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The integration algorithms of UAVS’ rotational aricanslational motions using quaternions
have been analyzed and the correspondent softway®ATLAB has been developed. The proposed
algorithms verification has been performed with ngsireference data at different sampling
frequencies and under different conditions of UAXainics.

Jocniosceno aneopummu inmeepayii 0bepmanvbHux ma NOCMYNAIbHUX PYXI8 Oe3NiI0MHO20
JMIMAnbHO20 anapama 3 BUKOPUCAHHAM KeamepHionie. Cmeopeno 8iOnogioHe npocpamme
sabezneuenus 6 MATLAB. [Ipogedero sepugbikayito 3anponoHo8aHux aieopummie Ha emaioHHUX
3HAYEHHAX 13 PI3HUMU 4acmomamu OUCKpemuzayii ma 3a pisHUX yMo8 OUHAMIKU Oe3nilomHOo20
JIMAanvbHo20 anapama.

Hccneoosanvl  aneopummvl  unmezpayuu  6paamenbHulX U HNOCMYNAMENbHbIX  O8UNCEHUL
OecnuiomHo20  1emamenbHO20 — annapama ¢ - UCNoIb308aHuem  KeamepHuoros. Co30aHo
coomseemcmayiowee npozpammuoe obecnewenue 6 MATLAB. [lposedena esepugpurayus
NPEONONHCEHHBIX ANCOPUMMOB HA IMATOHHBIX 3HAYEHUAX C PAZHBIMU YACMOMAMU OUCKPEemuU3ayuu u
npU Pasuvlx YCA08UAX OUHAMUKYU OECNUTOMHO20 IeMAamelbH020 annapama.

Statement of purpose Review of last publications

Satellite-based positioning and navigation Nowadays in lot of countries the
systems are playing an ever-increasing role iAvestigations devoted to creation of integrated
today’s society. There are a lot of applicationdNS/GPS ~ systems are performed. The
for such systems, including personal navigatiogdvantages of GPS/INS integrated systems,
car-navigation, unmanned aerial vehicleglative to GPS or INS only, are reported to be a
(UAVs) and general aviation [1; 2]. full position, velocity and a_lttltl_Jgje solution,

Unfortunately the  only satellite-basedmproveq accuracy angl avaylablllty, smoother
systems are often insufficient and must bEECtories, —greater integrity and reduced
augmented with other sensors. For example fgpsceptlblllty to jamming and mterference are
UAV flight control data rate should be at leas iscussed in [2-6]. Inertial Navigation System

50 Hz, while Global Positioning System (Gpsﬂgonthms of a body rotational and translational

typically updates position and velocity at 1 t ofions integration using quaternions are
: o i in th r rches [2-5; 7].
20 Hz and Inertial Navigation Systems (INSSC;j SCUSSES ese researches [2-5; 7]

are capable of making measurements at severalProblem statement

hundred Hz. The task of this work is to develop software
Therefore the integration of GPS and INSs is MATLAB by applying UAV translational
often used to provide accurate positioning anghd rotational motions integration algorithms.
navigation information. The algorithms use quaternion technology, and
Algorithms of UAVs attitude and positionangular velocities 2nd order spline-approximation,
determination play an important role in INSelementary quaternion approximation in the way
software. proposed in other researches [7].
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Then it's necessary to explore algorithms at Calculation of Euler angles through unit
different simulated conditions. In order to findquaternion and DCM R& ™42y can be
. . . . . body- fixed
the final INS navigation solution it would be
necessary further to join the functionality of

both rotational and translational motions { 2(0,0% + %) j_ arct r(3,2)j

erformed as follows [4; 5]:

integration algorithms within a single software. ®=arcta

G-~ G+ 3.3
General relations
Here the general relations that are used fé&=arcsin¢ 2,0, — q,9, )= — arct Gy J
the given task solution is proposed to be given. V1-r(3,1f
There are several methods to represent UAV
orientation in the inertial frame including Eulequ:arctar{ 22(0.1(;2+ %) J: arct n@j . (
angle, Directional Cosine Matrix (DCM), and G+E-G- G 1,1

unit quaternion etc. The most commonly used Equation describing vehicle coordinates

O_ne s Euler angle representatlor? (qoll change in North East Down frame that reflects
pitch®, and yawp). The UAV trajectory coriolis theorem about accelerations addition at
control can be converted to cascaded control @émplex body motion is given as follows [7]:

roll, pitch, and yaw. However, Euler angle Y

representation has some singularity points. Unit == = a,+0-2QxV;

quaternion provides another representation dt

without introducing a gimbal lock problem. Unit &, =a-g; (4)
quaternion could be defined as g=g-QxQxr,

_ T
q‘[q02q1 q22q3]2’ , where a,Vis relative object acceleration and
where qg +q; +0; +q; =1. velocity;
Calculation of initial quaternion through a, is accelerometer measurements (in
Euler angles can be given as [4; 8]: literature is often seen apecific forcef );

_{o 9 [ {0 0 9 0 W gis a result of gravitational and centripetal
% 2 2 2 2 2 2 acceleration addition;
Q is Earth rotation rate;
q= {(_P) D{Q) E{E) {ﬂ) D?JDEEJ g is gravitational acceleration;
2 2 2 2 2 1) r is radius-vector in geocentric coordinate

system.

{_

+

Having the ability to measure the

3
0 0
% (Epjﬂ{aj B{%) (ij DEEJD%J Algorithms exploration
and results presentation
HETRTIR R IE e
2 2 2 2 2 2 acceleration by accelerometers, it's possible to
) calculate the change in velocity and position by
wherec =C0s, S= sir. performing successive mathematical
The Direction Cosine Matrix representingntegrations with respect to time. Meanwhile, in
rotation from body-fixed to Earth-fixed frame isorder to navigate with respect to the inertial
defined through unit quaternion as follows [3; |4; 8reference frame, it is necessary to keep track of
, the direction in which the accelerometers are
1-2(d; +05), 20,02 ~ Gs0h), A% + %2%) pointing. Rotational motion of the body with
R =| 2(q:0, + 4,0,),1-2(0% +07), 2(0,0; —G,%) | (2) respect to the inertial reference frame is sensed

_ (2 4 2 using gyroscopes which determine the
2% ~ G0): 205 * o), 1~ 2 +62) orientation of the accelerometers at all times.
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Hence, by combining these two sets of Realization of algorithms begins
file length and quaternion

measurements, it is possible to define theading

vehicle’s translational and rotational motiongnitialization
within an inertial reference frame [2; 3].
It's known [2-9] that nowadays the mostquation (1).
appropriate way to update the rotation motion Reading
parameters is one with using quaternions.

g% =[ 0 0 O]'or, if the
parameters of initial alignment are known, using

the sensors measurements
performed with some time intervals, i.e. with

This method is used almost in all strapdowf@mpling frequency
INS, since there is a possibility to find solutions 1

in quadratures.

ave

At this work it is explored the approach _
proposed in works of other authors [7] based on Consequently DCMR . 5.,(Q) . velocity

measured angular rates and accelerationsand coordinates are calculated with time
splines andnterval At. Therefore at the beginning of
algorithm the sampling frequendly is settled.
Then the counter is settled to be equal to 4
previous measurements

approximation by 2nd order
elementary quaternion approximation.

At fig. 1 the block-scheme of UAV
rotational motions integration algorithm

represented.

S

is(i's necessary for
accumulation).

body- fixed
RY‘

Elementary quaternions
multiplication
q(t_i)=q(t i-1)*delta q(t i)
(eq. 7)

Reading the measured
data length Reading the elementary
m=length(data) quaternion value q(t i-1)
v
Initialization of quaternion v
q0=[100 0] or using Quazicoordinates

equation (1)
and sampling frequency f

Counter settling
i=4

calculation delta Theta(i)
and delta_Theta(i-1)
though spline-
approximation of angular
rate vector

(eq. 5)

DCM R _from Earth to_body
and
R from body to Earth
calculation though updated
quaternion lamda(t i)

(eq. 2)

v

¢

Calculation of quaternion

Euler Angles (Phi, Theta, Psi)
calculation through DCM
R _from_body to Earth

that corresponds to small (eq. 3)
] vehicle turn delta q(t i) ¢
Reading the current through quazicoordinates
values of angular rates vector (eq. 6) i=i+1
and time
o o

Fig. 1. The block-scheme of algorithm of UAV rotatal motions integration

from
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Then we check if current iteration doesn’t And using orthogonality property of DCM
exceed the file length. In case it doesn't curreitts possible to receive rotational matrix from
values of angular rates and time are read, Barth-fixed to body-fixed frame by transposing
other case the work of algorithm is finishedreceived from (2) matrix. Then current Euler
Then the value of elementary quaternigl ;) angles are calculated either though quaternion
is read. After this the quazicoordinate®r DCM using equation (3).

f Therefore, it's possible to define the right
(components  of  vector 06, = joodt) part 3 of equation (4) using accelerometers

-1 measurements and DCM received from UAV
calculation is performed. rotational motions integration algorithm.

For calculation ofdg the angular rate vector  Then it's possible to write relations likewise
w(t) 2nd order spline approximation is used [7]t0 that described in equation (5) fe(t), r(t;)

Having  values ot ), u(t ), uxt) definition, havinga values at moments of time

guazicoordinate is calculated as follows: bz G b

08 = 3 (G Pt ) -t (B) WE) w1+ [ adts

o o ) ] ] t
Slmllfarly 0g., is _calculat(.ed.. Then the =v(l;_1)+(5a(§)+8a(t_1)—a(it_z))ﬁ, 8)
quaternion corresponding to rigid body small 12
turn for a time At (&(t,)) is approximated "
using quazicoordinate vectarg, [7]: rt) =r i) +vE- )AL+ J‘V('% )dt =
0
1 3a(t)+103 -\ At?
-8 v+ G o
am= , (6) —a(t;) 24
gmei —E(Dﬂi x8_,) +AV(t ). ©

Summarizing it's possible to say that
relations (1)—(9) compose the integration
Then body orientation is defined aslgorithms of UAV kinematic equations.
sequential  multiplication of “elementary” Tne software based on these algorithms has
quaternions. In matrix representation it hageen developed in MATLAB.
following form: For  algorithms verification and
Xy —& -&, -] [at) computational ~ errors  determination  the
&y Xy, Xy || aty) following steps were performed.
alti)= & -% & A || o)) (7) In MATLAB Simulink the scheme (fig. 2)
X, &, &, X Qe,(t:-l) that correlates Euler angles with angular rates
has been realized according the following
where &, 5 =, 5t equations [4]:
Equation (7) corresponds to the procedure of

wherel||[l is a vector norm.

UA\( rotational motions parar_neters updqte. W =p= @- W sing
Having the updated quaternion value it's o _ .
possible to find DCM or rotational matrix from ~ ® =9=Wcos8 sinp+6 cog (10)

body-fixed to Earth-fixed frame, using equation (2)  w, =r =(cos6 cosp-8 simp
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There are Euler angles at the input of this To estimate the value of these errors the
scheme and angular rates at the outpueference values (from the output of scheme at
Therefore we have both sets of data: referenfig. 2) were compared to the ones received
angular rates and Euler angles. It's necessaryttoough the algorithm described at block-
note that this scheme is useful for us only facheme at fig.1.
the algorithm testing, since in real conditions Below (fig. 3) the result of roll angle
there might not be the possibility to receiveletermination under conditions of high UAV
reference values of angular rates and Euldynamics is represented.
angles. It was decided to choose here the result for

If we set, for example, simulation time ofroll angle since the longitudinal axis has the
scheme (fig. 2) 30 s, and sampling frequendgwest inertia and roll calculation error
100 Hz, then in result we'll receive 3000 okccording the given algorithm is the highest.
reference angular rates and Euler angles. ThenfFor example, at conditions of normal UAV
with the help of equations (1)—(7) according thgynamics the standard deviation (STD) of roll
algorithm represented at fig.1 it's possible t@ngle determination is 0,0101°, pitch and yaw —
receive Euler angles. 0,0046° and 0,0077° correspondently, and at

It's clear that angular rates and elementappnditions of high UAV dynamics STD of roll
quaternions’ approximation and rounding &jngle determination is 0,0635°, pitch and yaw —
calculations will cause the computational errorg 91230 and 0,0156° correspondently.
in angles determination.

2':' T T T T T

—
[

o}

Roll angle, deq
=

[
=

Roll errar, deg

03 i i i i :
0

Fig. 3. Roll angle: reference valueg &nd calculation errobj
at conditions of high UAV dynamics
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For UAV translational motions integration And frequency increasing up to 100 Hz
algorithm verification and computational errorgreatly  improves navigation parameters
determination the following steps have beegletermination accuracy, but the further frequency
performed. In MATLAB circle motions at XY- increasing doesn't influence essentially.
plane were simulate_d_ to get the r_e_ference data OfConcIusion
accelerations, velocities and positions.

Therefore, the results of comparison of At work the analysis of UAV kinematic
reference values of velocities and positioduations integration algorithms has been
coordinates with the defined with the help operformed.
equations (8)—(9) are represented at fig. 4. The software in MATLAB has been

It is seen from figure that velocity errors aréleveloped based on proposed algorithms. It has
bounded in time and position errors are not. been verified at conditions of normal and high

Besides, sampling frequency influence d¢AV dynamics.
navigation parameters definiton has been ASa result the algorithms efficiency has been
investigated. Both algorithms, for rotational an@Pproved, since the acceptable values of STDs
translational motions, have been checked BfS been got for all cases.
frequencies from 20 to 300 Hz at conditions of Also sampling frequency influence at
normal and high UAV dynamics. navigation parameters definition has been

The results for rotational motions ardnvestigated.
represented at fig. 5, and for translational AS @ result the dependence of hyperbolic

motions — at fig. 6. nature has been revealed. In further
From fig. 5, 6 it's seen that the revealedvestigations it would be interesting to study
dependencies are of hyperbolic nature. this dependence.
x 107

Velocity ermar, mis

Position errar, m

Fig. 4. Velocity @) and positionlf) calculation errors
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STD, deg

STD, deg

b Frequency, H

Fig. 5. Dependence of Euler angles definition er®fD
on sampling frequency:

a — normal dynamics;

b — high dynamics
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Fig. 6. Dependence of Velocitg)(and Positionlf) definition errors STD on sampling frequency
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