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Absgtract — This article contains experimental results of GPS
and IMU complex system research for real-time kineratics
positioning. The research was made both in static ahdynamic
modes for a device MTi-G manufactured by Xsens Techhagies.
The dynamics research was made both at low (on foot)hd high
speed, in the last case by means of vehicle.

The research shows the possibility to use complex GPand
IMU device for undersurface radar positioning applications.
When the visibility of the satellites is limited or satellites are
unavailable, the errors increase very rapidly ovetime.
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I. INTRODUCTION

RTK — or real-time kinematics — positioning hasdrae an
industry standard procedure in surveying, machiostrol,
and other high-precision applications. RTK uses dhgier-

magnetometers. Also, this device has onboard D$Pepsor
for 6-dimensions Kalman filtering. In order to cemt data
from Xsens binary file format into NMEA-compatibiermat,
which is suitable for data processing by GPS-oeént
programs, we developed few conversion programse Nboat
the NMEA standard is much wider, while this programt
partially uses the $GPGGA type message lines [He T
following fields are filled: UTC time, latitude, tmitude,
height; while the rest of the fields are filled witeroes. This
is just enough for showing track of the movementonap.
The complete complex system data was compareditsith
own receiver unprocessed data (without Kalmanterjil The
experiments were made at the same locations wherbawe
studied the phase measurements device. The pedestitige
at the railway station “Wagon Park” is the firsape, where
we have performed our experiment for MTi-G devioghbfor
data with complex processing and raw GPS data. $&d our
converting programs to get NMEA-compatible file rfaat.

phase and pseudorange measurements which are yusuafterwards, these files were used for track visaalon on the

recorded at a fixed reference location with knownordinates
and transmitted in real time to a user's vehicleeirer by
using any kind of a radio link. The vehicle’'s resi
processes the double differences of observations/cea
satellites and receiver to determine its coordmatith less
than 10 cm error. It is possible only when receiw@n solve
the integer uncertainties in the carrier-phase omeasents.
These uncertainties are the bane of carrier-phasiigning.
In order to convert the carrier-phase measuremantts
unbiased range measurements, it is necessary \e Hudse
uncertainties [1, 2].

For the mobile objects with high dynamics (cargplanes,

Google Map. We have uselttp://mmw.gpsvisualizer.com
web-site for this purpose (see Fig. 1 for visualizesults).

The problem is that the raw data usually has aendite
values of dependent variables vary even though tla
independent variables are constant. Thereforegétienation
of the trend is needed for the dependent variabldss
process is called a regression or curve fittinge Estimated
equation can satisfy the raw data, however thisagou is
usually not unique.

The equation or curve with a minimal deviation fraih
data points is desirable. This desirable the L#stef equation
can be obtained by applying least squares methdM [3],

etc.) GPS with frequency-phaseasurements can be replaceavhich uses the squared minimal sum of all deviatitom a

by pseudo-range measurements and differential ctare

In such applications, the most frequently usedtsmius a
complex system, which consists of GPS and
navigation system (INS). At the present momentrethis
research in many countries with purpose to readiueh a

complex system at a low cost. Since pseudo-rang& GP

receivers are cheap and wide area differentialections are
relatively inexpensive to obtain, the low cost céempsystems
are using Inertial

traditional INS

II. GPSAND IMU COMPLEX SYSTEM PRECISION
RESEARCH

Measurement Unit (IMU) instead o

given set of data (in our case, the raw GPS d&tagce the
trajectory of the movement in this experiment ianhelinear

inertighssuming we moved with constant accelerationjait be

approximated by the following linear function:

y,=A+B-Xx, (1)

where:

Y; - latitude or longitude values;

X -time samplesx, = 12,...,N,

A and B constants are calculated by using least squares

fitting method (LSF, [3]).

We have used the company’s Xsens complex systeredham

MTi-G for our research. This device includes 12roiel GPS
receiver and the 3-axis inertial sensor (acceleterseand
gyroscopes) with barometric altitude meter, as asli3-axis
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Fig. 1. Experiment on the bridge for GPS and IMtiadcomplex processing.
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Fig. 2. Experiment on the bridge in one directitrg, results after applying LSF method by usinglidht

N(in'Yi)_(ZXi)'(ZYi) . .
8= A ' @2 where: A= N(inz)—(ZXi)z. (2.3)
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Expressions (2.1)-(2.3) gives the best estimateé&fandB  human walking couldn't be regular, and thereforee th
constants of the straight line (1) based on kheneasured acceleration isn’'t constant too.
points. When, for example, we evaluate the latifude can
write down the expression (1) in form of (3):

I1l.  THE ANALYSIS OF PRACTICAL APPLICABILITY

Lat, [deg]= A [deg]+ B, [@] ‘t[secl () FORGPSAND INERTIAL SYSTEM

Se( The use of the complex system is very common imsjpart
systems applications. We have made research t@tindbout
the possibility of using this system for undersoefaadar [4].
So far, these radar systems use simple rotatingewaed
usual GPS receiver to get the reference point. Then
de m calculates the distances recorded, while walking path
BLu :5,5498.10*5[79] ~ 06[—]- (4) (straight line, usually). The example of such usdeiace

Se Se radars is OKO-2" [5].

In order to develop such a simple system, it's asagy to
ave a high-precision positioning system. When qusiine
conventional GPS receiver, the errors can exceed ®&hich
is considered to be too high error, when searcifingnuch
smaller objects. That's why we created Xsens binley
format data conversion program to make it possiblstudy
de complex GPS and IMU system.
oy = 3887.10‘19[J] ; (5) According to the results of our research, Fig. h8ves the

“ Sec path traveled after Kalman filter processing.

It is obvious, that the use of the complex GPS vt
system in dynamics increases the accuracy of tjectory
detection [6]. The Fig. 3 shows possibility to kamny point
o ~ 16-10’“[£] . (6) of the trajectory and display its coordinates. #lso possible

Se( to display trajectory (independently of the radaftware) on
the map, just like it was done before for the beidggperiment
results.

However, when using GPS and IMU complex systentethe
are new problems occurring as well. Although thenplex
filtering algorithm can significantly reduce thearns, it's still

Then we can interpret thd , as latitude direction
movement velocity. In case of our experiment wite MTi-G
receiver (see Fig. 1):

We are assuming that the latitude measurement wn‘lueh
eachlat; is normally distributed and is centered by itsetru
value (3) with width parameter — the errery. So, the
constantsA ; and B ; have its errors too. The latitude
direction movement velocity error is:

in that case, the velocity error is:

After expressing both the latitude and the longstuas
functions (1), we can get a line on the map, ateplying
NMEA-compatible file format converting programs to
resulting set of data.
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Fig. 3. The measurements of the undersurface eatththe trajectory of the movement for GPS and iddbhplex system with Kalman filtering.

As the Fig. 2 shows, applying LSF method to the @PS a GPS receiver, which is the “weakest” spot [7]. aNhthe
data makes the track visually smoother. We geuttiormly  number of available satellites is limited, whichnooonly
accelerated movement by using approximation methokappens in urban or forest environments, the acguoé the
although the movement wasn’t ideally linear, beeatise complex system can decrease, since no preciseinated are
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available from GPS, and IMU measurements have ftingyi
error, which constantly increases over time. Thathy it is
very important to determine a relative IMU measuzata
accuracy.

IV. THERELATIVE IMU PRECISIONIN ROOM

Unlike it was in the above experiments, the general
IMU

attention in this experiment was paid to the
accelerometers data. The special program writteklat_ab

integrates acceleration with a sampling perioddi1 sec (the
sampling frequency set to 100 Hz), thus calculatietpcity

for respective time moments. By integrating thioeity

again, we obtain the length of the trajectory, efative

movement. In this experiment, the movement wasepitesnly

along the X axis, as it happens most often, fomgxa in the
car or in case of undersurface radar. Therefore, dther
projections are omitted.

Since MTI-G device requires GPS satellites signals
operate, we used our Re-reference system in tluergwent.
The MTi-G device was fixed to the cart, both theide itself
and its GPS receiver's antenna,
components don’t move relatively each to other. G with
MTI-G equipment was adjusted so that the acceletermdor
X and Y axis were horizontal (roll and pitch anglds not
exceed 0.5° — 1°). When the preparations part wagpteted,
we measured X axis acceleration in static conditiomer 5
minutes to estimate the noise (bias) mean valuachwis
necessary for the further calibration of X axis edleometer
(by subtracting this mean value from measured ®lu€he
statistical characteristics of the bias for X aare shown in
Table I.

TABLE |
THE STATISTICAL CHARACTERISTICS OF THEX AXIS BIAS

Mean value, E[d 0.0902 m/3
Variance, D[ 6.91:10-5 nf/s’
Standard deviations, 0.0083 m/$

After estimating bias for X axis, there is expernmgart.
The cart was pushed across the room, and accelsrdsngata
was logged to file. Afterwards, by processing theaby file
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Fig. 4. MatLab plots for the IMU experiment: a) aelsration data, b)
velocity data, c) distance d.

with conversion program, we receive array of theaXs
accelerations values. By loading this array in Métlprogram
and running it, we get three plots: the accelemapitnt, the
velocity plot and the distance plot, shown in F§a), b) and
C) respectively.

As it can be seen from Fig. 4, even though the isar
“jumping” all the way, thus the acceleration is obang all the
time, these “jumps” get compensated a lot at tHecity plot
already. The changes of the velocity are obviouslysed by
the nature of human walking; it's possible to saehestep on
the velocity plot. After the second integration leycthese
jumps disappear completely and there is unifornelyeterated
motion in plot, except the beginning of the motand its end,
where the speed changes gradually.

V. CONCLUSIONS

This article shows the possibility to use compleRS5and
IMU device for the mobile objects with high dynamifcars,
airplanes, etc.) place determination. We use thstesn for
undersurface radar place indication. It helps twesthe
trajectory of the movement even when the GPS #atll
signals are weak or unavailable. The results ofrdioate
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detection with IMU show, that when GPS satellites aot
visible relative movement parameters can be detext®i
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Ansis Kliga, Janis Klaga, Elan Grabs, Veronika Bg¢inska. GPS un IMU Kompleksis Sisemas Eksperimentlie Petijumi

Sap rakst ir izklasiti GPS un IMU komplekas sistmas eksperimedib rezultu petijumi reallaika kinenatikas poziciom$ars. Petijumi tika veikti firmas
Xsens Technologies iieei MTi-G — gan statiskaj gan dinamiskajreama. Dinamikas ptijumi tika veikti gan pie mazatruma (K&jam), gan pie augst pedeja

gadjuma tika izmantots automobilis.

Sis raksts aprakstaianinimalo kvadiatu metodes pielietojumu liaess vienngrigas kugbas trajektorijas aprak$anai. Kaut arpétijumu rezuliti norada, ka $o
metodi var pielietot tikaiis trajektorijas formas némesanai, izmantojot GPS uztéja datus, var eksigtcits pagmiens (vai vaiki), kas dotu iesfju nowertét

patiesas koordites katrai nolaseia$ attieggaja laika momert. Viens no idiem risirgjumiem ir realizt Kalmana filtaciju, uz ko at tiks \ersti nakoSie
petijumi.

MTi-G komplekd@is apstides sistma izmanto gan GPS siglus, gan IMU datus, kas tiek pagigi meriti ar akselerometru palzibu. Viens no 5ajrakst

apraksttajiem eksperimentiem ir 0" IMU datu izmantoSana trajektorijas garumadipram. Lai to pafktu, nepiecieSams pasigi merit paatrinajumu

kustbas ass virzienun, pielietojot, divkrSu integéSanu, nogrtét koordiratu izmapas.

Sie @tijumi patda, ki pastv iesggjas izmantot GPS un IMU kompleksoisrzemvirsmas radioldkijas atra3anas vietas noteik3anas uzdevumogjuBad
kad satétu redzartba ir ierobezota, vai asateiti nav pieejami, noteikSanagiklas ie@rojami pieaug laik.

Ancuc Kayra, Slanc Kayra, Jnan I'pa6, Beponnka Beannckas. JxcniepumenTtanbnbie Hccienopanns Kommiaexcnoit Cucremsr IMU n GPS

B naHHOM cTaThe MPHUBEICHBI PE3YNIbTAThl IKCIICPUMEHTAIBHBIX UCCIIeNOBaHUI KoMIUTeKcHOi cuctembl IMU n GPSnpu onpeneneHiy MeCTOHAXOKACHUS s
KAHEMATHKH B PeaJbHOM BpeMeHu. Vcce[oBanus POBOMIINCH KaK B CTATHYECKOM, TAK U B TUHAMHYIECKOM peskuMe st yerpoiictBa MTi-G, mpomssoaumMoro
kommanueir Xsens TechnologieddcenenoBanust AMHAMUKY MPOBOJMIMCH KaK HAa HU3KOM CKOPOCTH (NICLIKOM), TAK U NP BBICOKOM — B MOCJIEIHEM CIydac
HCIIOJIb30BAJICSI ABTOMOOHJIb.

IMoMumo 3TOrO, B [JAHHOW CTAaThe TAKXKE PACCMATPHBACTCS MPUMEHCHHE METO/Ia HAWMEHBIINX KBAAPATOB IS OICHKA TPAEKTOPHH MPSIMOIHHEHHOTO
PaBHOMEPHOrO IBIKEHHUsS. XOTS HCCIENOBAHHS IOKA3BIBAIOT, YTO IAaHHBI METON NPUMEHUM JHLIb IS OLEHHWBAHHS (OPMBI 3TOH TPACKTOPHH, MOTYT
CYILECTBOBATh M JPYTHE METOMBI, MO3BOJSIOIINE OLCHUBATH HCTHHHBIC KOOPAMHATHI Ka)KIOr0 OTCYETa B MX COOTBETCTBYIOLIME MOMEHTHI BpeMeHH. OmHO u3
penrenuit — peanu3oBath GuibTpanuio Kanvana, v JanbHEHIIIE HCCITEIOBAHIS OYIyT TPOBOANTHCS KMEHHO B 9TOH 00IaCTH.

KomruiekcHas cucrema MTi-G monaraercst kak Ha curtansi GPS rak u Ha nanusie IMU, noctosiHHO H3MepsiemMble akcesepomerpamu. OMH U3 9KCIIEPUMEHTOB B
JTAHHOM CTAThe OIMMCHIBACT HCIIONB30BAHHUE TOJIBKO <«CHIPhIX» mauHubix IMU mias pacduera [umMHBI TpaeKTOpuu. [Isi TOCTIDKEHHS 3TOM IIENH HEOOXOIUMO
OCYIIECTBUTH CEPHUIO M3MEPEHUIT YCKOPCHHSI TI0 OCH HATIPABIICHHS [BIDKCHUS U BBITIOIHUTH TBOWHOE MHTETPUPOBAHKE ISl OLICHKH M3MEHEHHST KOOPINHAT.
[IpoBeneHHbBIC HCCIENOBaHUs YKa3bIBalOT Ha BO3MOXKHOCTh NMpPUMEHEHHs KoMiulekcHOM cuctembl IMU u GPS mist ompeneieHHss MECTOHAXOXKICHHS B
MPUIOKCHUSX MTOAMOBEPXHOCTHOM PajnONOKaiu. B ciydasx, KOrja BHIMMOCTh CITyTHHKOB OTPAHWYCHA, WM K€ CIIyTHHKH HEJOCTYIIHBI, MOTPEIIHOCTD
OIpe/IeICHNs] MECTOHAXOKACHHUS OBICTPO PACTET BO BPEMEHH.
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