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Introduction. One of the tasks of developing strapdown inertial navigation systems with microelectromechanical 
sensors of launch vehicles is to ensure stringent requirements for the accuracy in determining the linear and angu-
lar motion with a guarantee of the successful completion of the satellite injection mission.

Problem Statement. The infl uence of a large range of random disturbances leads to degradation of the motion 
parameters of launch vehicle’s strapdown inertial navigation system built with the use of microelectromechanical 
sensors. One of the ways to compensate for this degradation is the integrated use of inertial and celestial naviga-
tion systems.

Purpose. The purpose is to increase the satellite injection accuracy by launch vehicle using a strapdown iner-
tial navigation system with microelectromechanical sensors due to a celestial navigation system with star tracker.

Material and Methods. Development of Kalman fi lter providing an integrated processing of measurements 
of angular motion parameters of a launch vehicle by a strapdown inertial navigation system and a star tracker. 
Statistical modelling of launch vehicle fl ight under the infl uence of various stochastic disturbances. Statistical 
processing of modelling results. Analysis of the proposed solution eff ectiveness.

Results. A workable mathematical model for correcting measurements of angular motion parameters of launch 
vehicle with the use of a Kalman fi lter has been developed. Its performance has been tested by the example of a 
launch vehicle injection into a sun synchronous orbit 700 km high with the use of a two-pulse injection scheme. It 
has been demonstrated that the proposed solution makes it possible to improve the accuracy of the angular orien-
tation up to 90% and the satellite injection up to 5% in terms of altitude and orbit inclination.

Conclusions. The proposed development can be used to build navigation systems for advanced launch vehicles.
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The rapid development of microelectronics in re-
cent decades has made it possible to provide the 
control systems of modern la unch vehicle (LV) 
with high-performance on-board computers. This 
has allowed the application of an inertial naviga-
tion system based on the strapdown method in the 
motion control system. In comparison with the 
platform inertial navigation systems, these systems 
have advantages in terms of mass-dimensional cha-
racteristics and manufacturing cost. The use of 
linear and angular motion sensors built with the 
use of microelectromechanical (MEMS) techno-
lo gy enables achieving even greater miniaturiza-
tion of the strapdown inertial navigation system 
(SINS). However, at the same time, their main 
disadvantage is low accuracy in determining the 
kinematic parameters of linear and angular LV 
mo tion. This leads to inexpediency of using iner-
tial navigation in its pure form.

One of the methods for SINS improvement is its 
joint use with a global positioning system (GPS) 
[1—11]. Integrated processing of the measurements 
obtained by these positioning systems makes it 
possible to compensate for shortcomings of each 
of them and ensure high accuracy in determining 
the LV linear motion parameters. However, such 
architecture does not make it possible to com-
pensate errors in determining the angular motion 
parameters, especially for launches lasting an hour 
or more.

At the same time, SINS knowledge of accurate 
data on the LV angular motion is necessary. On the 
one hand, satellite launch requestors can set requi-
rements for the orientation and angular velocities 
of the satellite with respect to inertial space at 
the moment of separation from the LV. On the 
other hand, the process of LV injection into a pre-
determined orbit is carried out, in particular, by 
developing the program for direction of a vector 
of the propulsion system (PS) thrust with respect 
to inertial space. In practice, these limitations at 
the time of separation of the spacecraft from la-
unch vehicle are about 1—5 degrees [12—15].

The LV angular orientation can be adjusted in 
fl ight through the integrated use of SINS and ce-

les tial navigation system (CNS). Such architec-
ture has been considered in [16—24]. One of the 
CNS devices that enable determining the LV an-
gular position with an accuracy of tens of angular 
seconds is the star t racker (ST). Its application 
makes it possible to adjust the accumulative drift 
of the angular orientation quaternion over the 
fl ight time, as well as partially compensate the in-
strumental errors in gyroscope measurement and 
errors in the initial alignment.

Therefore, the development of modern inte gra-
ted navigation systems that enable determining 
the LV angular motion parameters in fl ight with a 
high accuracy for aerospace manufacturers of Uk-
raine is a crucial and important task.

The main areas of research close to the problem 
under consideration are as follows.

The integrated use of satellite-inertial navi-
gation systems. Studies [7, 8] deal with the de-
velopment of Kalman fi lter providing a complex 
processing of SINS and GPS navigation measure-
ments in the case of non-Gaussian noise. Research 
[9] highlights a posteriori analysis of the naviga-
tion system of the light LV Vega using SINS and 
GPS. Research [10] deals with the development and 
modelling of a 6-dof mathematical model of the LV 
motion in the process of satellite injection into 
low Earth orbits. The authors of [11] have develo-
ped a mathematical model for the integrated pro-
cessing of navigation measurements of SINS and 
GPS of a hypersonic vehicle using Kalman fi lter.

The complex use of stellar inertial navigation 
systems. Research [16] highlights developing a 
high-precision integrated navigation system for 
the SHEFEX-2 program. An architecture con-
sisting of the integrated use of SINS, GPS, and 
CNS has been proposed. Research [17] deals with 
developing a new architecture for the integrated 
use of SINS and CNS to ensure the accuracy in 
determining the motion of an automatic cargo spa-
cecraft. A model for integrated processing of nav-
igation measurements has been synthesized. The 
cubature Kalman fi lter providing an integrated 
processing of navigation measurements of SINS, 
CNS, and GPS in the case of non-Gaussian noise 
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exposure has been developed in [18]. Research 
[19] highlights the problem of developing a math-
ematical model for the integrated use of SINS and 
CNS, which allows the estimate of gyroscopes 
drift and initial alignment of the satellite SINS. 
The problem of using stellar-inertial navigation 
as part of the motion control system of modern 
ballistic missiles has been solved in [20]. A new 
model for integrated processing of SINS and CNS 
measurements using the optimal Kalman fi lter for 
non-Gaussian noise has been proposed. Article [21] 
deals with improving the measurement accuracy 
of SINS accelerometers of modern vehicles using 
CNS. There has been proposed an improved method 
for the integrated processing of navigation meas-
urements based on indirect mea surement of star 
refraction traceable to horizon and providing an 
improvement in the positioning accuracy up to 
90%. Research [22] deals with developing a new 
method of nonlinear fi ltration for integrating mea-
surements of inertial navigation and celestial na-
vigation systems using the cubature Kalman fi lter 
in the navigation system of a hypers onic vehicle. 
The proposed method makes it possible to eliminate 
the uncertainty of the dynamic model of inertial 
measurements and determine the damping coeffi  -
cient using Mahalanobis distance theory. The prob-
lem of integrated processing of SINS, GPS, and CNS 
measurements using the quadrature Kal man fi l-
ter has been considered in [23]. Article [24] deals 
with the development of a mathematical model 
for the integrated processing of measurements of 
SINS, GPS, and CNS of the LV using the extend-
ed Kalman fi lter. The proposed model makes it pos-
sible to partially compensate the errors in the ini-
tial alignment, sensitive axis setting, instrumen-
tal errors in the sensors, and method errors in grav-
ity force calculation.

As for Ukraine, the following research areas close 
to the issue under consideration should be noted. 
A detailed analysis of the infl uence of SINS errors 
on the accuracy in light LV injection into typical 
near-Earth orbits has been carried out [6]. The list 
of determining disturbing factors, as well as the 
distribution parameters of the accuracy in the sate-

llite injection and the deviations of the propellant 
load mass at the moment of separation of the satel-
lite from the LV have been determined. Mo nograph 
[25] considers the methodology for assessing the 
accuracy in the injection of satellites by modern LV.

A priori and a posteriori accuracy of missiles 
developed by Pivdenne State Design Offi  ce. The 
accuracy in injection of the LV into near-Earth 
orbits with SINS using MEMS and GPS [26, 27] 
has been carried studied. The peculiarities of the 
infl uence of various errors on the accuracy in light 
LV injection into an equatorial orbit have been 
studied [28]. Studies [29, 30] deal with a priori 
estimation of the accuracy in ultralight LV injec-
tion into orbits with diff erent inclinations. The list 
of determining disturbing factors and the limit 
deviations of the osculating parameters of the sa-
tellite orbit at the moment of separation from the 
LV have been revealed.

Based on the analysis of available achievements 
and publications, it follows that the problems of 
the accuracy of spacecraft injection by LV using 
SINS with MEMS sensors and CNS with ST in 
Ukraine still remain unsolved.

Let us consider the problem of correcting the LV 
angular motion according to the data of SINS gyro-
scopic instruments using CNS with the help of ST.

To solve it, the following is required:
 to synthesize a mathematical model for cor-

recting measurements of angular motion pa-
rameters of SINS of the LV using CNS and 
Kalman fi lter;

 to simulate the satellite injection accuracy by 
the proposed model on the example of a prob-
lem of LV injection into a sun synchronous or-
bit using a two-pulse injection scheme;

 to carry out a comparative analysis of the accu-
racy in LV injection without CNS correction.
Let us introduce the following assumptions:

 LV is a variable-mass solid body moving under 
the infl uence of thrust force, the gravitation 
for ce of the Earth, and the aerodynamic drag 
force of the Earth’s atmosphere;

 Earth’s atmosphere — GOST 4401-81 and 
GOST 25645.115-84;
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 the gravitational potential of the Earth takes 
into account the infl uence of the second, third, 
and fourth zonal harmonics;

 LV stabilization system is ideal;
 the impact of stochastic disturbances of SINS, 

GPS, CNS, PS characteristics, mass character-
istics, and aerodynamic characteristics (ADC) 
is taken into account.

NAVIGATION MEASUREMENT
CORRECTION MODEL

As is well known, the determining errors aff ect-
ing the accuracy in determining the LV angular 
position with respect to the inertial space are the 
drift errors in the gyroscopes and the initial align-
ment of the SINS. Let’s represent the error in 
measuring the LV angular position in the form of 
the following diff erential equation:

 1
2S L G I L , (1)

where S is an error quaternion in determining 
the LV orientation according to the SINS data; L 
is a quaternion of LV orientation; G is an error 
qua ternion in measuring angular velocity by gyro-
scopes; I is an error quaternion of SINS initial 
alignment; L is a quaternion of the angular veloci-
ty of the LV rotation around mass centre (MC).

Let us project (1) on the axis of the LV refer-
ence frame (LVRF):

 0
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 + IXLX + IYLY + IZLZ ), (2)
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where S0, SX, SY, SZ are the elements of 
error quaternion in determining the orientation 
of the SINS LV; L0, LX, LY, LZ are the quaternion 
elements of LV orientation; GX, GY, GZ are 
the projections of error vector for measuring the 
angular velocity of the LV rotation around MC 
by gyroscopes on the axis of the LV reference 
frame; I0, IX, IY, IZ are the elements of an 
error quaternion of the SINS initial alignment; 
LX, LY, LZ are the projections of a vector of the 
angular velocity of the LV rotation around MC 
on the axis of the LV reference frame.

The navigation information is integrated with 
the help of optimal predictor-corrector discrete-
time Kalman fi lter [1—6, 31]. In this regard, let us 
defi ne some vectors and matrices.

Based on (1)—(5), let us form a priori error 
vec tor x(k, k) and fundamental matrix F(k + 1, k) 
in the block form:
 x(k, k) = [S0 SX SY SZ

 GX GY GZ I0 IX IY IZ]T, (6)

 F(k + 1, k) = , (7)

 L = , (8)
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where E3 and E4 are the identity matrices 3 × 3 
and 4 × 4, respectively; O34, O43 and O44 are the 
zero matrices 3 × 4, 4 × 3, and 4 × 4, respectively.

Let us defi ne the perturbation matrix G(k + 1, k) 
in the block form:

 
G(k + 1, k) = , (10)

where O33 is the zero matrix 3 × 3.
Vector z(k + 1) and matrix H(k + 1) of measu-

rement are predetermined by the following ratio:

 
z(k + 1) = [S0 – 

 – S
S0 
SX – S

SX SY – S
SY SZ – S

SZ]T, (11)
 H(k + 1) = (E4 O43 O44), (12)
where S0, SX, SY, SZ are the quaternion elements 
of the LV orientation according to SINS data; S

S0, 
S

SX, S
SY, S

SZ are the quaternion elements of the LV 
orientation according to ST data.

Let us fi nd the noise covariance matrix from 
the following equation:

 Q(k) = MSG  MGS, (13)

where DGX, DGY, DGZ are the gyroscope drift disper-
sions; MSG и MGS are the transition matrices from 
the coordinate system related to the gyro sco pe sen-
sitive axes, to the LV reference frame, and its inverse.

Let us defi ne a posteriori error vector x(k +1, k +1) 
from the following ratio:

 H(k + 1, k + 1) = F(k + 1, k) x(k, k) + K(k + 1)
    [z(k + 1) – H(k + 1) F(k + 1, k) x(k, k)], (14)
 K(k + 1) = P(k + 1, k) H(k + 1)T

 P(k + 1, k) = F(k + 1, k) P(k, k) F(k + 1, k)T +
 + G(k + 1, k) Q(k) G(k + 1, k)T, (15)
     [H(k + 1) P(k + 1, k) H(k + 1)T + R(k)]–1, (16)
where P(k, k) is the error measurement covari-
ance matrix; P(k + 1, k) is the a priori error esti-
mation covariance matrix; K(k + 1) is the Kalman 

gain matrix; R(k) is the measurement covariance 
matrix determined by recalculating the angular 
accuracy in determining the ST orientation into 
the orientation quaternion with further statisti-
cal information processing.

Ratio (6)—(10) shall be supplemented with an 
equation determining a posteriori error estima-
tion covariance matrix P(k + 1, k + 1). It is used 
as an error measurement covariance matrix at the 
next operating cycle of Kalman fi lte r.

 P(k + 1, k + 1) = [E11 – K(k + 1),
 H(k + 1)] P(k + 1, k), (17)

where E11 is the identity matrix 11 × 11.
Further, the navigation information is adjust-

ed with the use of the a posteriori error vector:

 S0 = S0 – x(k + 1, k + 1)1, (18)
 SX = SX – x(k + 1, k + 1)2, (19)
 SY = SY – x(k + 1, k + 1)3, (20)
 SZ = SZ – x(k + 1, k + 1)4, (21)

 , (22)

 I , (23)

 I , (24)

 


I , (25)

where GX, GY, GZ are the LV angular velocities 
measured by gyroscopes; I, 


I, 



I are the esti-
mated initial alignment errors in roll, yaw, and 
pitch channels.

SIMULATION OF SATELLITE
INJECTION ACCURACY

The disturbances involved are as follows:
1. SINS:

 the accelerometer errors: bias on run, bias run-
run, bias error over broadband random vibrati-
on (BRV), axis misalignment;

 the gyroscope errors: bias on run, bias run-run, 
angular random walk, bias error over BRV, axis 
misalignment;

GX GX

GY GY

GZ GZ
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 other errors: method error of the initial align-
ment, quaternion drift.
2. The random errors in GPS measurement.
3. The random errors in ST measurement.
4. The errors in PS: thrust, mass fl ow rate, tar-

get section of jet pipe.
5. The errors in the mass-inertial and centring 

characteristics: stage’s dry mass, fi lled stage pro-
pellant mass, payload fairing mass, satellite mass.

6. The errors in ADC: aerodynamic stage coef-
fi cients, stage midsection surface.

7. The errors in the atmospheric parameters.
The proposed model for integrating navigation 

information has been analysed by the example of 
a three-stages liquid light LV with the character-
istics given in [32]. The satellite injection into a 
sun-synchronous orbit 700 km high is considered 
with the use of a two-pulse fl ight scheme desc ri-
bed in detail in [6]. The errors in the characteris-
tics of PS and ADC are given in [32], the errors in 
the SINS and GPS are assumed in accordance with 
[5, 6], the mass errors are considered in [32]. In or-
der to simulate the LV motion, a stochastic, non-
linear discrete, adaptive motion model given in [6] 
has been adopted. It has the following vector form:

 , (26)

 , (27)

 , (28)
 

, (29)

 , (30)
 , (31)

 
, (32)

 , (33)

  (34)

 , (35)
 , (36)

 , (37)
 , (38)

Fig. 1. Dependence of limit deviations of roll angle accord-
ing to SINS data of implemented LV of the fl ight time

Fig. 2. Dependence of limit deviations of yaw angle accord-
ing to SINS data of implemented LV of the fl ight time

Fig. 3. Dependence of limit deviations of pitch angle accord-
ing to SINS data of implemented LV of the fl ight time

 , (39)

 
, (40)

where  is the absolute velocity vector of LV 
MC;  is the apparent velocity vector of the LV 
MC;  is the Earth gravitational vector in the LV 
MC;  is the current position vector of the LV 
MC;  is the LV orientation quaternion with re-
spect to inertial space;  is the angular velocity 

–

– –

–
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quaternion of the LV rotation around MC; m is 
the LV current mass;  is the PS mass fuel fl ow 
rate; * is the absolute velocity vector of the LV 
MC according to control system (CS) data; * is 
the apparent velocity vector of the LV MC ac-
cording to CS data; * is the Earth gravitational 
vector in the LV MC according to CS data; * is 

Fig. 5. Dependence of limit deviations of projection of the 
current position vector on the ILCF Y-axis according to 
SINS data of implemented LV of the fl ight time

Fig. 6. Dependence of limit deviations of projection of the 
current position vector on the ILCF Z-axis of the according 
to SINS data of implemented LV of the fl ight time

Fig. 7. Dependence of limit deviations of the projections of 
the absolute velocity vector on the ILCF X-axis according 
to SINS data of implemented LV of the fl ight time

Fig. 8. Dependence of limit deviations of the projections of 
the absolute velocity vector on the ILCF Y-axis according to 
SINS data of implemented LV of the fl ight time

Fig. 9. Dependence of limit deviations of projection of the 
current position vector on the ILCF Z-axis according to 
SINS data of implemented LV of the fl ight time

Fig. 10. Dependence of projections of the angular velocity 
vector on the LVRF axis of the fl ight time

Fig. 4. Dependence of limit deviations of projection of the 
current position vector on the ILCF X-axis according to 
SINS data of implemented LV of the fl ight time
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the current position vector of the LV MC accord-
ing to CS data; * is the LV orientation quater-
nion with respect to inertial space according to CS 
data; * is the angular velocity quaternion of the 
LV rotation around CM according to CS data; 

 is the error vector of the apparent accelera-
tion measurement by accelerometers;  is the 
error vector of the angular velocity measurement 
by gyroscopes; PR is the program quaternion cal-
culated according to the LV guidance system data; 
t is the time; – is the accelerometer error vector; – 
is the vector of methodological errors of the SINS 
initial alignment; – is the gyroscope error vector; 
fg, f, fW, f are functions.

The detailed calculation of the right sides of dif-
ferential (26)—(32) and algebraic (27)—(40) equa-
tions has been described in monograph [6].

The following devices are used for simulation:
 accelerometer — Model 1527 tactical-grade in-

ertial MEMS surface mount accelerometer de-
veloped by Silicon Designs Inc [33];

 gyroscope — ER-MG2-100 high performance 
north seeking MEMS gyroscope developed by 
Ericco Inertial System [34];

 ST — PST3S-H2 Star Tracker developed by TY-
Space Technology [35].
It is assumed that the ST is installed on the up-

per LV stage. The orientation of its axes coincides 
with the LV reference frame axes, the sigh ting 
axis coincides with the LV longitudinal axis. The 
device operation begins after LV esca ping the 
Earth high-density atmosphere and ejecting the 
fairing (about 180 s of fl ight). In fl ight segments 
where the LV angular velocity vector mo dulus 
exceeds 1 deg/s, no ST measurements are made.

The injection process has been simulated by 
the Monte Carlo method for 10 thousand reali-
zations of the initial conditions, given the con-
sidered perturbations. Two types of simulation 
have been carried out: without correction of 
SINS orientation data and with correction using 
the ST.

In order to assess the angular orientation accu-
racy in the roll, yaw and pitch channels, the extreme 
deviation value of 1 degree has been adopted.

COMPARATIVE ANALYSIS OF SATELLITE
INJECTION ACCURACY

As a result of LV fl ight simulation with SINS and 
ST under predetermined conditions, trajectory tu-
bes of linear and angular motion have been obtai-
ned, including:
 dependences of limit deviations (3) of orien-

tation angles according to SINS data of imple-
mented LV (S, S, S) of the fl ight time (t) 
(Figs. 1—3);

 dependences of limit deviations of projections 
of the current position vector on the axis of the 
initial launch coordinate frame (ILCF) accord-
ing to SINS data of implemented LV of the fl ight 
time (RX0, RY0, RZ0) (Figs. 4—6);

 dependences of limit deviations of the projections 
of the absolute velocity vector on the ILCF axis 
according to SINS data of implemented LV of 
the fl ight time (VX0, VY0, VZ0) (Figs. 7—9).

 dependence of projections of the angular velo-
city vector on the LVRF axis of the fl ight time 
is shown in Fig. 10.
According to the data obtained (Figs. 1—3), it 

can be concluded that for the considered fl ight 
pattern and the selected devices, the satellite an-
gular orientation accuracy at the moment of sep-
aration from the LV is ensured (extreme devia-
tion is less than 1 degree in the roll, yaw and pitch 
channels). But the safety factor is insignifi cant. 
Changing the fl ight mission, the initial simula-
tion conditions, the fl ight pattern, the conditions 
for abstracting or refi nement of characteristics of 
MEMS sensors based on the results of fl ight tests 
can lead to the output of the angular orientation 
parameters beyond the accepted ones. The LV an-
gular orientation tube in the roll, yaw and pitch 
channels at the moment of satellite separation is 
narrowed by more than 90% due to the CNS use. In 
this case, the tubes of parameter deviations of lin-
ear motion change within the limits of up to 13%.

Let’s consider the infl uence of CNS application 
on the accuracy of ensuring the osculating and 
kinematic parameters of the satellite orbit at the 
moment of separation from the LV. The parame-
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Table 1. Parameters of the Distribution of Deviations of the Osculating
Orbit Parameters at the Moment of Satellite Separation from LV

Parameter , m e, 10–5 i, deg , deg , deg u, deg

CNS excluded

Mean –1177 9.0 0.000 0.000 –0.741 –0.389

Standard deviation 1181 7.8 0.003 0.004 1.521 0.299

Minimum limit value –6195 –7.7 –0.011 –0.012 –3.130 –0.974

Maximum limit value 1502 40.7 0.010 0.012 3.129 0.856

CNS included

Mean –1152 8.8 0.000 0.000 –1.070 –0.392

Standard deviation 1148 7.5 0.003 0.001 1.143 0.298

Minimum limit value –6021 –8.1 –0.010 –0.004 –3.117 –0.993

Maximum limit value 1411 40.2 0.010 0.004 3.117 1.008

Table 2. Parameters of the Distribution of Deviations of the Kinematic
Orbit Parameters at the Moment of Satellite Separation from LV

Parameter RX0
, m RY0

, m RZ0
, m VX0

, m/s VY0
, m/s VZ0

, m/s

CNS excluded

Mean 10672 –36033 29828 –49.067 –3.671 12.571

Standard deviation 7888 27716 23034 37.780 2.755 9.585

Minimum limit value –21598 –90254 –66397 –122.884 –9.565 –26.966

Maximum limit value 26546 79486 74685 108.730 7.004 31.674

CNS included

Mean 10752 –36340 30085 –49.490 –3.707 12.680

Standard deviation 7973 28288 23528 38.584 2.735 9.730

Minimum limit value –24911 –92320 –78687 –125.557 –9.529 –31.596

Maximum limit value 27011 95404 75687 129.767 7.983 32.228

Table 3. Limit Deviations of Satellite Separation Time and Propellant Load Mass

Parameter

Limit deviations (3)

CNS excluded CNS included

min max min max

Separation time, s 42.08 –19.04 94.72 –19.00

Propellant load mass, kg 318.523 –343.806 323.216 –331.132
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ters of the distribution of deviations of the con-
trolled osculating parameters are presented in 
Tab le 1, while the kinematic parameters are given 
in Table 2. The designations of the osculating pa-
rameters in Table 1: a is the semi-major axis de-
viation, e is the eccentricity deviation, i is the 
inclination deviation,  is the RAAN deviation, 
 is the deviation of the perigee argument, u is 
the deviation of the latitude argument.

As can be seen from the data in Table 1, the 
CNS implementation slightly changes the distri-
bution of deviations of the orbit osculating pa-
rameters. At the same time, the range of distribu-
tion of the semi-major axis, eccentricity, inclina-
tion, right ascension of ascending node, and argu-
ment of perigee latitude decreases by 3.4%, 0.2%, 
4.8%, 66.7%, and 0.4%, respectively, the range of 
latitude argument increases by 9.3%.

As for deviations of kinematic parameters (Tab-
le 2), there is a decrease in the distribution range up 
to 11% in the projections of the current position 
vector of the ILCF axis and in the projections of 
the absolute velocity vector on the ILCF axis.

Let’s consider the infl uence of CNS application 
on the deviation of the time of formation of the com-
mand to separate the satellite from the LV and the 
deviation of the propellan t load mass (Table 3).

It follows from the data in Table 3 that due to the 
CNS use, the range of time distribution of the satellite 
separation from the LV increases by 86% (about 43 s), 
and the fuel component mass at the moment of sepa-
ration from the LV decreases by 1.2% (about 8 kg).

CONCLUSIONS

As a result of the research, the problem of increasing 
spacecraft injection accuracy by LV using a SINS 
with MEMS sensors and a CNS with ST has been 
solved. The following results have been obtained.

1. A mathematical model for correcting the mea-
surements of angular motion parameters of SINS 
of the LV with the use of CNS and Kalman fi lter 
has been developed.

2. The satellite injection accuracy has been si-
mu lated with the help of the proposed model by 

the example of LV injection into a sun synchro-
nous orbit using a two-pulse injection scheme.

3. It has been shown that when using advanced 
MEMS sensors, the satellite angular orientation 
accuracy of 1 degree in the roll, yaw and pitch 
chan nels at the moment of separation from the 
LV is ensured. But changing the fl ight mission, 
the initial simulation conditions, the fl ight pat-
tern, the conditions for abstracting or refi ning 
the characteristics of MEMS sensors based on 
the results of fl ight tests can lead to the output of 
the angular orientation parameters beyond the 
accepted ones.

4. The comparative analysis of the LV injection 
accuracy has been carried out with and without 
the use of CNS correction.

5. It has been demonstrated that the integrated 
use of SINS and CNS makes it possible to narrow 
the tube of LV angular orientation deviation in the 
roll, pitch, and yaw channels at the moment of sa-
tellite separation by 90%.

6. It has been shown that at the moment of sa-
tellite separation from the LV, the range of distri-
bution of the semi-major axis, eccentricity, incli-
nation, right ascension of ascending node, and 
ar gument of perigee latitude decreases by 3.4%, 
0.2%, 4.8%, 66.7%, and 0.4%, respectively, while 
the range of latitude argument increases by 9.3%.

7. There has been reported a decrease in the dis-
tribution range of deviations of satellite kinemat-
ic parameters at the moment of separation from 
the LV up to 11% in the projections of the current 
position vector of the ILCF axis and in the pro-
jections of the absolute velocity vector on the 
ILCF axis.

8. It has been determined that the range of time 
distribution of the satellite separation from the 
LV increases by 86% (about 43 s), and the fuel com-
ponent mass at the moment of separation from the 
LV decreases by 1.2% (about 8 kg).

The proposed mathematical model for correct-
ing the measurements of angular motion param-
eters in an adapted form can be used as part of the 
software using SINS sensors of modern LV ad-
justed by CNS.
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КОРЕКЦІЯ ВИМІРЮВАНЬ ОБЕРТАЛЬНОГО РУХУ РАКЕТИ
КОСМІЧНОГО ПРИЗНАЧЕНИЯ БЕЗПЛАТФОРМНОЇ ІНЕРЦІАЛЬНОЇ
НАВІГАЦІЙНОЇ СИСТЕМИ З ВИКОРИСТАННЯМ
АСТРОНАВІГАЦІЙНОЇ СИСТЕМИ

Вступ. Одним із завдань розробки безплатформних інерціальних навігаційних систем із мікроелектромеханічними 
сенсорами ракет космічного призначення є забезпечення жорстких вимог до точності визначення поступального й 
обертального руху, що гарантують вдале виконання місії виведення супутників.
Проблематика. Вплив широкого спектру випадкових збурень призводить до деградації параметрів руху безплат-

формної інерціальної навігаційної системи ракети космічного призначення, побудованої із застосуванням мікроелект-
ромеханічних сенсорів. Одним із шляхів компенсації цієї деградації є комплексне застосування систем інерціальної 
навігації та астронавігації. 
Мета. Підвищення точності виведення супутника ракетою космічного призначення з використанням безплат-

формної інерціальної навігаційної системи з мікроелектромеханічними сенсорами через застосування астронавіга-
ційної системи із зірковим датчиком.
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Матеріали й методи. Розробка фільтра Калмана, що забезпечує комплексну обробку вимірювань параметрів обер-
тального руху ракети безплатформною інерціальною навігаційною системою і зірковим датчиком. Статистичне мо-
делювання польоту ракети космічного призначення в умовах дії різноманітних стохастичних збурень. Статистична 
обробка результатів моделювання. Аналіз ефективності запропонованого рішення.
Результати. Розроблено працездатну математичну модель корекції вимірювань параметрів обертального руху ра-

кети космічного призначення з використанням фільтра Калмана. Перевірено її працездатність на прикладі запуску 
ракети космічного призначення на сонячно-синхронну орбіту висотою 700 км з використанням двоімпульсної схеми 
виведення. Показано, що використання запропонованого рішення дозволяє підвищити точність визначення кутової 
орієнтації до 90 %, а також підвищити точність виведення супутника за висотою та нахиленням орбіти до 5 %.
Висновки. Запропоновану розробку можна застосувати для побудови навігаційних систем сучасних ракет косміч-

ного призначення.

Ключові слова: ракета космічного призначення, безплатформна інерціальна навігаційна система, мікроелектромеха-
нічні сенсори, астронавігаційна система, зірковий датчик, фільтр Калмана.
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