G can
be obtained in different ways. Let's use the method of
transfer function. Its essence is that the transfer

function from the input 9, () to the variable state of

the observer x,(¢) must be equal to the transfer
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function from the input 9 (7) to the variable state
x,(t), ie.

)?i(s):‘](s) i=1,2,3,... .

The Laplace transform of equations (4) gives
sX(s)=AX(s)+BJ,(s)
J (S) = CX(S).

Solve these equations for X(s):

X(s)=(sI-A)"'BJ (s), (6)

; X(s) . .
where (sI-A) 'B= Q is the matrix transfer
75 (s)
function.
Transforming the system state observer equation
(5) according to Laplace, we find its matrix transfer
function

X(s) (sT—F)’ [H +GC(sI-A)’ B} . (D

We equate the matrix transfer functions (6), (7)
(s1-A)"B=(s1-F)' | H+ GC(s1-A)'B]

and find the system state observer matrices
F=A-GC; H=B. (8)

With the selected values of the matrices, the
matrix transfer functions of the SSV and the system
state observer will be equal regardless of the
matrix G

(51 A)' B=(s1- A+ GC)' B[1+GC(s1-A)' ]

=(s-A)'B=IB(s[-A)".
On the basis of (5) and (8) we find the equation of
the system state observer

x(t)=(A-GC)x(1)+ B3, (1)+G3(¢),

where G matrix is to be determined.

When implementing the control law of the SSV,
the observer is placed in the control circuit, and the
signal received at the input of the automatic control
system is a combination of all variables of the SSV
state.

It is easy to show that the state estimation error has
the same dynamics as the system state observer.

Thus, the task of observer synthesis is only to
determine the matrix G by the desired characteristic

polynomial A4 (s) of the observer and the known

A and B matrices of SSV.
We find the characteristic equation of the system
state observer

det(s1- A +GC)=0.

Since the speed of the observer should be in 2-4
times higher than the speed of the system [2] then we
choose his desired characteristic equation

Ay (s)=5"+26,01s’ +90s> +133,325 +104,01.

Then the matrix G can be found from the
equation

det(sI-A + GC) =Ay (s) .

In the end, we get the result

1
C

CA
CA?
CA’

G=4,4(A)

- o o O

where A4, (A) is a matrix polynomial formed by
using the coefficients of the desired characteristic of
the system state observer

A (A)=A*+26.01A° +90A” +133.32A +104.011 .

After calculating all the required matrices and
determine the matrix G
0.006
0.569
-3.493 |
21.548

Since the matrix G is known, we find the final
equation of the SSV system state observer

X, 0.14 1 0 o %
x| | -11.832 0 1 0 |x
% 72.656 0 0 Illx
: ~469.007 -26.67 -12 -7.87]x,
L4 ]
0 0.006
0 0.569
+ 9, +
0 -3.493
1 21.548
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The last algorithm allowed us to simulate the state
observer and conduct research on its capabilities as
part of the orientation and stabilization system of the
small space vehicles.

Let us transform the linear matrix equation of the
system state observer of the ASOS SSV into a system
of four equations

x, =0.14x, +x, —0.0069,

X, =—11.832x, +x; +0.5699,

Xy =72.656x, +x, —3.4939,

Xy =—469.007x, — 26.67%, —12%; — 7.87%, + 9, +21.5489.

The system of linear equations allows you to build
a model in the Matlab application software package.
The model is shown in Fig. 12.

z[:| || 68 :g

<|- Gand
=T J Gar
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Fig. 12. System state observer model

According to the structural diagram (Fig. 6), we
simulate the SSV open-loop orientation and
stabilization system. The model is shown in Fig. 13.
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Fig. 13. Model of the SSV open-loop orientation and
stabilization system

Based on the models (Figs 12 and 13), in
accordance with the scheme (Fig. 2a) of placing the
state observer in the system, taking into account the

formation of the control law u(t) :—K;((t) and the

values (3) of the matrix K components, we develop
a complete model of an automated system of
orientation and stabilization of a small space vehicle
with a system state observer. The model is shown in
Fig. 14. Here, the models of the open-loop orientation

and stabilization system, as well as the system state
observer, are reduced to the level of subsystems.

The developed models (Fig. 10 and Fig. 14) made
it possible to carry out a comparative assessment of
the orientation and stabilization systems of a small
space vehicle with a system state observer and in the
classical version.

SSV open-loop orientation
and stabilization system

Scope

System state observer

Fig. 14. ASOS SSV model with a system state observer

Criteria of stability of automatic systems, criteria
of an estimation of quality in steady and transient
operating modes, criteria of an estimation of quality
at action of casual disturbing influences were used as
criteria of comparison.

Figure 15 shows the fields of zeros and poles of
the systems under study. The upper field corresponds
to the ASOS with a system state observer, the lower
one — to the classical one.
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Fig. 15. Fields of zeros and poles

The analysis of the given material shows that the
margin of stability of ASOS with the system state
observer is 9% higher, than in classical. The
dynamics of the systems is similar.

Since the tracking mode for ASOS is the main one
when adjusting the angular orientation of the SSV
according to the signals of the Flight Control Center,
the estimation of tracking errors 6, (¢) of the studied
systems was performed. The laws of change in time
of the control signal 9, () and the output signals of

the ASOS with the system state observer 9 () and
the classical 9 (t) are given in Fig. 16.
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Fig. 16. Characteristics in the tracking mode

The discrepancy of tracking errors for the
considered systems does not exceed 0,2%.

The dynamics of the systems is illustrated by the
transient and impulse transient characteristics
obtained during the experiment. The characteristics
are shown in Fig. 17. They confirm the preliminary
conclusion about the similarity of the dynamic
processes of ASOS.

It has been established that the control signal
response time in the ASOS SSV with the system state

observer is slightly higher than the analogous
indicator of the classical ASOS. On the other hand,
the regulation time of the ASOS of the small space
vehicle with the system state observer is less than in
the classical one. The over-regulation in the ASOS
with the system state observer is 5%, in the classical
- 12%.

Since the authors did not have accurate
information about random perturbations, an
assumption was made about their unlimited power. In
the theory of automatic control, the role of a random
process with infinitely high energy is played by the
so-called white noise. If for the selected worst
operating conditions of the SSV as a result of
research satisfactory results are obtained and the
characteristics of the ASOS will remain within the
norms of the technical conditions, we can assume that
they will be no worse in other random perturbations.

The spectral densities of the SSV ASOS reactions
to white noise are shown in Fig. 18.

Tie [saconds)
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Fig. 17. Dynamic characteristics of ASOS SSV: («a) is the transient; (b) are pulse transients
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Fig. 18. Spectral densities of output signals

It was found that the frequency spectra of the
ASOS with the cucrem state observer and the
classical one coincide. At the same time, the
root-mean-square value of the error of the system
with an observer is only 0.8% higher than that of the
classical ASOS.

IV CONCLUSIONS

The use of small space vehicles (SSV) makes it
possible to implement low-cost projects - monitoring,
data collection, observation of the terrain, etc., which
is quite accessible to a wide range of states and
individual consumers.
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A promising direction in the development of SSV REFERENCES
can be the creation of automated orientation and
stabilization systems (ASOS) with the use of system
state observers.

The developed mathematical models of ASOS [2]
allowed to carry out a comparative assessment of the
system of classical construction with the system,
which includes a system state observer.

According to the research results, it has been
established that the use of a system state observer in
the orientation and stabilization systems of small
space vehicles will allow not only to reduce the
weight and overall dimensions of the small space
vehicle, increase their reliability and reduce the cost
of components, but also provide practically the same
control quality indicators as in the classical version. Received June 21, 2021
ASOS.
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0. K. Abuecimos, A. O. I1bo6a. OpienTanisi Ta cTadinizaniss MAJINX KOCMIYHUX anapariB

PO3riissHyTO MOXJIMBICTB 3aCTOCYBaHHS Yy CKJIaJli CHCTEM OpIi€HTamii Ta crabimi3arii MaluX KOCMIUHHX arapatiB
criocTepirayiB craHy. BUKOHaHO MOPIBHSIIBHY OILIIHKY CHCTEM i3 CIIOCTEpirayeM CTaHy Ta KJIaCHYHOTrO BUKOHaHHS. Jlyist
TIOPiBHSHHSI BUKOPUCTOBYBAIIUCS KPUTEPIT CTIMKOCTI aBTOMaTUYHUX CUCTEM, KPUTEPii OLIIHKHU SKOCTi B BCTAHOBJICHHX Ta
MepexiIHIX peXUMax poOOTH, KPHUTEpil OLIHKM SKOCTI NMpH Aii BUIAJKOBUX BIUIMBIB, IO OOYprOIOTH. SIK Meron
JIOCITI/PKEHHS] BAKOPUCTOBYETHCSI METOJT MaTEMaTHYHOT0 MoieroBanHs. J1Jist oro peanizauii po3po0iieHo MaTeMaTHYHI
MOJIETTI CHCTEM Ta iX KOMIIOHEHTiB. MOJeNOBaHHsS BUKOHAHO B 3MIHHUX craHax. CHHTE3 IPYHTYETbCS Ha amapari
Cy4JacHOI Teopii yrpaBiiHHs. BCcTaHOBIICHO, 110 3aCTOCYBAaHHS CIIOCTEpiravya CTaHy B CHCTEMax Opi€HTaIlii Ta cTa0imi3arii
MaJIMX KOCMIYHUX arapaTiB JO3BOJIHUTH HE JIMIIE 3HU3UTH IX Maco radapiTHI NOKa3HUKY, ITiABUIINTH IXHIO HAIIIHICTb Ta
3HU3UTH BapTiCTh KOMIUIEKTYIOUMX, a i 3a0e3NeYUTH MPaKTUYHO Ti K TOKAa3HUKU SIKOCTI KepyBaHHS, IO W Ipu
KJIACHYHOMY BUKOHAHHI.

Karwu4oBi cioBa: Manuii KocMiuHMI amapaT; OpieHTalis; cTa0inizalis; BEKTOp CTaHy; CIOCTepirad CTaHy CHCTEMU;
MaTpuisl; mepenatHa (YHKINS;, XapaKTEPUCTHYHE DPIBHSHHS; MOJEJb; IOJIHOM; 3aKOH KEpyBaHHS; IiJICHCTEMa;
CTPYKTypHa CXeMa; TipOJIUH.

AbuecimoB Ouekcanap Kocrsatunond. Kannuaar TexHiuaux Hayk. [Ipodecop.

Kadenpa aBiariiiHIX KOMIT FOTEpPHO-IHTErpPUPOBAaHHNX KOMILIEKCIB, HarlioHasbHbIH aBialiiHuii yHiBepcutet, KuiB, Ykpaina.
Ocgita: BilicbkoBa akaaeMis OpoHeTaHKOBHX Bilicbk, Mocksa, CPCP, (1971).

HamnpaBneHHst HayKOBOI [isUTBHOCTI: CHCTEMH aBTOMaTHYHOT'O KEPYBaHHSI.

Kinpkicts myomikarii: 308.

E-mail: alexander.ablesimov(@gmail.com

Hpoda Aptyp Osexcanapouy. CTyAEHT.

Kadenpa aBiamiifHux KOMIT FOTEpHO-IHTETPOBaHUX KOMIUIEKCiB, HanionansHuii aBiariiinuii yaisepcurer, Kuis, Ykpaina.
HampsiMm HayKoOBOi AisTIBHOCTI: CUCTEMH aBTOMAaTHYHOT'O KEpyBaHHS.

KinbkicTs myOsmikarii:2.

E-mail: arttsioba@gmail.com



36 ISSN 1990-5548 Electronics and Control Systems 2021. N 3(69): 28-36

A. K. Adaecumos, A. A. I{b00a. OpueHTAlUS ¥ CTAOWIN3ALMS MATBIX KOCMUYECKUX aNNnapaToB

PaccMoTpeHa BO3MOXKHOCTH TPUMEHEHHS B COCTaBE CHCTEM OpPHCHTAIMM M CTaOWIM3alMH MAaJbIX KOCMHYECKHX
anmapaToB HaONIOMATENCH COCTOSHMA. BEHITIONHEHA CpaBHHUTENbHAS OLIEHKA CHUCTEM C HaOIIOJATeNIeM COCTOSHUS U
KJIACCUYECKOr0 HCIoNHeHus. JJis CpaBHEHHS HCIIONb30BAJIUCh KPUTEPUU YCTOMUHMBOCTH ABTOMATHUYECKUX CUCTEM,
KPUTEPHUU OICHKH KauyecTBa B YCTAHOBHMBIIUXCSA M IMEPEXOIHBIX PEKUMax paOOThI, KPUTEPUHM OIICHKH KadyecTBa MpHU
JIEUCTBUU CIIYYalHBIX BO3MYIIAIONIMX BO3JEHCTBUN. B KadecTBe Meroma wHCCIeOBaHUS HCIIONB3YeTCS METO]
MaTeMaTHYeCKOro MonenupoBanus. [ ero peanmmzamuu pa3paOoTaHbl MaTEMAaTHUCCKHE MOICIH CHCTEM U HX
KOMITOHEHTOB. MoJienupoBaHue BBHITIOJTHEHO B MEPEMEHHBIX COCTOsHUA. CHHTE3 OCHOBAaH Ha almapaTe COBPEMEHHOM
TCOPUM YIIPABJICHHs. YCTAHOBJICHO, YTO IIPUMCHEHHEC HAONIOMATEIsI COCTOSIHUSA B CHCTEMaX OpHEHTAIMH W
CTaOWIN3alUU MaJbIX KOCMHYECKHMX AalllapaToB IO3BOJUT HE TONBKO CHU3HMTh MX MAaCCOra0apUTHBIC ITOKA3aTEeIH,
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