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Abstract—It proposed a modified invariant compensation scheme interconnecting an instrument air 
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I. INTRODUCTION 

To ensure the accuracy and reliability of 
operation in noisy environments as onboard systems 
coordinate notation of unmanned aerial vehicles 
(UAV) inertial and courses air system are used. 
Given the tight weight and size restrictions payload 
certain advantages for small UAV has an instrument 
air system, for which, unlike inertial system, there is 
a linear increase of the coordinate notation errors in 
time. As part of the navigation system (NS) of UAV 
is used onboard equipment satellite navigation 
system (SNS), which under normal operation 
provides highly accurate position-speed correction 
radix coordinates. 

The subject of this work is the new technology of 
complex processing of navigation data on the course 
air sensors of the UAV (sensor airspeed, air altitude 
sensor, three-component magnetometer, sensors 
angles, pitch, roll, slip and attack) and SNS 
equipment. 

II. PROBLEM STATEMENT 

There are ri, i = 1, ..., n board navigation 
systems, which may be included in the navigation 
system of the UAV. Each of the systems may be 
described by Ri , i = 1, ..., m characteristics. The task 
is the choice of composition of small UAV 
navigation system ri , i = 1,...k, k < n and 
improvement scheme of their complexing.  

III.  PROBLEM SOLUTION  

Unlike traditional schemes invariant complex 
processing of information [1], which involves 
estimation error of dead reckoning position system 
by the position-speed information from SNS, in the 
paper is considered non-invariant scheme, which 
involves direct estimation of the required navigation 
parameters [2]. 

A. Used mathematical models 
At the rate of air-reckoning position coordinates 

of the UAV the following navigation equations with 
respect to reduced coordinates N ( )R t  and E ( )R t  can 
be used: 
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where N op Ear( ) [ ( ) ]R t t R   ; E op( ) [ ( ) ]R t t    

Ear;R  ( ), ( )t t   are geographical latitude and 
longitude coordinates; ( )h t  is the altitude above the 
surface of the earth ellipsoid; op op,   are coordinates 
of a given point in the area of operations; EarR  is the 
constant equal to the radius of the Earth's sphere; 

1 2,R R  are radii of curvature of the coordinate lines; 

N E( ) , ( )V t V t  are projections of the ground speed of 
the UAV on the horizontal axis of the geographical 
trihedron.  

In view of the results presented in [3], with 
acceptable accuracy the practical equations (1) can 
be represented in the form:  
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2,a e  is the semi-major axis and eccentricity squared 

received for navigation terrestrial ellipsoid.  
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Current ground speed components N E( ) , ( )V t V t  
satisfy the following relations:  
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where AIR N ( )V t  и AIR E ( )V t  is the UAV airspeed 

projection on the axis N and E; WindNV  and WindEV  is 
the horizontal components of wind speed. 

In general, the expression for the horizontal 
components of the air speed are of the form [4]:
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where AIR ( )V t  is the current air speed; ( ),I t  ( ),t  
( )t  are current angles of the true rate, pitch and 

roll; ( ),t  ( )t  are current angle of attack and slip. 
In the case of small absolute angles ( ),t  ( ),t  

( ),t  ( ),t  from (6) we obtain the following 
approximate relations: 
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Information about the current values of air speed, 
pitch angles and slip may be obtained by the 
respective sensors. The current estimate of the 
angles of the true rate ( )I t  is determined by the 
formula: 

m m( ) ( ) ,I t t                          (6) 

where m ( )t  is the magnetic course; m  is the 
magnetic declination. 

In its turn, for the calculation of the current 
magnetic course evaluation formula is used:  

m 1 2( ) arctg( / ),t f f                      (7) 
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1( ),XH t  1( ),YH t  1( )ZH t  are current estimates of 
projections of vector of the Earth’s magnetic field on 
the axis of the UAV related coordinate system 
derived from three component magnetometer.  

B. Basic errors an instrument course air notation 
coordinate 
Errors of an instrument course air notation 

coordinate UAV depend on the current calculation 
errors constitute ground speed N ( ),V t  E ( ),V t  course 
readings air sensors and error of numerical 
integration of the navigation equations (2). In its 

turn, the current values of the calculation error 
N ( )V t  and E ( )V t  depend on instrument air sensors 

and inaccuracy of estimates of the horizontal 
components of wind speed. 

The analysis shows that the greatest impact on 
the accuracy of the calculation of the current ground 
speed components have a systematic error of 
measurement of the angle of the true rate I  and 
assignment evaluations of the horizontal components 
of wind speed AIR NV  and AIR EV . 

C. The non-invariant compensation scheme of 
complex processing of navigation data 
The key role in the non-invariant compensation 

scheme of complex processing of navigation data 
from the course-air sensors and SNS, proposed in 
this paper, as in the scheme considered in [2], [5], 
plays the nonlinear discrete filtering procedure. 
However, unlike the scheme [2], [5] filtering 
procedure is used only for correction and 
extrapolating estimates given position coordinates of 
UAV NR  and ER  using position information from 
SNS and information from the course-air sensors. 
Amendments to the measurements of the angle of 
the true course IP  and to the initial estimates of 
the horizontal components of wind speed AIR NV  

and AIR EV  measured at the initial stage of flight 
and updated periodically using special procedures on 
the basis of speed information from SNS. 

It is assumed that the update output course-air 
sensors and the SNS occurs at the same step t
= 0.1 s. At each step of processing navigation 
information apart from the first check a condition of 
normal work of SNS must be satisfied 

S
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ˆ
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ˆ
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extrapolated from the previous step; SNS
N iR , SNS

E iR  are 



F.М. Zakharin, S.О. Ponomarenko  Principles of Navigation System Design of UAV                                               105 
 
current estimates of coordinates computed by the 
positional information from the SNS; detR  is the 
predetermined admission. 

The condition (8) is used for correction of current 
estimates of coordinates and the covariance matrix 
of estimation errors 
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where T
N E

ˆ ( , ) ;i i iX R R  SNS SNS T
N E( , )i i iY R R  

;i iX    i  is the column vector of random 
measurement errors with covariance matrix R; 

( ) ( )( )T T
i i iK P H HP H R     is the filter gain 

matrix; 2H E  is the identity matrix 2×2; iP  is the 
covariance matrix of estimation errors;   is the 
symbol pseudo-matrix method Greville [6]; “–” and 
“+” are index values “before” and “after” correction.  

D. Extrapolation of the coordinates and covariance 
matrix 
At each step of processing, regardless of the fact 

serviceability SNS operation is performed 
extrapolating estimates of coordinates and the 
covariance matrix Р. The basis of extrapolation 
coordinate operation can be put various methods of 
numerical integration of the equations (2) [7]. 

Extrapolation by the Euler method is performed 
in accordance with the formula: 

1
ˆ ˆ ,   N,E,   1,2, ,l i l i l iR R f t l i           (10) 
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Current estimates make up ground speed 
calculated by the formula (3), in which the 
components of air speed given by equation (5) 
(where the right of the substituted measurements 

AIR iV , ,i  ,i  ˆ ˆI i I i I P     ), and evaluation of the 
horizontal components of wind speed taken as a 

(0)
Wind Wind Wind
ˆ ˆ ˆ , N, E,l l l PV V V l            (12) 

where 
(0)

Wind
ˆ , N,ElV l   are initial estimates of the 

speed of the wind; Wind
ˆˆ ,I P l PV  , N,El   are 

evaluation of the relevant amendments.  
Adams method for 4th order [7] on the first three 

steps extrapolation of coordinates is performed by 
the formula (10), and each step is divided into two 

extrapolating substep. In the first substep using 
Adams extrapolation formula preliminary estimates 
of coordinates may by calculated 
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In the second substep using interpolation formula 
Adams are the final scores of coordinates 
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where 
*

1, N, El if l   are computed by formulas (11) 

and the fact that N 1 N 1
ˆ ˆ .P

i iR R   
Extrapolation of the covariance matrix P is 

performed according to the formula: 
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 is the transition matrix 

corresponding to the linearized representation of the 
operation of extrapolation coordinates; iQ  is the 
covariance matrix of random errors of extrapolation; 

if  is the vector of the right parts of equations (2). 

E. Calculation of the corrections 
At the initial stage of flight of the UAV during 

normal operation is estimated SNS column vector 
amendments Т

Wind N Wind E( , , )
P PP P V V      using a 

speed information from SNS: 

ˆ ,P V VG d                             (16) 
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The current assessment of the components of 
ground speed N iV  and E iV  is calculated using the 
formula: 
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(0)
AIR Wind

ˆ , N,E.l i i lV V V l                 (17) 

In its turn, it is possible to calculate AIR ,l iV  
N,E,l   using the formula (5), in which the 

measurements AIR iV , ,i  ,i  I i  are substituted. 
In normal operation, the SNS obtained at the 

initial stage of flight evaluation of the amendments 
to the horizontal component of the wind speed 
periodically clarified by the procedure of the form: 

( 1) ( ) ( )
Wind Wind

ˆ ˆ , N,E,j j j
l P l P l PV V V l            (18) 

( ) SNS

1

1 ( ), N,E,
BN

j
l P l i l i

iВ
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where , N,El iV l   are current estimates of the 
components of ground speed, calculated taking into 
account the amendments of previous estimates; 

1 .i i Bt t T     

F. Mathematical modeling 
The effectiveness of the proposed scheme 

interconnecting course-air sensors and SNS was 
assessed using mathematical modeling. In the 
simulation, set the movement of small UAV at 
altitudes 0 … 1000 m with speeds 40 … 80 m / s on 
the trajectories of maneuvers such as “snake” and 
“circle” and used a simplified model of 
measurement errors the true course, including 
systematic and random components. Root mean 
square values of course-air sensors error are set in 
the following way: AIRV = 1 m/s; I = 1 mrad;   

h = 1 m;       = 1 mrad, and displacement 
sensor readings 3 m;h    I   ± 30 mrad.  

Root mean square value of positional and speed 
errors SNS adopts the following R = 3 m;            

V = 0.03 m / s.  
The actual values of the horizontal component of 

the stationary wind speed in the vicinity of the fly 
are ranged within ± 20 m / s, and the error of this 
initial assess was ± 15 m / s. 

Step navigational information processing was 
assumed to be t   0,1 s, and the parameters of trea-
tments (16) and (18): P BT T   = 5 s; N NP B = 10. 

Using regression procedure (16) in the first 50 
seconds of flight measurement of the angle 
correction to the estimated error rate is not more 
than 3 mrad, and the amendments to the initial 
estimates of the horizontal components of the speed 
of the stationary wind – with errors less than 0.3 m / s. 

The test procedure (18) was simulated with wind 
amplitudes of ± 15 m / s at predetermined discrete 

times. Refined amendments to the initial estimate of 
the speed of the wind after the jump identified errors 
are not more than 0.2 m / s. 

After switching off (failure) SNS the rate of 
increase error of stand-alone course-air notation of 
coordinates in time correspond to the level of 
precision adjustment of amendments (at the rate of  
± 3 mrad for and the horizontal component of the 
stationary wind ± 0.2 m / s). 

At processing step t   0.1 s the rate of increase 
of computational errors for Euler’s method (10) was 
not higher than 0.08 m / s, and for the method of 
Adams (13), (14) – not more than 0.04 m / s. 

Computational errors ΔR extrapolation of 
coordinates for the method of Adams 4th order 
against time to maneuver the “circle” for different 
values of the integration step Δt (0,1 s, 0.05 s and 
0.01 s) are shown in Fig. 1. 

 

 
a 

 
b 

 
с 

Fig. 1. Graphs of computational errors ΔR extrapolation 
of coordinates for the method of Adams 4th order a 
function of time for different steps of integration: 

(a) Δt = 0,1 s; (b) Δt = 0,05 s; (c) Δt = 0,01 s 
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The maximum modulo calculation errors notation 
given coordinates for the Euler method and Adams 
4th order for a 100-second interval (UAVs 
maneuvers such as “circle”) as a function of the 
integration step are shown in Table I. 

TABLE I 

THE MAXIMUM MODULO CALCULATION ERRORS 
EXTRAPOLATING COORDINATE FOR 100-SECOND TIME 

INTERVAL 

Method t = 0.1 s t  = 0.05 s t  = 0.01 s 
Euler 8.01 4.00 0.87 

Adams 6.00 3.00 0.77 

The reduction step is discrete m times led to the  
m-fold decrease in the tempo of growth of 
computational errors in the reckoning given location 
coordinates UAV. 

IV. CONCLUSION 

Thus, the simulation results confirmed the 
performance and sufficiently high efficiency of the 
proposed modernized non-invariant compensation 
scheme interconnecting a course-air sensors and 
SNS for small UAV. 
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