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Abstract—This paper presents the results of accuracy analysis of inertial and satellite navigation systems 
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I. INTRODUCTION 

An effective way to improve the processing of 
navigation data is the development of integrated 
navigation systems. The essence of integration is to 
use information about primary or functionally re-
lated parameters received from various measuring 
devices, to improve the accuracy and reliability of 
determined parameters. 

The need for simultaneously measuring the same 
parameters using devices and systems operating on 
different physical principles is caused by the fact 
that each system individually cannot satisfy all the 
requirements. The greatest effect can be achieved by 
combining of radio and non-radio measuring devic-
es. This is due to the fact that the errors of these 
systems have statistical characteristics that are very 
different from each other, and in fact it gives a con-
siderable gain from combining.  

With the development of satellite navigation the 
wide application gets integration of inertial and sa-
tellite navigation systems. Satellite navigation sys-
tem (SNS) is a radio engineering system, while iner-
tial navigation system (INS) – non-radio. Their inte-
gration combines the advantages and compensates 
the disadvantages inherent to each system. 

One of the major problems during the develop-
ment and application of unmanned aerial vehicles 
(UAVs) is improving the accuracy and reliability of 
navigation systems within the existing weight and 
cost limitations.  

II.  PROBLEM STATEMENT 

Available satellite and inertial navigation sys-
tems. The statement of the task is to develop a struc-
tural scheme with the elements of the correction, and 
navigation data processing. It requires from this 
navigation system to be as simple, accurate, reliable 
and low-cost to implement. 

The urgency of the problem of integration navi-
gation systems and methods of its solutions are re-
flected in numerous publications [1]–[5]. 

INS/GPS integration architectures are defined as 
separate, loosely and tightly coupled, deeply inte-
grated configurations [3]. The benefits of increasing-
ly tight coupling in the navigation systems introduce 
in Table I.  

TABLE I 

CUMULATIVE BENEFITS OF INCREASINGLY TIGHT COUPL-
ING IN THE NAVIGATION SYSTEMS 

Coupling 
Level Benefits 

Un-
coupled 
INS to 
GPS 

Position, velocity, acceleration, attitude, 
and attitude rate information. 
Redundant systems A drift-free GPS 
A high-bandwidth INS. 

Loosely 
coupled 

More rapid GPS acquisition. 
In-flight calibration and alignment Better 
inertial instrument calibration and align-
ment. 
Better attitude estimates. 
Longer operation after jamming. 

Tightly 
coupled 

Better navigation performance Better in-
strument calibration. 
Reliable tracking under high dynamics 
Reduced tracking loop bandwidth (jam-
ming resistance). 
Optimum use of however SVs available. 

Deeply 
integrated 

Advantages the single filter removes the 
problem of the “cascade” filters switching, 
compactness requirements reduction of 
power consumption. 
Disadvantages the state vector contains 
up to 40 components, that is why the fil-
ter is difficult to realize. 

Widely used methods for combining navigation 
measuring devices are based on mutual compensa-
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tion and filtering their errors [1]–[4]. The implemen-
tation of this integration method is very diverse. For 
filtering the optimal stochastic methods are used to 
estimate the measured signals.  

Two main methods of integration with optimal 
filtering are used – with inclusion the filter in a di-
rect chain of integration scheme and with inclusion 
the filter in a feedback loop [4]–[5]. 

If the integration level between two systems in-
creases, the benefits also generally increase. The 
comparison of deeply integrated approach and close-
ly coupled one indicates that deeply integrated ap-
proach is more efficient to design new integration 
navigation system for UAVs [3]. 

Existing schemes of integration inertial and satel-
lite navigation systems do not meet fully to the as-
signed goals and the required level of accuracy. For 
this proposed scheme of integration ISNS using 
correctors forming correction signals that act simul-
taneously on the all INS sensitive elements that sig-
nificantly reduce the time of the transition process 
and steady errors values. 

III.  SCHEME OF INTEGRATION INS AND SNS 
WITH CORRECTORS 

The proposed scheme combining inertial and sa-
tellite systems by using corrective circles is shown 
on Fig. 1. Fig. A. Scheme of integration of INS and SNS with correctorsOn the scheme there are denoting the errors of position, speed and acceleration determination: 

�6�6

�6�P�P��� �' is the error of determining the coor-dinates �6�� �9�9�9�P�P��� �' is the error of determining the speed �9;  �9 �9�9�P�P��������� �' is the  error of determi n-ing acceleration �9��, and β is the angular error of the gyro platform horizontalizing; �D

�'

 

is the 
error of an accelerometer; �G�U is the angular velocity INS drift; �J – acceleration of gravity; �6�6�6�N�N

��

� �', �9�9�9�N�N��� �' is the error of SNS for coordinate and speed respectively. IV.  MATHEMATICAL MODEL OF E  IN INTEGRATED INSN 

Under the scheme (Fig. A) we write the equations describing the errors of determining the speed 
, coordinates �6�' and horizontalizing error β at the outputs of the three respective adder units: 321 dr( )        ( ) ,( ) ,.m k mk mm k m

m mV K V V�.�6�6�J�DK S SS V                   ����,           (A) 

Denote the vector of errors (the state vector)

 �7[ , , ]m m �;�9�6� �'�E�'. 

Denote also

      , ���G�U�N�E �. �6�E� �'���Z, 0� �V�E,  
�7

�>�����@

v s
�E� .  

(B)
 Then the mathematical model of the errors of the studied system (A) can be written in vector-matrix form as �%�)�;�;��� ��,    where ������0 0�.�J�.�)�.������� ��.  

(C)
 V.  DETERMINATION THE PARAMETERS OF CORRECTIVE ELEMENTS To determine the parameters of corrective circuit elements of integration inertial and satellite systems 
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the mathematical model errors (3) are presented in 
the operator form 

)()()( pBpXFpI  .  (4) 

Let us find the characteristic determinant of the 
studied system (3): 

3 2

1

( )
( ) 0

1 0

p K g K
p p K

p


 


.                (5) 

The characteristic equation of the system is: 
3 2

3 2 1 0p p K pK gK    .              (6) 

To investigate the stability of the system to make 
use of the new operator: 

p P  .   (7) 

According to (7), equation (6) takes the form: 
3 3 2 2

3 2 1 0P P K P K gK         ,            (8) 

where 3
1gK   , and ω is the frequency of natural 

oscillations of the system. 
Normalize the equation (8). Divide (8) by 3  

and obtain: 

3 2 3 2
2 1 0.K KP P P     

 
                (9) 

Using the criterion of stability by Vyshnegradsky 
obtain the coefficients of the cubic equation (9): 

3 3,K



    2

2 3.K



                (10) 

The expressions (10) we use to determine the op-
timum value of the gains 2 3,K K , the choice of 
which is made by providing the specified quality of 
transient processes of INS correction, which is 
caused by the value of the natural frequency of the 
system and which is set equal 10.01 .s  As a 
result, we find: 7

2 1.02 10 ;K     4
3 3.0 10 ;K    

4 0.3.K    

VI.  INVESTIGATION OF THE ERRORS 
IN STEADY STATE OPERATION 

Based on the obtained mathematical equations 
(3) and (4) that describe the errors of output data of 
the integrated system we can write the solution of 
equations in operator form: 

31 2 ( )( ) ( )( ) , ( ) , ( ) ,
( ) ( ) ( )m m

pp pV p p S p
p p p

 
     

  
 (11) 

where )( pi  is the determinant that is obtained by 
replacing the ith column in characteristic determi-
nant )( p  (5) on the column of free terms (2) of the 
system. 

This gives expressions for the errors in operator 
form: 

2
1 3 2 1 dr( ) ( ) ( );k k kp p K V K S a pg K S          

2
2 1 dr 1 3 3 dr

1 3 2 dr 1

( ) ( ) ( )

                  ;
k k

k

p p K S p K K S K

K K V K K a

       

     
 

3 3 2 1 dr( ) ( ) ;k k kV p p K V K S a gK S g            

.gKpKKppp 123
23)(   

Based on expressions (11) determine the value of 
the steady-state errors using limiting transitions      
(p →0): 

;0st  mV  

st 1 3 2 dr 1

1

kK K V K K a
gK

     
 


;    

st 1 dr dr

1 1

k
k

gK S gS S
gK K

    
    


, 

and substituting the numerical values of the given 
class of errors: 4 24.0 10  m/s ;a     20 m;kS   

0.2 m/s;kV   4
dr 5 10 '/ s   ; 0 3 '  , we get the 

following value of steady-state errors of output data 
of integrated system: 

;0st  mV    st 2.4 '  ;  st 18.6 mS  .     (12) 

VII.  INVESTIGATION OF THE ERRORS 
IN DYNAMIC OPERATION  

In a real flight the integrated systems are charac-
terized most reliably in dynamic modes. Study of the 
errors of the proposed integrated system in a dynam-
ic operation was carried out by computer modeling 
using simulation software package Simulink. The 
block diagram modeling the integrated inertial-
satellite system is shown on Fig. 2. 

The elements that in addition to the useful signal 
feed the input high-frequency component of the 
signal error (RF error) and low frequency compo-
nent (LF error) were introduced in the modeling 
scheme. The scheme also has elements that take into 
account the impact of the Schuler period and curva-
ture of the Earth with the radius R. The level of error 
signal relatively the desired signal lies in the range 
of 5–10 %. 

The results of the simulation with allowance in-
fluence of gyro drift, accelerometer drift and drift of 
tilt of gyro platform are represented as the graphics 



V.M. Vasyliev, V.O. Rogozhyn, B.I. Dolintse.  Accuracy Analysis of Inertial-Satellite Navigation System …            49 
 
of the errors changes of integrated system in dynam-
ic operation (Figs 3–5). 

Inclusion the positional correction circuit in inte-
grated system has reduced the value of coordinate 

error to acceptable limits thus there is no accumula-
tion of error with time (Fig. 3). After a transient 
process lasting about 700 s the value of coordinate 
error becomes steady and is within 18 meters. 

 

 
Fig. 2. Block diagram for modeling the integrated inertial-satellite navigation system

The same situation is observed on the graph of 
speed determination error (Fig. 4). After a transient 
process the value of error becomes steady close to 
zero. 

 
Fig. 3. Error of coordinate determination 

 
Fig. 4. Error of speed determination 

The gyro error curve is shown on Fig. 5. There 
are no sinusoidal oscillations of error and its value 
after a transient process is set at a level of about 
2.38, which corresponds to the value calculated 
previously. 
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Fig. 5. Angular error of the gyro platform 

horizontalizing 

The graphs show that with time the errors con-
verge to the steady values previously obtained on the 
basis of the operator form of errors determination in 
the steady state (12). 

VIII.  CONCLUSIONS 

In this article the integrated scheme of inertial 
and satellite navigation systems with additional cor-
rective elements in the feedback circuit are pro-
posed. 

The mathematical models were derived that de-
scribes the errors of determining the integrated navi-
gation system data. On the basis of these models a 
study of ISNS characteristics were made and were 
obtained the value of errors in determining naviga-
tion parameters in steady state operation. 

For analysis of the ISNS accuracy in dynamic 
operation mode the computer simulation of proposed 
scheme of integrated inertial-satellite navigation 
system was carried out using software package Si-
mulink. 

The proposed integrated inertial-satellite naviga-
tion system is completely stable and can be used in 
real-board navigation systems.  

The results show that in the steady state opera-
tion the characteristics of integrated navigation sys-
tem can provide solution of navigation tasks with 
sufficient accuracy. However, the transient process 
of installing a steady-state value of errors is long 
enough that requires a certain time for installing an 
integrated system to desired accuracy before the 
flight. 

The proposed scheme of integration inertial and 
satellite navigation systems can be recommended for 
use in low-cost aircraft such as unmanned aerial 
vehicles. 
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В. М. Васильєв, В. О. Рогожин, Б. І. Долінце. Аналіз точності інерціально-супутникової навігаційної сис-
теми, інтегрованої iз застосуванням коригувальних ланцюгів 
Представлено результати аналізу точності інтегрованої із застосуванням коригувальних ланцюгів схеми інерці-
ально-супутникової навігаційної системи для недорогих безпілотних літальних апаратів. На підставі отриманих 
математичних моделей, що описують похибки оцінки навігаційних параметрів в комплексній інерціально-
супутникової навігаційної системі, досліджено точність в статичному і динамічному режимах. 
Ключові слова: навігація; інтеграція; інерціальна навігаційна система; система супутникової навігації; безпі-
лотний літальний апарат. 
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