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Introduction
Thriving space technology is characterized by an increasing 

complexity of the tasks that must be solved by modern space vehicles 
(SV).1 Aside from improving the navigational accuracy, the spacecraft 
stabilization cross errors in the active phase must be reduced, which 
will also result in lower total characteristic velocities of the corrective 
impulses and, consequently, a reduction in the fuel required for 
the correction. When the correction speed impulse reaches 30, a 
reduction in the gross error during the corrective maneuver results in 
a proportional reduction in the required characteristic velocity during 
the next correction. Previous reports2,3 showed an improvement in the 
accuracy of roll stabilization in the active phase by one order results in 
a reduction in the total characteristic correction velocity for the Mars 
HX-1 spacecraft from about 20 to 2m/s, which corresponds to fuel 
savings of approximately 30 kg or an increase in the payload mass. 
Due to the relatively low weights of modern scientific instruments 
(about 3–8), even such a seemingly small increase in the payload 
weight can significantly extend the research and experimental 
program of the spacecraft.1

Objectives: The objective is to significantly increase the stabilization 
accuracy of the center of mass tangential velocities during the 
trajectory correction phases when using the “rigid” trajectory control 
principle. The time of the active phase in the corrective maneuvers, 
which is to be determined by the required velocity impulse, is not 
clearly determined in advance and is quite limited. Furthermore, a 
guaranteed approach to enable the estimation of the accuracy is always 
used in practice to solve targeting tasks. Thus, we seek to understand 
the maximum dynamic error of the transition process in terms of the 
drift velocity of the spacecraft to achieve accuracy of the spacecraft 
center of mass movement stabilization.4

Subject of research: The subject of this research was a center of 
mass movement stabilization system in the transverse plane during 
trajectory correction phases. The control actions could be created 
during the spacecraft trajectory correction phase using a high-thrust 
service propulsion system with tilting or by moving the combustion 
chamber in a linear direction. The spacecraft’s movement stabilization 

channel in the transverse plane is based on the feedback principle, 
which forms a closed deviation control system with the spacecraft.1

The angular stabilization channel facilitates angular positioning 
of the spacecraft when exposed to disturbing moments. The purpose 
of the center of mass movement stabilization channel is to ensure 
that the normal and lateral velocities of the spacecraft under the 
influence of disturbing moments and forces are near zero. In most of 
the known spacecraft stabilization systems,5-7 the control signal in the 
center of mass movement stabilization channel is generated based on 
proportional plus integral control laws based on the measurements 
of the tangential velocity of the center of mass ( )y z  and its integral-
linear drift ( )y z .  In the angular stabilization channel, the control 
signal is generated proportionally to the spacecraft deviation angle in 
the transverse plane ( )ϑ ψ and the angular velocity of the spacecraft 
rotation in this plane ( )ϑ ψ .

As we think, the required dynamic accuracy of the stabilization of 
tangential velocities in this system is achieved through the choice of the 
gains in the stabilization controller , , ,y yk k k kϑ ϑ

. If the requirements 
of the accuracy of the center of mass movement stabilization are stiff, 
the coefficients yk and yk



must be significantly increased.5 However, if 
these coefficients are increased up to the desired saturation, the system 
loses its motion stability. Further improvements to the accuracy of the 
spacecraft center of mass movement stabilization are impossible when 
this method of control is applied. This occurs because the increase in 
the gain values in the center of mass movement stabilization channel 
results in improved performance of the channel, and the frequencies 
of the processes occurring in it become close to the frequencies of the 
angular stabilization channel.1

To improve the correction accuracy, the following additional 
algorithm is used in practice. The improvement of accuracy in this case 
is achieved by partial compensation of the main disturbing factors:1 
eccentricity and thrust misalignment in the propulsion system already 
present in the initial moment of operation of the propulsion system. 
This algorithm is based on the assumption that eccentricity and thrust 
misalignment in the propulsion system (PS) change slightly toward 
the end of the active phase during the previous correction, and setting 
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the PS before a new active phase sets in progress ensures that the 
thrust vector goes approximately through the center of mass of the 
spacecraft, thereby considerably off-setting the disturbing moment. A 
similar algorithm was applied in the stabilization system of the Apollo 
spacecraft.7

The stabilization systems of the Titan IIIC, Kosmos-3M launchers 
also used subsystems that tracked the center of mass positional 
history and directed the thrust vector through the center of mass.8 The 
process of implementation of the described algorithm faces several 
challenges:9

a. Differences in the disturbing factors (moments and forces) during 
the previous and subsequent corrections result in additional errors 
in the stabilization of the tangential velocities of the spacecraft 
center of mass.

b. Due to the limited time of the active phase, deactivation of the 
PS during the previous correction may occur even before the 
completion of the transition processes in the stabilization system. 
As a result, the system will remember the deviation of the steering 
control, which was not final.

In addition to the introduction of additional control algorithms, 
there are other ways to increase the accuracy of the center of mass 
movement stabilization. It is well known that one way to achieve high 
accuracy in automatic control systems is to use the so-called invariant 
theory.10–12 The theory was developed by Shchipanov (1939), a Soviet 
scientist, who formulated the task based on “compensation of external 
disturbances.” At present, due to research conducted by the Soviet 
scientists Shchipanov, Petrov, Kulebakin, Kukhtenko, and others, the 
invariant theory represents a developed approach in the general theory 
of automatic control.9 One of the problems inherent in the synthesis 
of invariant control systems is the ability to implement such systems 
in most cases by the deviation control principle, which is the simplest 
and most widely used method in practice. Previous researchers13–15 

considered the possibility of constructing an invariant deviation 
control system with one adjustable parameter that included an inertial 
element and a servo control with feedback. The general provisions 
of the invariant theory proved that no absolutely invariant system 
can be implemented in this case because this requires the circuit with 
feedback to have an infinitely large gain.

As a rule, most invariant control systems are based on the use 
of the information about external influences. Such control systems 
belong to the class of combined regulatory systems. In particular, 
the combined systems constitute most invariant systems.16-22 There is 
another method for enforcing the implementation of the invariance 
conditions without application of combined regulatory techniques.23 
This method is based on the dual-channel principle, which means that 
to ensure the absolute invariance of some adjustable value toward 
external influences, invariance with respect to the above influence 
should be ensured between the point of the applied influence and 
the measuring point. To implement such a system, it is necessary 
that two influence distribution channels be present in the controlled 
element. Meeting the conditions of partial invariance significantly 
reduces the interactions between the angular stabilization channels 
and the center of mass movement stabilization channel, which is 
applied in stabilization systems.7,22,24–29 and does not allow significant 
improvements of the stabilization accuracy of the spacecraft’s drift 
velocity.

To improve the accuracy of the synthesized algorithms, we propose 
the application of self-configuring elements, which turn the operating 

device and X-axis of the spacecraft at angles recorded at the end of 
the previous active phase before a new active phase begins. Moreover, 
using of self-configuring elements in the synthesized invariant 
algorithms produces the maxi-mum effect for increasing the dynamic 
accuracy of the tangential velocity stabilization as compared to similar 
techniques in existing systems. This is because the dynamic errors of 
the drift velocity in the synthesized algorithms are largely deter-mined 
by the initial conditions of the transition process due to the partial 
invariance of the algorithms proposed, which can approach the values 
corresponding to the established model as closely as possible with 
the aid of the mentioned self-configuring elements. As was mentioned 
before, stability analysis of the synthesized control algorithms was 
provided, and the availability of stability margins in partially invariant 
systems was proven to be enough for practical implementation.16

In some spacecraft, an operating device with linear movement 
of the PS can be used (Figure 1). In such activation devices, the PS 
chamber moves linearly in the normal (side) plane relative to the 
X-axis of the spacecraft. The advantage of such an operating device 
is that linear acceleration is absent during the linear movement of the 
PS chamber perpendicular to the X-axis of the spacecraft, which can 
significantly improve the accuracy of the tangential velocities. The 
proposed study surveyed the possibility of using invariant algorithms 
for spacecraft stabilization using an operating device with linear 
movement of the PS.

Figure 1 Spacecraft with linear movement of the PS in the inertial coordinate 
system.

Synthesis of spacecraft’s partially invariant 
stabilization system using an operating device 
with a linearly moving combustion chamber

Like the case of the stabilization system with the rotation of the 
operating device (OD), the conditions for the partial invariance of the 
center of mass tangential velocity relative to the disturbing moment 
and the disturbing force are the lack of feedback from the control 
actuator and the absence of an angular deviation error signal for the 
object.

We analyzed the physical reliability of the stabilization system, 
which was partially invariant with respect to the disturbing moment 
and force, for a spacecraft with linear movement of the PS. For the 
spacecraft type being considered, a system of equations describing the 
behavior of the closed-loop stabilization system is as follows:   
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We used the same variable designations as in previous reports.31,33–35 
We used a new type of OD in this system of equations, and thus, we 
introduced the linear displacement h of the operating device instead 

of the deviation angle δ. Instead of using coefficient   the angular 
acceleration of the spacecraft was determined based on the linear 
movement of the OD. Instead of using coefficient, hCϑ ,the angular 
acceleration of the spacecraft was determined based on the linear 
movement of the OD. Since the linear movement of the OD does not 
cause linear acceleration perpendicular to the X-axis of the spacecraft, 
the equation lacks a term proportional to the OD movement. The 
block diagram for the stabilization system under study is presented 
in Figure 2.

Figure 2 Block diagram of the spacecraft centre of the mass stabilization system with linear movement of PS (Nomenclature:   C_y_delta, yC δ ;C_y_upsilon, 
;yC ϑ C_upsilon_delta, ;hCϑ W_AS, ;ASW W_CM, ;CMW k_CA, ;CAk k_FB, ;FBk y_dot, ;y Upsilon1,

1
;ϑ Upsilon, ϑ )

Invariance conditions with respect to disturbing influences are 
expressed as follows:

                            

1 0,y CA
OD

C K s
Kϑ

 
+ =  

 
                                   (2)

                      

2 1s 0.CA h OD
CA

K s C W
K ϑ

 
+ + =  

 
                          (3)

From these equations, we obtain the following:

                               
0, .OD CA

CA

sW K
K

= = −                                   (4)

To physically realize an invariant system, the following condition 
must be met:30

                                         open 0,loop−∆ ≠                                      (5)

where open loop−∆ -  the open system determinant.

Using Equation (1), open loop−∆ can be expressed as follows:

               

2
open

1s .loop CA h OD
CA

s K s C W
K ϑ−

  
∆ = + +      

               (6)

When conditions (2) and (3) are met, Equation (6) is identically 
zero. From this it follows that in this stabilization system, the absolute 
invariance is not simultaneously feasible for the moment M and force 
F. The physical explanation of the impossibility of the synthesis of 
an absolutely invariant system in the case under consideration can 

be understood from the analysis of the block diagram (Figure 2). It 
follows from this diagram that in contrast to the system with rotation 
of the OD,32,33–35 some distribution channels are absent even for one 
disturbing effect in a system with linear movement of the operating 

device. This is due to the lack of a link yC
s
δ .

We investigated whether it was possible to synthesize a system 
that is partially invariant with respect to the disturbing moment and 
force using an approach proposed previously.35 In this approach, the 
conditions of absolute invariance are replaced with the conditions of 
partial invariance to determine the physical feasibility of the system. 
Thus, we considered the fulfillment of conditions (2) and (3) with 
respect to the disturbances themselves and not their derivatives. 
In this case, the invariance conditions (2) and (3) are as follows:

;y CA h ODC K C Wϑ ϑ .

Thus, the partial invariance conditions are as follows:

                                              0,CAK =                                         (7)

                                        0 0.OD sW kϑ→ = =                                 (8)

As in the case of the stabilization system with rotation of the OD, 
the conditions for partial invariance of the centre of mass tangential 
velocity relative to the disturbing moment and force are the lack of 
feedback from the control actuator and the absence of an angular 
deviation error signal for the object.

The stability of such a system is studied in more detail. The 
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characteristic equation of the system accounting for the invariance 
conditions (7) and (8) is as follows (excluding dynamic delay of the 
stabilization controller):

              

4 3 21 0 0 0.h yh h y
CA

s s C k s s C C k
K ϑ ϑϑ+ + + + =




                (9)

It follows from this characteristic equation that this stabilization 
system is unstable because there are zero coefficients in the 3rd and 
the 1st degrees s. To provide stability, it is necessary to introduce 
second derivatives of the object deviation angle 2k sϑ and the centre of 
mass drift velocity derivative yk s



into the control system. In this case, 
the characteristic equation is as follows:

    

4 3 21 0.h h yh h y yh h y
CA

s C k s C k s C C k s C C k
K ϑ ϑ ϑ ϑϑ ϑ+ + + + =

 
 

    (10)

As in the case of an invariant stabilization system, this system 
is “rough”,32,35 since the fulfillment of the invariance conditions
( )0; 0CAK kϑ= = does not lead to a decrease in the order of the 
characteristic equation. Consequently, enough degree of stability of 
the system can be provided by selecting the parameters for the control 
action. The block diagram of the stabilization system with linear 
movement of the OD corresponding to Equation (10) is presented in 
Figure 3.

Figure 3 Block diagram of a partially invariant spacecraft centre of the mass stabilization system with linear movement of OD (Nomenclature:   C_y_delta, yC δ  
; C_y_upsilon, ;yC ϑ C_upsilon_delta, ;hCϑ  k_ips_dot_S+k_ips_2dot_S, ;S kkϑ ϑ+



k_y_dot+k_y_2dot, ;y yk k+
 

k_CA, ;CAk k_FB, ;FBk y_dot, ;y Upsilon1,

1
;ϑ Upsilon, ϑ ).

In summary, the use of a “non-standard” approach for the synthesis 
of an invariant control system, as proposed previously,35 allows a 
partially invariant stabilization system to be synthesized for the given 
type of spacecraft, while from the point of view of the “traditional” 
approach,32,33‒36,38,39 an invariant stabilization system is not feasible in 
this case.

Modeling transition processes in partially 
invariant spacecraft center of the mass 
motion stabilization system with linear 
movement of the operating device

To compare the accuracy of the spacecraft’s transverse velocity 
stabilization from the standard and invariant control algorithms 
in the stabilization system with linear movement of the PS, we 
constructed a mathematical model. The modeling was performed in 
a similar manner to the modeling of the stabilization system with the 
rotation of PS.31-35 Accounting for the above changes, the structural 
schemes of the partially invariant and typical stabilization systems 
used in the mathematical modeling31,35 are subject to corresponding 
transformations. In these diagrams, the disturbing moment is provided 
by the equivalent linear movement of the Mh , and the disturbing force 
by the equivalent angle of deviation of spacecraft’s X-axis Fϑ .    

For the modeling, we used real parameters of the stabilization 
system of the simulated automatic interplanetary station discussed 
previously36 corresponding to the third and final correction section 
(Table 1) as parameters for the control object, servo controller, and 

disturbance and stabilization controller (for a standard system). The 
parameters for the stabilization controller for the invariant system 
(Table 2) were chosen based on the method described previously.36 The 
selection of these parameters for the spacecraft under consideration is 
described elsewhere.37 The values of these parameters for the invariant 
and standard stabilization systems obtained during the modeling are 
presented in Table 3 (Figures 4-6).

Table 1 Parameters of the stabilization system for the modeled spacecraft36

Controlled object

    

Servo control 

Stabilization controller Disturbing effects 

 

.3 , 60y y
V V sk k
m m

= =


20.246h
gradC

mm sϑ =
⋅

20.072y
mC

grad sϑ =
⋅

5 , 5 , 5CA OD C
mm V mAK K K

s mA mm V
= = =

⋅

0 max0.01 , 25 , 3 ,C HT s I mA I mA h= = =

10, 5 Vk k
gradϑϑ = =


13 , 0.2H H

hM Fm mm m gradϑ= =

1 , 0.1
M Fh mm gradϑσ σ= =
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Table 2 Parameters of the stabilization controller of a partially invariant 
system

Stabilization controller

 

Table 3 Results of mathematical modeling for the invariant and standard 
systems for stabilization of Mars Orbital Sensing spacecraft

     ,T s  ζ

Invariant system: 0.013 0.002 0.013 5.3 0.94

Standard system: 0.324 0.012 0.315 38.4 0.51

Figure 4 Spacecraft drift velocity transition processes in the normal plane in 
an invariant stabilization system (deterministic model).

Figure 5 Spacecraft operating device linear movement transition process in 
an invariant stabilization system (deterministic model).

Figure 6 Spacecraft operating device linear movement transition process in a 
stabilization system (stochastic model).

Stability of spacecraft’s partially invariant 
center of the mass motion stabilization 
system with linear movement of the 
operating device

Next, we are studied the stability of a spacecraft’s partially 
invariant center of the mass motion stabilization system with linear 
movement of the operating device in more detail. After that we 
subsequently select the parameters for the stabilization controller 
that provides enough stability margins in the system and the required 
characteristics of the quality of the transition process. First, we 
considered the stability of the stabilization system without accounting 
for the nonlinearity of the control actuator. To do this, we write the 
characteristic equation, Equation (9), in canonical form:

                             
4 3 2

0 1 2 3α λ α λ α λ α+ + +

where the coefficients of the characteristic equation of a closed-
loop system are as follows:

0 1 2 3 4
1 ; ; ; ; .h h y h y y h y
CA

C k C k C C k C C k
K ϑ ϑ ϑ ϑ ϑ ϑϑ ϑα α α α α= = = = =

 
 

According to the Hurwitz criterion, the necessary stability 
conditions for the system under consideration are as follows:
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                              (11)

By analogy with the report,20 we constructed the stability 
boundaries of the stabilization system in a two-parameter plane:    the 
gain of the angular velocity, and kϑ - the gain in angular acceleration. 
The boundary of the stability region in this two-parameter plane is 
determined by inequality (11). If we consider the boundary to be a 
function of kϑ , then

                        
( ) 1 .y y y

CA h y

C k k
F k k

K C k k
ϑ

ϑ ϑ
ϑ ϑ

= + 

 




When kϑ increases to +∞, the function F also increases to +∞, 

and the straight line is y

y

k
k k

kϑ ϑ= 

 



 the asymptote. The function has 

a minimum at the point

                                      min

y y

CA h

C k
F

K C
ϑ

ϑ



Thus, the stability region is presented in Figure 7 for a nearly 
invariant stabilization system with a linearly moving operating device.

We can determine a stable region in the parameter plane yk


, yk


using the function

                              
( )

2

2
y y

y y
CA h

C kk
F k k

k K C k
ϑϑ

ϑϑ ϑ

= −


 




This function decreases to 0 at points 0, .h
y y CA

y

Ck k K k k
C
ϑ

ϑ ϑ
ϑ
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 The function reaches the maximum value
2
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1F
2
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ϑϑ
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point .
2

h
y CA
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C
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ϑ ϑ
ϑ
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The stability region of the system in the parameter plane is 
presented in Figure 8 ( )max Hi I≤ .   

2
4.1, 0.7 , 40 ,y y

V s V sk k s k k
m mϑ ϑ
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= = = =
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According to the equation (6), the response function of the linear 
part of the system shall be as follows:

                                                                                                            (12)

We introduce the following notations:

      1 2 3 4; ; ; .h h y h y y h yC k C k C C k C C kϑ ϑ ϑ ϑ ϑ ϑϑ ϑβ β β β= = = ==
 

 

Figure 7 General view of the stability region within the stabilization system with linear movement of the operating device in the yk


̇ , yk


  parameter plane. 

Figure 8 Completed structure design.

Based on Equation (12) and using the notation defined above, the 
expressions for the real and imaginary parts of the response function 
of the linear part of the system are as follows:

                        
( ) ( )2

2 44Re ,CA
L

KW ω β β
ω

= −                               (13)

                     
( ) ( )3

1 34Im .CA
L

KW j ω β ωβ
ω

= −                            (14)

Equations (13) and (14) coincide up to the coefficients β with 
the expressions for the stabilization system with the rotation of the 
OD.32,35 Also, the same are nonlinear characteristic and the expression 
for the harmonic linearization coefficient. Thus, for a system with 
linear movement of the PS, the following were determined.

a. There is an unstable limit cycle in the system. The frequency of 
this limit cycle is

( )Lim
1

W ,y yC k
j

k
ϑ

ϑ

βω
β

= = 



   

  

where HI - is the value of the saturation current in the control 
actuator, and maxi -  is the amplitude of the nonlinear element input 

( )
4

max 22

max 2
max

2 arcsin

1

H

H

CA Lim h h y yH

I
Ii

K C k C C kIi
i
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π ω
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− − 
 




( ) 3 2
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L h h h y y h y y
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signal. The stability condition for the system is determined by the 
initial conditions of the transition process, at which the amplitude at 
the input of the nonlinear element is less than the value maxi .

b. The stability conditions of this system determined by the 
stabilization controller coefficients are as follows: 

form:

                             
max

1 ,
y y y

CA
h y

k
C k k

K q i
C k k

ϑ

ϑ
ϑ

ϑ ϑ

>



 



 




or

                          

2

max 2

1
y y

y y
CA

h

k
k k

k C k
K q i

C k k

ϑ

ϑ ϑ

ϑ ϑ ϑ

< −







 





 

Accordingly, the stability regions in the kϑ , kϑ and yk


, yk


parameter planes for different values of the inputs of the nonlinear 
elements have similar forms to the corresponding stability regions for 
the systems reported previously.34,35

c. The system is missing an absolute stability area. The stability of 
the system will be determined by the choice of parameters for the 
stabilization controller and the initial conditions of the transition 
process, i.e., by the disturbances.

We next examine the parameter selection for the stabilization 
controller to minimize the maximum dynamic error of the drift 
velocity under the requirements of enough stability margins.19 The 
general view of the stability region for the stabilization system 
with linear movement of the PS coincides with the general view of 
the stability region for the stabilization system with a rotating PS. 
Thus, we can apply the algorithm described previously1,4 to select 
stabilization controller parameters. An application of the specified 
algorithm with stable solutions for the partially invariant center of 
mass motion stabilization system for China’s HX-1 Mars Mission 
Spacecraft31 was examined. 

The stability analysis approximately at the selected operating 
point 4.1; 0.7k k sϑ ϑ= =

 

for the angular stabilization channel (Step 9 
of the parameter selection algorithm)34 also confirmed the presence of 
enough stability margins. The position of the selected parameters for 
the stabilization controller with respect to the stability boundary of the 
system is shown in Figures 9 & 10.

Figure 9 Position of the selected parameters for angular stabilization channel with respect to the stability boundary of the system.

Figure 10 Position of the selected parameters for the center of mass movement stabilization channel with respect to the stability boundary of the system.
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Estimation of fuel economy during corrections 
and reduction of spacecraft mission due to the 
use of invariant algorithms for stabilization

We evaluated the efficiency of the invariant stabilization algorithms 
for China’s HX-1 Mars Mission Spacecraft.31 We used the mass of fuel, 
which can be conserved by increasing the accuracy of stabilization 
tangential velocities in the correction phases, as an efficiency criterion. 
For subsequent modifications of this type of spacecraft, we proposed 
the following scheme for corrective maneuvers in the interplanetary 
portion of the flight. The first correction of the trajectory was 
carried out 7-9 days after the launch, and it was designed to correct 
positioning errors. The second correction, to correct the errors of the 
first correction, was made 30 d before approaching Mars. Finally, the 
third correction was made 4-5 days before rendezvousing with the 
planet to ensure the required navigation accuracy of the spacecraft.

For the corrective maneuvers, it was assumed that the PS used 
a thrust of 2000 kg and a specific impulse of 317 s. In this case, the 
longitudinal and lateral errors of the corrective maneuver should be 
0.2m/s  and 0.4m/s, respectively. In the preliminary design estimates 
of the fuel reserves for the correction of the spacecraft trajectory, a 
“guaranteed” approach was used. It is believed that execution errors 
could reach maximum values during each correction. For the HX-1 
spacecraft, the speed during the first correction should not exceed 
20m/s during the second and third 10m/s.  It is accepted that the 
error of the maneuver does not depend on the speed of correction in 
the range of 1...30 m/s. In this case, the reduction in the maximum 
(lateral) error of execution led to a proportional reduction of the speed 
during the second and third corrections.

The mass of the fuel, FM , required for two corrections with the 
total velocity pulse 23V ,  was determined as follows:

                                   
23,Sc

F
specific

MM V
gP

=

For the HX-1 spacecraft, with a mass of about 5000 kg, a correction 
of 1.0 m/s requires 1.6 kg of fuel. Therefore, by a double reduction 
of the correction error, for example, (from 0.4 m/s to 0.2 m/s)) we 
reduced the total speed of the second and third corrections to 10 m/s  
and saved approximately 16 kg in spacecraft mass. Accordingly, a 
10-time reduction in the lateral error during the corrective maneuver 
using the new system of the center of mass stabilization will reduce 
the total speed 23V to and thereby save up to 28 kg of fuel. For the HX-1 
spacecraft, 28 kg is approximately 4% of the mass of the payload.

To estimate the spacecraft mission the perspective plane, we used 
approximate calculation methods in the initial stages of design.17 
These methods consider a linear mathematical model (the deviation 
of the real trajectory from the software designed trajectory is a linear 
function of the disturbing factors). For example, the gravitational 
sphere entrance coordinate error for the destination planet is a linear 
function of the correction speed pulse error and the error of the initial 
position of the spacecraft. Accordingly, in this case, the miss of the 
interplanetary probe in the perspective plane can be a linear function of 
the lateral error in the correcting pulse. Thus, a reduction in the lateral 
error during the corrective maneuver on the final correction phase by 
one order allows to as much reduce the miss in the perspective plane.

The miss in the perspective plane due to the lateral error of the 
corrective pulse during the final correction can be approximately 
calculated using the following formula:

                                        
,zz V T∆ = ∆

where zV∆ - is the lateral correction pulse error, and T - is the time 
interval from the end of the last correction and until the spacecraft 
enters the perspective plane. The lateral error for HX-1 probe is 
approximately 0.4 m/s the time interval T=4...5 days. Thus, the 
expected miss in the perspective plane due to the lateral error of the 
corrective pulse is approximately 200 km. Accordingly, the reduction 
in the lateral correction error by one order reduces the miss to about 
20 km.

Conclusion
a) The invariance conditions for the spacecraft centre of mass 

stabilization system with linear movement of the operation 
device are the absence of feedback from the control actuator and 
the absence of a member in the control action proportional to 
the angular deviation of the spacecraft. To ensure stability, it is 
necessary to introduce members proportional to the angular and 
linear acceleration of the spacecraft to the control action.

b) As a result of mathematical modelling of the transition process in 
the stabilization system of the HX-1 spacecraft, which includes the 
currently used and the proposed invariant systems, it was found 
that the dynamic error of the centre of mass tangential velocity 
stabilization is one order less in the invariant stabilization system 
as compared to the system used. The centre of mass tangential 
velocity transition process has much shorter decay time in the 
invariant system as compared to the transition process in the 
system used.

c) As indicated by the stability study, the system under consideration 
can provide the required (for practical implementation) stability 
margins when a high accuracy of the centre of mass tangential 
velocity stabilization is achieved in the invariant stabilization 
system using linear terms and accounting for the nonlinearity of 
the control actuator. The non-linearity of the control actuator of 
the “saturation zone” resulted in an unstable limit cycle. Because 
of this, the stabilization system became conditionally stable.

d) We have approximately estimated the savings in fuel consumption 
due to the reduction in the tangential velocity stabilization error 
for Martian probes, such as HX-1, during the correction phases. 
The expected fuel economy due to use of an invariant stabilization 
system is about 30 kg, which makes about 4% of the payload mass 
for the HX-1 spacecraft. The 10-fold reduction in the correcting 
impulse lateral error in the final correction phase allowed the 
reduction of the miss in the perspective plane, from about 200 to 
20 km.

Acknowledgments
None.

Conflicts of interest
Author declares that there is no conflict of interest.

References
1. Zosimovych N. Modeling of Transition Processes in a Partially Inva-

riant Center of Mass Motion Stabilization System. Int J Aerospace Sci. 
2017;5(1):8–23.

2. Surkov Yu A, Kremnev RS. Mars-96 mission: Mars Exploration with the 
use of Penetrators. Planetary and Space Science. 1998;46(11-12):1689–
1696.

https://doi.org/10.15406/aaoaj.2019.03.00093
http://article.sapub.org/10.5923.j.aerospace.20170501.02.html
http://article.sapub.org/10.5923.j.aerospace.20170501.02.html
http://article.sapub.org/10.5923.j.aerospace.20170501.02.html
https://www.sciencedirect.com/science/article/abs/pii/S0032063398000713
https://www.sciencedirect.com/science/article/abs/pii/S0032063398000713
https://www.sciencedirect.com/science/article/abs/pii/S0032063398000713


Stability of spacecraft’s partially invariant system 153
Copyright:

©2019 Zosimovych

Citation: Zosimovych N. Stability of spacecraft’s partially invariant system. Aeron Aero Open Access J. 2019;3(4):145‒153. DOI: 10.15406/aaoaj.2019.03.00093

3. HX-1, China’s 2nd Mars Mission, Set for Launch in 2020. Business Ti-
mes; 2019.

4. Zosimovych N. Improving the Spacecraft Center of Mass Stabilization 
Accuracy. IOSR J Eng. 2017;7(6):7–14.

5. Krasilstshikov MN, Serebryakov GG. Management and guidance of 
unmanned aerial vehicles based on modern information technology. 
Moscow, FIZMATLIT; 2003. 280 p.

6. Lebedev AA, Bobronnikov VT, Krasilstshikov MN. Statistical Dynamics 
and Optimization of Management of Aircraft. Moscow: Mashinostroe-
niye; 1985. 280 p.

7. Stabbs G, Pinchuk A, Slundt R. Apollo Digital Spacecraft Stabilization 
System. Missile Technology Issues; 1970.

8. Zosimovych N. Commercial Launch Vehicle Design. LAP LAMBERT 
Academic Publishing; 2016. 184 p.

9. Polderman JW, Willems JC. Introduction to Mathematical Systems 
Theory: A Behavioral Approach (Texts in Applied Mathematics). 2nd ed. 
Springer; 2008. 455 p.

10. Spasskii RA. Invariance of a System of Automatic control. J Soviet Math. 
1992;60(2):1343–1346.

11. Bamieh B, Paganini F, Dahleh MA. Distributed Control of Spa-
tially Invariant Systems. IEEE Transactions on Automatic Control. 
2002;47(7):1091–1107.

12. Stchipanov GV. Theory and Design Methods Of Automatic Regulators. 
Automation and Tele-mechanics; 1939.

13. Dorf RC, Bishop RH. Modern Control Systems. 12th ed. Pearson: USA; 
807 p.

14. Ferrari S, Stengel RF. Online Adaptive Critic Flight Control. J Guidance, 
Control, and Dynamics. 2004;27(5):777–786.

15. Albrecht LD. The Electronics Engineer’s Handbook. 5th Ed. McGraw-
-Hill; 2005.

16. Polderman JW, Willems JC. Introduction to the Mathematical Theory of 
Systems and Control. 458 p.

17. Feron E, Brat G, Garoche PL, et al. Formal Methods for Aerospace Appli-
cations. FMCAD tutorials; 2012.

18. Colon M, Sankaranarayanan S, Sipma HB. Linear Invariant Generation 
Using non-linear Constraint Solving. International Conference on Com-
puter Aided Verification; 2003. 420–432 p.

19. Souris J, Favre-Felix D. Proof of Properties in Avionics. Building the In-
formation Society. 2004;156:527–535.

20. Hennet JC, Trabuco DCE. Invariant Regulators for Linear Systems un-
der Combined Input and State Constraints. Proceedings of 33rd Conf. of 
Decision and Control (IEEE-CDC’94): Lake Buena Vista, Florida USA; 
1994. 1030–1036 p.

21. Luca A, Rodriguez P, Dumur D. Invariant Sets Method for State-Feedba-
ck Control Design. 17th Telecommunications forum TELEFOR: Serbia, 
Belgrad; 2009. 681–684 p.

22. Rustamov G. Invariant Control Systems of Second Order. IV Internatio-
nal Conference “Problems of Cybernetics and Informatics”: Baku; 2012. 
22–24 p.

23. Kelly A. Modern Inertial and Satellite Navigation Systems. The Robotics 
Institute Carnegie Mellon University, CMU-RI-TR-94-15; 1994.

24. Horemuž M. Integrated Navigation. Royal Institute of Technology: Sto-
cholm; 2006. 

25. Malyshev VV, Krasilshikov MN, Bobronnikov VT, et al. Aerospace Vehi-
cle Control. Moscow: MAI; 1996. 

26. Albertos P, Sala A. Multivariable Control Systems. Valensia, Spain; 2004. 

27. Chatfield AB. Fundamentals of High Accuracy Inertial Navigation. Pro-
gress in Astronautics and Aeronautics; 1997. 

28. Sineglazov VM. Theory of Automatic Control: Manual for students of all 
specialities. Kyiv: NAU; 2003. 

29. A Review of United States Air Force and Department of Defense Aero-
space Propulsion Needs. The National Academies Press: Washington 
D.C; 2006. 90 p. 

30. Zosimovych N. Increasing the Accuracy of the Center of Mass Stabiliza-
tion of Space Probe. Science and Education a New Dimension: Natural 
and Technical Sciences. 2017;14(132):31–37. 

31. Mosher D. China wants to launch to Mars next year-part of an ambitious 
plan to bring the first Martian soil samples back to Earth, Business Insider; 
2019.

32. Zosimovych N. Modeling of Spacecraft Centre Mass Motion Stabilization 
System. Int Ref J Eng Sci (IRJES). 2017;6(4):34–41. 

33. Zosimovych N. Increasing the Accuracy of the Center of Mass Stabilization 
of Space Probe with Partially Invariant System. Science and Education, a 
New Dimension: Natural and Technical Sciences. 2017;14(132):105–108.

34. Zosimovych N, Noel Joseph Raj A. Synthesis of Stabilization Algorithms 
in the System Controlling Rotations of the Operating Device. XIII Int Sci 
Pract Conference, Sheffield Science and Education ltd: Yorkshire, En-
gland; 2017. 14–20 p. 

35. Zosimovych N. Invariant Stabilization Algorithms in a Control System 
with Rotating Operating Device. Am J Eng Res (AJER). 2017;6(10):297–
311. 

36. Gavrilin MA, Grishin VN, Konoplev AP, et al. Improving the Accuracy of 
Stabilization of the Center for Mass Spacecraft using Developed Invari-
ant Control Algorithms. Scientific and technical report, Design Bureau 
“Salute”; 1997. 

37. Gavrilin M.A, Grishin VN. Resistance of Stabilizers Close to Invariant 
Systems of the Center of Masses of Space Devices. MAI: Moscow; 1977. 
17 p. 

38. Kulebakin VS. Invariance Theory of Automatically Controlled and Con-
trolled Systems. Moscow: Nauka; 1960. 

39. Petrov BN. Modern Design Methods for Automatic Control Systems. 
Moscov: Mashinostroeniye; 1967. 704 p.

https://doi.org/10.15406/aaoaj.2019.03.00093
https://en.businesstimes.cn/articles/108699/20190305/hx-1-china-s-2nd-mars-mission-set-launch-2021.htm
https://en.businesstimes.cn/articles/108699/20190305/hx-1-china-s-2nd-mars-mission-set-launch-2021.htm
http://iosrjen.org/Papers/vol7_issue6/Version-1/B0706010714.pdf
http://iosrjen.org/Papers/vol7_issue6/Version-1/B0706010714.pdf
https://www.livelib.ru/book/1001387993/about-statisticheskaya-dinamika-i-optimizatsiya-upravleniya-letatelnyh-apparatov-uchebnoe-posobie-aleksandr-lebedev
https://www.livelib.ru/book/1001387993/about-statisticheskaya-dinamika-i-optimizatsiya-upravleniya-letatelnyh-apparatov-uchebnoe-posobie-aleksandr-lebedev
https://www.livelib.ru/book/1001387993/about-statisticheskaya-dinamika-i-optimizatsiya-upravleniya-letatelnyh-apparatov-uchebnoe-posobie-aleksandr-lebedev
https://www.springer.com/gp/book/9781475729559
https://www.springer.com/gp/book/9781475729559
https://www.springer.com/gp/book/9781475729559
https://link.springer.com/article/10.1007/BF01679634
https://link.springer.com/article/10.1007/BF01679634
https://ieeexplore.ieee.org/abstract/document/1017552
https://ieeexplore.ieee.org/abstract/document/1017552
https://ieeexplore.ieee.org/abstract/document/1017552
http://dl.icdst.org/pdfs/files/4fd6e5ae41a6b686d1f9bbb20de891f7.pdf
http://dl.icdst.org/pdfs/files/4fd6e5ae41a6b686d1f9bbb20de891f7.pdf
https://arc.aiaa.org/doi/abs/10.2514/1.12597
https://arc.aiaa.org/doi/abs/10.2514/1.12597
http://www.tubebooks.org/Books/landee_1957_electronic-designers-handbook_(1e).pdf
http://www.tubebooks.org/Books/landee_1957_electronic-designers-handbook_(1e).pdf
http://wwwhome.math.utwente.nl/~poldermanjw/onderwijs/DISC/mathmod/book.pdf
http://wwwhome.math.utwente.nl/~poldermanjw/onderwijs/DISC/mathmod/book.pdf
https://www.cs.utexas.edu/users/hunt/FMCAD/FMCAD12/005.pdf
https://www.cs.utexas.edu/users/hunt/FMCAD/FMCAD12/005.pdf
https://link.springer.com/chapter/10.1007/978-3-540-45069-6_39
https://link.springer.com/chapter/10.1007/978-3-540-45069-6_39
https://link.springer.com/chapter/10.1007/978-3-540-45069-6_39
https://link.springer.com/chapter/10.1007/978-1-4020-8157-6_48
https://link.springer.com/chapter/10.1007/978-1-4020-8157-6_48
https://ieeexplore.ieee.org/document/411279
https://ieeexplore.ieee.org/document/411279
https://ieeexplore.ieee.org/document/411279
https://ieeexplore.ieee.org/document/411279
http://2009.telfor.rs/files/radovi/05_37.pdf
http://2009.telfor.rs/files/radovi/05_37.pdf
http://2009.telfor.rs/files/radovi/05_37.pdf
https://ieeexplore.ieee.org/document/6486428
https://ieeexplore.ieee.org/document/6486428
https://ieeexplore.ieee.org/document/6486428
https://www.ri.cmu.edu/publications/modern-inertial-and-satellite-navigation-systems/
https://www.ri.cmu.edu/publications/modern-inertial-and-satellite-navigation-systems/
https://link.springer.com/book/10.1007/b97506
https://arc.aiaa.org/doi/book/10.2514/4.866463
https://arc.aiaa.org/doi/book/10.2514/4.866463
https://www.nap.edu/catalog/11780/a-review-of-united-states-air-force-and-department-of-defense-aerospace-propulsion-needs
https://www.nap.edu/catalog/11780/a-review-of-united-states-air-force-and-department-of-defense-aerospace-propulsion-needs
https://www.nap.edu/catalog/11780/a-review-of-united-states-air-force-and-department-of-defense-aerospace-propulsion-needs
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
https://www.businessinsider.in/china-wants-to-launch-to-mars-next-year-part-of-an-ambitious-plan-to-bring-the-first-martian-soil-samples-back-to-earth/articleshow/67561799.cms
https://www.businessinsider.in/china-wants-to-launch-to-mars-next-year-part-of-an-ambitious-plan-to-bring-the-first-martian-soil-samples-back-to-earth/articleshow/67561799.cms
https://www.businessinsider.in/china-wants-to-launch-to-mars-next-year-part-of-an-ambitious-plan-to-bring-the-first-martian-soil-samples-back-to-earth/articleshow/67561799.cms
https://www.slideshare.net/IRJESJOURNAL/modeling-of-spacecraft-centre-mass-motion-stabilization-system
https://www.slideshare.net/IRJESJOURNAL/modeling-of-spacecraft-centre-mass-motion-stabilization-system
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
http://seanewdim.com/uploads/3/4/5/1/34511564/n._zosimovych_increasing_the_accuracy_of_the_center_of_mass_stabilization__of_space_probe_with_partially_invariant_system.pdf
http://www.ajer.org/papers/v6(10)/ZO0610297311.pdf
http://www.ajer.org/papers/v6(10)/ZO0610297311.pdf
http://www.ajer.org/papers/v6(10)/ZO0610297311.pdf
https://www.sciencedirect.com/science/article/pii/S1474667017700444
https://www.sciencedirect.com/science/article/pii/S1474667017700444

	Title
	Abstract 
	Keywords
	Introduction 
	Synthesis of spacecraft’s partially invariant stabilization system using an operating device with a 
	Modeling transition processes in partially invariant spacecraft center of the mass motion stabilizat
	Stability of spacecraft’s partially invariant center of the mass motion stabilization system with li
	Estimation of fuel economy during corrections and reduction of spacecraft mission due to the use of 
	Conclusion 
	Acknowledgments
	Conflicts of interest 
	References 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1
	Table 2
	Table 3

