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Abstract. Kalman filter main advantage over simpler staténestors is ability to adjust filter's gain ac-
cordingly to observable signal instability. It is@vn that it is possible to use simple observdiltafs gain

is stationary regardless of aircraft maneuversthis paper model of navigation errors dynamicsas-
sidered. This model is used in Kalman filer in greged system simulation. Frequency domain represen
tation of vehicle dynamics is used in this simolatio investigate filter stationarity. The resudtsow that
filter gain is stationary regardless of motion dymias.
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Introduction Errors Dynamics Model

Strapped down Inertial Navigation System (SINS As part of Complementary Filter application re-
or shortly INS) is main instrument for obtaining-nasearch one’s need to consider different models of
vigation parameters in aviation, marine transporgrrors dynamics which leads to different estimation
robotics and such applications as biomechanics Tllgorithms. Each model is characterized by process
system is fully autonomous in comparison to Sa¢ellirepresentation precision which affects quality &f e
Navigation Systems (SNS or GPS) which perfotimation, and algorithm’s complexity. One’s need to
mance is limited by line of sight and number of sasompromise between model’s precision and com-
tellites. But INS is subjected to errors which dae plexity because more complex algorithms impose a
computing algorithms are accumulating in processonstraints on hardware [6].

This imposes a constraint on operation time and ne- We choose errors model for roll, pitch and yaw
cessity of periodical calibrations. GPS doesn’téehavangles in which attitude errors are determent from
such limitations and can work unlimited time (irkinematic equations of the aircraft movement. Atti-
ideal conditions). This features makes it possible tude errors are obtained by adding a perturbation i
calibrate INS with information from GPS which isthis equations
erfect solution for boosting INS performance on a :
E)ng period of time. Such %ystemps are called Inte- AB=F(@)Aw+ F O,w)0, (1)
rated Navigation Systems or INS/GPS. This syste T
eglre widely ugsed sinc%e 90 s and now are basic rilaviégqereAw - [wa Aw, sz} Is a vector of gyro
tion systems for aviation. Due to progress in MEM®iases® is a vector of attitude parameters (roll, pitch
production this system now can be also used in Mianhd yaw) obtained from kinematic equation [7]
and Micro UAVs [1-3].

To calibrate INS one’s need to estimate sensors y 0,
errors — gyro and accelerometer biases which causes v =FO)| w, | )
INS drift. The task is performed by state estimébor v Y
widely used Kalman filter (KF)) which uses differ- w;

ences between INS and GPS data (additionalqre F@) is a transformation matrix
magnetic and barometric sensors can be used to
augment filter performance) for errors estimation.

This state estimators often referred as Complemen- 1 -tgocoy  tgusiny

tary Filters. The core of estimator’'s algorithmais F©)=| 0 cog/co -siny/cos |. 3)
errors dynamics model which represents error gen- 0 siny coy

eration process with a certain degree of approxima-

tion [4; 5]. F4(©, ®) — derivative matrix
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tgu(w siny+o ,cogy)
F,(©,0)= (v siny-o cos)/con
©,CO8y-0 Siny

Velocity errors are described by

AV=W A@+M(B)Aa. 4)

.
where Aa=[Aa, Aa, Aa,| — vector of accelo-

meters biases, M) — direct cosine matrix, \, —
skewsymmetric matrix of accelerations in nea-
tion frame

0 -@8havz @navy

Wh= - |@avz 0 -@navx|- (5)
“Bnavy 2navx O
Coordinates errors are describe:
AP =AV. (6)

Finally errors model in matrix form

[A® | _Fd O O F Ol[a@]
AV| (W, O O O M| AV
AP|=l O | O O OflAP (7)
Ao O O O O OflAe
l|Aa] | O O O O Of] Aa]

where | is identity matrix of sizex3 and O — zero
matrix of the same size.

Motion Dynamics

Usually in the research of state estimators a-
vigation parameters of aerial vehicles moticy-
namics is specified byome defined types of motit
(like takeoff, horizontal flight, maneuvers) ordfit
data from actual aircraft [8]. However this datads
sufficient for estimator’s stationarity analysissieac
of time domain representation of aircraft motion
chooseto implement frequency domain reprea-
tion of motion dynamics (gyros and accelerome
data or Inertial Measurement Unit (IMU) data).
this case motion dynamics is divided into threeety
Low motion (IMU data rate constraints of 0.5 F
Middle mofon (2 Hz), High motion (5 Hz). Gyro ar
accelerometer magnitude constrained to 4
deg/sec and + 2 ni/sespectively.

To generate IMU data we used a colored n—
random signal with determined spectral chares-
tics obtained by shaping white noise with low
filter.

0 (o Siny-0 3pOS/)/coszv
0 (»co5-0 Zsiny)s;inu/cos;ZD O
0 0

Kalman Filter Stationarity

Kalman filteris the most popular instrument f
integration INS and GPS. It uses a state spacelr
of the process to estimate it parameters (or 3t
with a limited observable data. In case of INS/C
systems GPS velocity and position data is use
augment INS performance and estimate IMU bie
Kalman filter utilizes recurrent algorithm of cw-
lating filter gain (Kalman Gain) on every tafig. 1).

Prior estimate:

% B

|

Compute Kalman Gain :
K, =P H,(H H,+R)"

/’

Project Ahead:
Xe =A%, + Bu,
_ X=X +K(z,—H.ZX
Pk+l:AkPkA:+Qk £ k *(J’ "k)

&) ./

Fig. 1. Kdman Gain computation algoritt.

b

Update estimate
with measurement Z;

Compute error covariance
for update estimate

P :(I*Kka)P{

This part of the KF algorithm consumes mos
computing power. If it is possible to get rid ofst
part of the estimation process it could be usec
another tasks. There is a way to accomplish thi
implementingsimpler algorithm such as Luenber:
observer. In this observer gain is a constant
computes using initial conditions of the systemt
using stationary observer to estimate -stationary
system may lead to increasing error of estimi [9].

We carried out a simulation of INS/GPS syst
with a different types of motion to see how Kla-
tionarity behave in different conditions. If it$table
or have a relatively small disturbance it would
possible to implement simpler estimation algori
without decrease in quality of estimatis

Results

In order to carry out simulation we used two |
blocks from Matlab/AeroSim librar— one with IMU
biases and the “ideal”. Differences between t
velocity and position data were processed with &
obtan estimation of navigation errors and IMl-
ases. IMU biases were of order 1 ? for accelero-
meters and 0.1 rad/Bor gyros (figs. 2 — 10).
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Fig. 2. Kalman Gain of attitude error estimation

(Low motion)
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Fig. 3. Kalman Gain of attitude error estimation
(Middle motion)
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Fig. 4. Kalman Gain of attitude error estimation
(High motion)
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Fig. 5. Kalman Gain of velocity error estimation
(Low motion)

Kalman Gain
[}
(L]
o

I I ! 1
0 2000 4000 G000 8000
Epoch

(o]
[fe]
a

10000

Fig. 6. Kalman Gain of velocity error estimation
(Middle motion)

Figs 2 — 4 show Kalman Gain of attitude error
estimation for Low, Middle and High motions. It is
shown that for Low and Middle motion (figs 2, 3)
Kalman Gain in steady state is nearly a constaait a

have minor instability of less than 1 % in High mo-

tion.

Figs 5 — 7 show Kalman Gain of velocity error

estimations. It is constant on a whole time saaialf

types of motion so even fast maneuvers don't intro-

duce instability in velocity channel.

It is shown on Figs 8 — 10 that Kalman Gain of

position estimations is as well as velocity staiiea
whole time scale.
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Fig. 7. Kalman Gain of velocity error estimation
(High motion)
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Fig. 8. Kalman Gain of position error estimation
(Low motion)
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Fig. 9. Kalman Gain of position error estimation
(Middle motion)
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Fig. 10. Kalman Gain of position error estimation
(High motion)

Conclusion

ime scale in steady state for all types of motinis

As we can see from results of simulation Kalman
ain for all estimated parameters is stable on@evh
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means that instead of using complex algorithm of 5. Andreev V. D1966. The theory of inertial na-
computing Kalman Gain on every tact of filteringvigation (autonomous system). Moscow, Nauka.
process it would be possible to use constant waflue579 p. (in Russian).

gain. Thus application of simpler Luenberger ob- 6. Proskura G. A2009. Models and methods of
server in integrated systems will make computatiagrror correction miniature strapdown inertial navig
of navigation parameters faster without decrease i, systems: the author’s Dissertation. ... Caaigid
estimation performance. tehn. Sciences: 05.13.03. “KhAI", Kharkov. 23 m (i
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I. O. Paraiiuyk, B. I. KopryHnoB. Cranionapuuii ¢pinetp Kasmana B 3agaui aHa i3y oniHioBaHHsI IOMUWIKH iHep-
HiaJbHOI HaBirauiiiHol cucreMu

OcHoBHOMO nepeBaroto ¢inpTpa Kanmana Haj MpoCTUMH OLIHKAMH CTAHY € MOXIIMBICTh PEryJIIOBAaHHS MocwieHHs (i-
JLTPY BIAMOBITHO CIIOCTEPEKYBAHOI HECTAOUIBHOCTI cUTHANY. [lokazaHa MOXKITUBICTH BUKOPUCTOBYBATH IIPOCTI CITO-
cTepiraui, KO MOCKHIEHHs (UIBTPIB CTAL[iOHAPHI HE3AIEKHI BiJl MAHEBPIB JITAaJIBHOIO anapaTy. Po3risHyTo IMHAMIKY
MoJieni HaBiramiiHux nmoxuOok. List Moaens BukopucToBYeThes y GinbTpi Kanmana B iHTerpoBaHiii cucteMi MOAEINIO-
BaHHA. YacToTHa 00JacTh MUHAMIKH JIiTaka BUKOPHCTOBYETHCS MPHW MOJCIIOBAHHI ISl BU3HAYCHHS CTaIliOHAPHOCTI
¢binpTpa. Pe3ynbraTi oka3yroTh, o kKoedimieHT nocuiaeHHs QibTpa € HE3MIHHUM HE3aJIe)KHO BiJl TUHAMIKH PYXY.
Karouosi ciioBa: nonatkosi Ginbtpy; ¢puieTp Kanmana; inTerpoBaHa HaBiramiiiHa CHCTEMa, CTalliOHAPHICTH GiIbTpa.
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H. A. Paraiiuyk, B. . KopryHoB. Ctauuonapuslii puiastp KajiMana B 3agaue aHajan3a oleHKH OIIUOKH HHeP-
HHAJTbHON HABUTALMOHHO CHCTEMBbI

OCHOBHBIM npeuMyInecTBoM (rnbpTpa KanMana Hall MPOCTRIME OLICHKAMH COCTOSHUSI SIBJISICTCS. BO3MOXKHOCTD PEryJIH-
POBKH yCHJICHHS (MIBTPAa COOTBETCTBEHHO HAOIOJaeMO HeCTaOMIbHOCTH curHaia. [loka3zaHO, 9TO MOYKHO HCIIOJNb-
30BaTh MPOCTHIC HAOIOIATEIH, €CIH YCUICHUS (DMIIBTPOB CTAIIMOHAPHBIC HE3aBUCHMO OT MaHEBPOB JICTATCIILHOIO all-
napata. PaccMOTpeHa TMHAMUKA MOJICIM HABUTAIIMOHHBIX MOTPEITHOCTEH. DTa MOJEbh UcToNb3yeTcs B (uibTpe Kai-
MaHa B MHTETPUPOBAHHON CHCTEME MOAENIHpoBaHUA. YacToTHas 001acTh TUHAMHUKH CAMOJIETa UCTIOIB3YETCs MPH MO-
NENPOBAHNUH IS OTIPENICIICHUS CTAI[IOHAPHOCTH (QHUIbTpa. Pe3ynbTaTsl MOKa3hIBAIOT, YTO KOI(DMUIMEHTH yCUIICHUS
(GWIBTpa ABJISIOTCS HCM3MCHHBIMU HE3aBUCHUMO OT JMHAMUKH JIBUKCHUS.

KiroueBble cioBa: nomonHUTENbHBIC GUILTPHL; GrnbTp KammaHna; WHTErprpoBaHHAs HABHTAIIMOHHAS CHCTEMa; CTa-
IHOHAPHOCTH (PHITBTPA.
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