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ANALYTIC DESIGN OF THE OPTIMUM CONTROL SYSTEM FOR FIVE-DEGREE-OF-
FREEDOM STAND SIMULATOR OF THE SPACECRAFT MOTION

Abstract. In this paper it is proposed the methodology of analytic design of the optimum structure for stochastic control system used on multi-
degree-of-freedom stand simulator of spacecraft motion in the presence of deterministic and stochastic disturbances acting on it.
Keywords: stand simulator; stabilization system; frequency response; quality functional; synthesis algorithm; optimum structures; systems of 
stochastic.

Анотація. В роботі пропонується методологія аналітичного конструювання оптимальної структури стохастичної системи 
управління багатоступеневим стендом-імітатором рухів космічного корабля при детермінованих і випадкових впливах на 
досліджуваний об’єкт. 
Ключові слова: стенд-імітатор; система стабілізації; частотна характеристика; функціонал якості; алгоритм синтезу; 
оптимальна структура; стохастична система.

Аннотация. В работе предлагается методология аналитического конструирования оптимальной структуры стохастической 
системы управления многостепенным стендом-имитатором движений космического корабля при детерминированных и слу-
чайных воздействиях на исследуемый объект.
Ключевые слова: стенд-имитатор; система стабилизации; частотная характеристика; функционал качества; алгоритм 
синтеза; оптимальная структура; стохастическая система.

 Introduction 
The problem of professional training of operators to control 

aviation and space objects is definitely very important [1]. An 
operator is the only who takes the most difficult and responsi-
ble decisions on the object control, and not only the fulfillment 
of assigned mission depends on the accuracy of his actions for 
in-time finding and implementing the appropriate solution, 
but also the integrity of the object itself and safety of people in 
certain cases. Operator’s enhanced role in controlling complex 
dynamic objects raises the problem of upgrading methodical 
and technical means of operator training. Trainers and flight 
simulators with motion systems, which are widely used not 
only in aviation and astronautics but also in other fields, are 
among the most effective means of operator training, consider-
ing real operating conditions. Modern dynamic flight simula-
tors and disturbed flight trainers are complex multidimension-
al systems intended for operation in conditions of stochastic 
influences. One of the main purposes of such systems is provid-
ing dynamic conditions of real stochastically disturbed flight 
during ground tests and analysis of airborne control systems.

Normally, the scaled-down simulating systems combine 
the functions of simulators and trainers that make it possible to 
use the system as a flight simulator or a trainer as appropriate.

Problem statement 
Five-degree-of-freedom stand simulator of (manned) 

spacecraft real motions is a necessary and complex test sys-
tem for preflight training of astronauts. As a rule, such stand 
simulates translational motions of the object height and one of 
linear horizontal coordinates, as well as rotary motions of the 
object heading, pitch and roll. Figure 1 below shows kinematic 
scheme of the spacecraft stand simulator suspension. Transla-
tional coordinates of the stand motion are shown as z and y, 
and rotary motions are shown as  ψ, ϑ and γ.

1. The axis of rotation γγ coincides with the axis xx. 
2. The axis of rotation ϑϑ is directed along the axis yy. 
3. The cabin also rotates about the axis yy.
4. The fifth motion is performed by rotation of the arm 

5 together with the gimbal suspension and the cabin about the 
vertical axis zz.

It should be noted that the action of all five coordinates 
of the stand simulator motions as perceived by the astronaut 

 

ϑ
Fig. 1. Kinematic scheme of the suspension of five-degree-
of-freedom stand simulator of the spacecraft flight
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during training are actually concentrated in the point of sitting 
located on the inner platform of the gimbal suspension and 
are perceived by the astronaut in complex. This circumstance 
actually defines the nature of perception of the stand simulator 
motion actions by the astronaut.

Control paths for any of five coordinates of the stand are 
similar to a considerable extent. It is expedient to upgrade any 
of them as follows [2]. Figure 2 below shows flow chart of any 
of five upgraded paths, ζ for example.

Fourier-transformed differential equation that describes 
transformation of the input signal uζ into the output signal ũζ 
has the following form:

The following elements are introduced into the equation (1): 
 is frequency response of the setter of program uζ for the stand 

simulator motion along the coordinate ζ;  is frequency response 
of servo actuator in the examined path of the stand simulator mo-
tion; ϕ0ζ is frequency response of the disturbance signal for setting 
program uζ ; is the evaluation of frequency response of the 

disturbance signal ϕ0ζ as per results of the path testing;  is the 
difference in frequency response of disturbance signals ϕ0ζ and 

 . Frequency response of the vector of signals  for the stand 
simulator motion program setting has the following form [3]:

The system of Fourier-transformed and linearized differen-
tial equations of the stand simulator motion has the following 
form:

it defines the flow chart of the spacecraft motion stand simulator 
as follows (Fig. 3):

It is expedient to introduce the following designations:

where Ф10 and Ф20 are frequency response matrices of the 
stand simulator for control and disturbance.

Considering the designations (4), the system of differential 
equations (3) can be written in the following form:

Flow chart of the stand simulator control system consid-
ering the upgraded input paths of the motion program setting 
and the upgraded paths of measurements of the output signal 
vectors of the control object is shown in Figure 4.

Frequency response of the equivalent vector of control sys-
tem disturbance when reducing it to the stabilization system is 
as follows:

The equivalent flow chart of the stand simulator motion 
stabilization system will have the following form (Fig. 5):

It is expedient to introduce the following designations:

and also the equation of constraints of matrices:

and the expression:

Fig. 2. Flow chart of upgraded path for setting the stand 
simulator motion program uζ (index «~» marks the 
elements to be adjusted during the path testing

Fig. 3. Flow chart of the spacecraft motion stand simulator 
as the control object (here g = 1 if action  is determinate 
and g = Δ (white noise) if action  is random stationary)

Fig. 4. Flow chart of the coordinate control system of the 
spacecraft motion stand simulator 

(1)

(4)

(5)

(6)
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Fig. 5. Equivalent flow chart of the stand simulator motion 
stabilization system
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Synthesis of the optimized structure of the regulator in 
the equivalent stabilization system of the spacecraft motion 
stand simulator under determinate actions 

Substitution of expressions (9) and (10) into the functional 
(11) presents the functional in the following form:

The problem of synthesis of the optimized (or optimum) 
structure of the regulator in the equivalent stabilization system 
of the stand simulator motions under determinate actions can 
be solved using Wiener-Kolmogorov method [4]. The first vari-
ation of the functional (16) has the following form:

The following designations are introduced into the varia-
tion (17):

 
and

Considering the designation (18), the variation (17) will 
take the following form:

Frequency response of the simulation error signal vectors 
under determinate actions will have the following form:

The simulation quality index (quality functional) under 
determinate actions has the following form:

The quality functional of the spacecraft motion simulation 
under random stationary actions has the following form:

where  and  are spectral density matrices of vectors  
and .

By analogy with the expression (9), frequency response of 
signal vectors  and  has the following form:

and the transposed matrices of spectral densities of signal vec-
tors  and  are as follows:

(10)

(9)

(11)

(12)

(13)

(16)

(17)

(18)
(14)

(15)
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and the condition of approximate equality of the variation to 
zero will be as follows:

The synthesis algorithm for the optimum structure of ma-

trix  has the following form:

The equation of constraints of matrices  and  is as fol-
lows:

and the optimized structure Ŵ0 of the regulator in the stabiliza-
tion system will have the following form:

Thereby, the set problem of synthesis of the optimized 
structure of the regulator is solved.

Partial version of the problem of synthesis of the opti-
mum structure of the regulator in the equivalent stabiliza-
tion system of the spacecraft stand simulator motions under 
determinate actions

Let all features of signal vector  lie in only left half plane 
of complex variable  Then the first variation (17) can be 
rewritten as follows:

The following designations are introduced into the varia-
tion (20):

Considering the designations (21), the variation (20) will 
take the following form:

and the condition of equality of the variation (20) to zero will 
be as follows:

The optimum structure of matrix  will have the following 
form:

where sign «#» is the symbol of the vector pseudo-inversion. 
As per Gantmaher [2], pseudo-inversed vector  complies 

with the following expression:

 
where

     т. е.

Thereby, the optimum structure of matrix  should be 
written as follows:

The equation of constraints of matrices  and  will have 
the following form:

and the optimum structure of the regulator  in the equiva-
lent stabilization system of the stand simulator motion has the 
following form:

Synthesis of the optimum structure  of the regulator 
in the equivalent stabilization system of the spacecraft stand 
simulator motions under random stationary actions

The problem of synthesis of the optimum structure of the 
regulator in this version can be also solved using Wiener-Kolm-
ogorov method. The matrices (14) and (15) shall be substitut-
ed into the stabilization quality functional (12). After this the 
functional (12) will take the following form:

The first variation of the functional (25) has the following 
form:

(19)

(20)

(23)

(24)

(25)

(26)

(22)

(21)
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The following designations are introduced into the varia-
tion (26):

Using the designations (27), the variation (26) will take the 
following form:

and the condition of equality of the variation (26) to zero will 
be as follows:

The synthesis algorithm for the optimum structure of ma-

trix  should be written as follows:

The equation of constraints of matrices  and  has the 
following form:

The optimum structure of the regulator in the equivalent 
stabilization system of the stand simulator motion is defined by 
the following expression:

Hereby, the problem of synthesis of the optimum structure 
of the regulator  in the equivalent stabilization system of the 
stand simulator motion is solved.

Conclusion
This paper provides a practically effective methodology of 

analytic design of the optimum stochastic control system of five-
degree-of-freedom stand simulator of the spacecraft motion. The 
stand simulator is required for preflight training of the spacecraft 
crew.

This paper addresses and strictly solves the issues of synthe-
sis of the optimum structures of regulators in control systems 
under determinate and random stationary actions on examined 
objects.
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ПОБУДОВА ТА ДОСЛІДЖЕННЯ МОБІЛЬНОГО 
АВТОМАТИЧНОГО ВИМІРЮВАЧА УХИЛІВ

Анотація. Безпека здійснення етапів зльоту і посадки повітряних суден значною мірою залежить від нерівностей і кутів нахилу 
злітно-посадкової смуги (ЗПС) в поперечній і поздовжній площинах. Вимірювання нерівностей і ухилів ЗПС є досить трудомістким 
процесом. Тому важливим і актуальним є розробка пристроїв, які б дозволили механізувати і частково автоматизувати процес 
вимірювання нерівностей і ухилів ЗПС.
Ключові слова: злітно-посадкова смуга, нерівності, ухили, вимірювач, акселерометр, гіроскоп, мобільний.

Аннотация. Безопасность осуществления этапов взлета и посадки воздушных судов в значительной степени зависит от неровно-
стей и углов наклона взлетно-посадочной полосы (ВПП) в поперечной и продольной плоскостях. Измерение неровностей и наклонов 
ВПП являются достаточно трудоемким процессом. Поэтому важным и актуальным является разработка устройств, позволяю-
щих механизировать и частично автоматизировать процесс измерения неровностей и наклонов ВПП.
Ключевые слова: Взлетно-посадочная полоса, неровности, наклоны, измеритель, акселерометр, гироскоп, мобильный.
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