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SUMMARY

The development of navigation algorithms is gemgrdependent on the application and
required specifications, on the movement charastiesi of the object and on the navigation
sensors to be used. To compare and analyze thamparice of algorithms for the estimation
of the navigation state vector they have to be igiexy with the same sensor data observation
sets. That can be achieved through simulation féérdnt trajectories and the calculation of
resulting sensor observations. Moreover, realstitulation of sensor array observations can
boost the development and optimization of navigatmlatforms in respect to required
accuracy and reliability.

In this paper the simulation and determinationasf sensor observations for different types
of sensors is derived with appropriate sensor enodels for low cost sensors, based on a
predefined analytic trajectory of the object (bodypnceptually multiple platforms on a body
can carry multiple sensors in a free geometric igondtion that includes position as well as
orientation. This leads to the so-called lever atetveen sensor-platform and platform-
body.

The application and validation of the presentedusation software SIMA (Simulation of
Multisensor_Arrays) is shown with two different rhatmatical models for the navigation state
estimation, which are able to handle lever armstandketermine the simulated sensor errors
on the fly. SIMA is capable of providing raw dathservations for GNSS, accelerometers,
gyroscopes, inclinometers and magnetic field sensord is therefore an essential tool for the
development, analysis and optimization of navigatitgorithms.
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1. INTRODUCTION

The development of navigation algorithms essentia@lépends on the application, the
hardware type (e.g. a smartphone) and the desigtheofnavigation sensors on sensor
platftorms that are used. Collecting real data wittulti-sensor platforms and the
corresponding precise reference data takes a ltnef effort and is cost-intensive. Besides
the work of time synchronization, in particular fam attitude reference there is no standard
procedure available in the field of low-cost. Idamn there are only multi-sensor platforms
with a standard, non-redundant sensor design ommind&et, which consists of one GNSS
receiver and a three axes inertial measuremen{liviiid). Consequently raw data simulation
tools are required for the development, validatol analysis of new navigation algorithms
in regard of achievable accuracy, precision, rdltgland robustness against sensor errors.
With the possibility to simulate any number andetygd sensor, the configuration of sensors
on the platform, as well as the platform-body-design be optimized cost-effectively. These
so-called lever arms (chapter 4) that result from éccentric installation of platforms (p) on
the body (b) and sensors (s) on the platform (p)isgrove the estimation of the navigation
state vectory(t) = [(B, L, h)¢|(vy, Vg, vp)"|(r, p,y)2]", that is composed of the bodies
position(B, L, h)¢, velocity (vy, vg, vp)™ and attituder, p, y)p.

The simulation tool SIMA (Simulation of MultisensArrays) that is developed at University
of Applied Sciences Karlsruhe, allows the generatibuser-defined sensor data observations
as reference data related to a given analyticaletfod the trajectory for a moving body and a
specified sensor configuration. The observations aécelerometers, gyroscopes,
magnetometers and inclinometers can be modeledr wasideration of the different lever
arm effects on every sensor j. Additionally, GNSfSaervations can be simulated, that consist
of GNSS positions and velocities for loose coupleegration, or of pseudoranges, phase and
Doppler measurements, that can be coupled tightyjeeply. The introduction of individual
parameterized sensor error models and the posgitalcreate occasional gross errors results
in realistic scenarios that allow the performancalysis of different navigation algorithms.

2. COORDINATE SYSTEMS AND FRAME TRANSFORMATIONS

Algorithms for multi-sensor systems require transfations of the state as well as the sensor
observation equation between the inertial frame @ih@r various global and local frames.
The navigation state is usually determined in daldrame, whereas observations are tied to
a local platform frame. The different frames arsalied in this chapter.

TS03D - Multi-Sensor Systems, 6000 2/15
Reiner Jager, Julia Diekert, Andreas Hoscislawalli dan Zwiener

SIMA-Raw Data Simulation Software for the Developmand Validation of Algorithms for GNSS and MEMS
based Multi-Sensor Navigation Platforms

FIG Working Week 2012
Knowing to manage the territory, protect the envment, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



Inertial frame (i-frame)

Inertial sensor observations, e.g. from
accelerometer or a gyroscope, are directly related
the inertial frame (i), e.g. b¥' = g'(x) + a' as holds
for accelerometer observations. The i-frame
considered to be free of acceleration and rotatan.
a body at rest in the i-framé = 0, or in the e-frame
X® =0 respectively, would only sense the
gravitational accelerationg!(x), in the e-frame
respectively the gravitative accelerat&®l and the
centrifugal acceleratiodié, .. One instance of an i-
frame is the International Celestial Reference Ferar
(ICRF), with its origin at the center of mass oé th
solar system. Another instance would be the Ea
Centered Inertial Frame (ECIF), where the origin
located at the earth’s center of mass.

Figure 1: e-frame and n-frame

Earth-frame (e-frame)
The e-frame (fig. 1) or often called Earth Centetedrth Fixed frame (ECEF), has the same
origin as the ECIF frame but is fixed in respecthte earth. The rotation from ECIF to ECEF

has to account for polar motidRp, earth rotationRg, nutationRy and precessioR,,,
whereR shows the highest rotation raf).

R{(t) = Rp Rg -Ry "Ry, (2.1)

Geographic coordinat€®, L, h)¢ can be derived from Cartesian coordindtey, z)¢ as:

=| (N(B)+h)cosBsinL | . (2.2)

[x e (N(B) + h) cosBcosL
]
(N(B)(1 —e?) + h)sinB

Z

Navigation frame (n-frame)

The n-frame is defined by the position of a navigabbject. Its x and y axes are in the local
tangential plane on the earth’s ellipsoid and theis is aligned to geographical north. The
down-axis is parallel to the current ellipsoidatmal. The axis of the n-frame are depicted in
figure 1 withx", y" and z".

Motion frame (m-frame)

This frame is similar to the position dependentanrfe, but does not follow the navigated
body. Instead it is in the context with raw serdata simulation fixed to a predefined position
on earth with constant rotation matib‘fn(Bm_origin, Lm_origin). Since this frame is tangential
to the earth’s surface the modeling of a trajectorhe local tangential area of the m-frame is
very intuitive.

TS03D - Multi-Sensor Systems, 6000 3/15
Reiner Jager, Julia Diekert, Andreas HoscislawsHi &an Zwiener

SIMA-Raw Data Simulation Software for the Developrnand Validation of Algorithms for GNSS and MEMS
based Multi-Sensor Navigation Platforms

FIG Working Week 2012
Knowing to manage the territory, protect the envinent, evaluate the cultural heritage
Rome, Italy, 6-10 May 2012



Local Astronomical Vertical System (LAV)

The local astronomical vertical system can be ece&tr an arbitrary point on the earth (like
the n-frame). The z-axis of this frame is paraitethe local plumb line, and the x-axis points
to geographical north. The local plumb line is spahup by the gravity vector and differs
from the ellipsoidal normal by the amount of théefgion from the vertical.

Body frame (b-frame)

The b-frame is a local frame on the body that carfréely defined. In general it is located in
the center of the body and the x-axis is alignetthéomain moving direction, the so-called roll
axis.

Platform frame (p-frame)

The p-frame can also be arbitrarily defined, esgcwith respect to the position of the
platform (p) on the body (b) (fig. 2). Further amdgeneral each body can be navigated with
several platforms. The orientation of the individparame with respect to the b-frame is
often set up in a strap-down mode.

Sensor frame (s-frame)

As a platform (p) carries several sensors (s), sadsor has its own associated sensor frame
where the raw measurements are gathered. The atienfa, §) and the location?, . . of

the individual s-frame with respect to the assecigi-frame are known design parameters of

the sensor platform.

3. MODELING OF THE NAVIGATION STATE WITH A GIVEN TRAJE CTORY

In the SIMA concept the state vectpft) is modeled by a given trajectory and prescribed
body orientation along the track, and the senssexfations result uniquely from that state
y(t). So the navigation statg(t) and the respective sensor observation di@ecan be
regarded as reference stafgét),1(t)].r. Based on the given trajectory the positiq),
velocity x(t), acceleratiork(t), orientationR(t), rotation rateQ(t) and the change of the
rotation rate(t) of the body (b) dependent on the timean be derived. One method is to
use a Cartesian coordinate system, in which théomat modeled, for example the m-frame.

Ceire COS(V t / rcirc)

- _ 'y =pp =0
X(t)body = |Tcirc sm(v t / I'circ)

0.0 cos(vt/rg
y(t){,n — atan (_ . (( t/ arc)))
-V Sin(V t / rcirc) S / Feire
: m —
X(t)body = [V COS(‘:)tO/ Teire) ] ) 0 —V/Teire 0 (3.1)
' ﬂmb = V/rcirc 0 0
0 0 0
. m —v? / Teire COS(V t / rcirc)
X(t)body =[-v? / Teire SIN(V t / Yeire) . 0 00
0.0 Q. =10 0 0
0 0 O
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A simple but interesting analytic curve is a cirdleits radiusr,;,.. and the velocity of the
body (b) in the direction of the x-axis (roll axefe defined on the circle, the time dependent
position X(t)poqy, VeloCity X(t)poqy, accelerationk(t)poqy, OrientationR(t)y', which is
defined by the angleg®, p andy™®, the rotation rat&2, and the change of the rotation rate
QP . of the body (b) in the m-frame can be calculatedifthe system of equations (3.1).

In this example it is always assumed, that the gyagley,' of the body regarding the m-
frame is aligned to the trajectory’s tangent anti g3 and pitchpy' are zero in the plane of
the circle. In a general case the orientation efitbdy is independent from the trajectory.

In most simulation equations the position, veloeaityl acceleration of the body (b) is required
in the global e-frame. This transformation is dom&IMA in a second step based on (3.2),
wherexy, origin IS the origin of the m-frame in Cartesian coortiseof the e-frame:

X(t)gody = Xft?ﬂ_origin + R?nxtrﬂ)dy
X(t)gody = R(renxgqody (3.2)
X(t)te)ody = R(renxgqody'

4. LEVER ARM CONCEPT

For the determination of the complete navigatiatest(t) of the body (b) multiple sensors j
(=1,n) and different types of sensors have torttegrated to estimate an optimal navigation
solutiony(t). Since the amount of space and volume on a phatfedimited and all sensors
cannot be installed at the center of the body ybopractical reasons, the sensor distance from
sensor to platform center, and the distance betywkdform and b-frame, that are combined
in the so-called lever arm, have to be considerethé navigation algorithms and in the
simulation of the observations (SIMA-software).

Therefore the sensor positiafl,, ... and orientatiorR(a, 8)° of the j-th sensor on the i-th
platform [tﬁ’ensor, R(a, 8)5]”, is parametrized in the p-frame (fig. 2) widhandd as angles

between sensitive sensor axisand xy-plane respectively xz-plane of the platfédrame (p).
The transformation between platform and body igneef with six additional parameters:
Positiont]).. (xBiae, Yoiar Zhiar) @nd orientatiorRE (e, €y, €,) of the i-th platform (p) on the
body.

The position of the sens&(t)s.nsor (fig 2) in the e-frame is presented under consitien of
the lever arms, which consiststdf,, andt(t)sensor and reads:

[X(t)gensor = X(t)gody + tglat + t(t)gensor = X(t)gody + R‘IanR(t){)nRgtgmt +

e Y - (4.1)
RL Ry RpR(t)stsensor]i].'

To derive the velocity (eq. 4.2) and acceleratieq. (4.3) that drive the observations of a
sensor j on platform i, (eq. 4.1) has to be difféigged in respect to time taking into account
that position and orientation of the platform iaedjng the body (b) are constant. For a sensor
j it is assumed instead, that its position andragon on the platform i are able to change
with time. A reason to create time-dynamic sengatfgrm-parameters can be to calibrate
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s sensitive
sensor axis

accelerometer /
gyroscope

Figure 2: Geometry and lever arm parametrizatioraimulti-platform-multi-sensor
navigation design

specific sensor errors, for example, if the sevisiixes have to be coupled to the gravity
vector (Wendel, 2007). Because the sensor caliratin the fly depends on the body

trajectory, some sensors can only be calibratedlyod/ith a rotation of the sensor axis on

the platform the calibration procedure can be ojztah. For the velocity and acceleration of
the sensor we get from (4.1):

0 .
[&X(t)gensor = X(t)gensor
= X(t)gody + R%ﬂRngb bRtr)Jtp + R%ﬂRngb bRtr)JRrs)tgensor (4'2)

m plat m

+ R(renRglRBRIs)QIS)Stgensor + R?nRIt?RBRIs)tgensor o
Lj
and

J . .
[ax(t)gensor = X(t)Sensor
— b b b4P b b4P
= Xpody T RRY Lmp L Rpty o + RRY L Rpt o,
b b b
+ RERPQD Q0 RERY tSesor + RGRE QD ROREtS o501
b b i
+ R?nqumeRgRIs)le)stgensor + R%R?meRBRgtgensor
+ R?rlelQPangRrsjﬂgstgensor + R‘IanRglRBRIs)QIS)SQgstgensor
+ R?rleleRrs)ﬂls)stgensor + R(IenRgleRrs)Qgstgensor
b . .
+ R?nRngmbRBRIs)tgensor + R?nRgleRIs)Q?)stgensor
+ R?’nRgleRrsjfgensor o
Lj

(4.3)
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5. GNSS OBSERVATIONS

In general the GNSS component is part of a multssearray and so of fusion algorithms on
various integration levels. On the level of looseumled integration schemes only the
calculated position and velocity solution of a GN®8eiver is considered (chap. 5.1). On the
level of tight or deep coupling the GNSS raw daise(idorange, phase measurement and
Doppler frequency) are integrated as observatioiosthe navigation algorithms.

5.1 GNSS position and velocity modeling

The position and velocity solution of a real GN®8eaiver is commonly provided in the e-
frame. Since the positiom(t)goOly and velocityj((t)goc1y of a simulated object is known as a
time-dependent function of the object’s trajectancording to chapter 3, the simulation of
such a position and velocity as observation outhl8IMA for the GNSS receiver j in the e-

frame, only the individual lever arm of the GNS8&s® | has to be considered.

For the modeling of the GNSS positi®fyss_pos We start from equation (4.1). The position
of a platform i is defined in the b-frame, the pi@si of the sensor j in the p-frame. Assuming
the position and orientation of a GNSS receivercamgstant regarding the platform equation
(5.1) can be obtained.

[XENSS—pos = X(t)gody + R(renR(t)gltglat + R?nR(t)quBtls)ensor (5'1)
= X(t)gody + LA(t)Sos]i’j
Individual sensor noiseneGNss_pos can be added to sensor j in equation (5.1) an@i wit
equation (5.2) the final equation to simulate tHeSS position observatio[lgNSS_pos]i’j is
given.
[l(e}NSS—pos]i’]- = [XENSS—pos + nENSS—pos]i’j (5.2)

Similar to the GNSS position the GNSS velocity akagon is simulated (eq. 5.3), starting
with equation (4.2) and with the same assumptigna ¢he GNSS position simulation.

. " b ;b b b 4P
[XENSS—vel - X(t)te)ody + R%R?ﬂmbtplat + R%R?ﬂmbRptsensor

= X(Ofoay + LAW®S, :3)

Individual sensor noisegyss_ve] CaN be added, too, so the final GNSS velocity Masien
[(I&Nss—vellij IS given in equation (5.4).

[1Gnss—vellij = [XGNss—vel T NGNss—vellij (5.4)

5.2 GNSS raw data modeling
In a tight or deep integration scheme the GNSS data has to be integrated and thus
simulated in SIMA. For simulation of pseudorangpbase measurements and Doppler
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frequency shifts not only the trajectory of the Ypddhs to be known, but also the state of all
satellites, that shall be included into the simalat The satellite ephemerides can be
calculated directly from Keplerian elements (KapkrHegarty, 2006) or from real precise
ephemerides, that are provided with interpolatiom{s every 15 minutes, for example from
the IGS (International GNSS Service), to get vesglistic satellite constellations. These
interpolation points can be used to determine #tellge position at any given time Using
Lagrange interpolation (5.5) the coordinatesy, z)(t)s,. of satellite k in the e-frame are

interpolated as scalar valug&) with m interpolation points.

t—tg

fO =X L) f()  withLi(0) = [Tk

=0 (5.5)

tji—tk

It can be shown, that a 9th order interpolationypomial is sufficient for centimeter level
while 17th order interpolation is used for a militar level interpolation (Hofmann-
Wellenhof et al., 1992).

5.3 Simulation of pseudoranges, phase measuremeatsd Doppler frequency
Based on the known position of any satelifg, , from chapter (5.2) and the position of the

GNSS receivekgyss_pos; from equation (5.1), the pseudorange observa{ﬂp,@k]ij from
satellitek to the GNSS receiver j can be calculated diregitii known speed of light as:

[lPR,k]i'j = “XENSS—pos,j - Xgat,kl +c (AtGNSS,j - Atsat,k)]l.’]. + Alon + ATI‘Op + npr (56)
In the SIMA-simulation the difference between dagehnd receiver clock can be introduced
as fix value or with clock errors to get a morelist@ simulation. Additional errors coming
from ionosphere and troposphere and other signgbggation influencing effects can be
integrated also, but usually only standard mod®isdnosphere and troposphere are included
into the simulation to get a general estimatiotheke effects.

The phase measuremer{iﬁ),k,u]i],can be simulated analogue directly from the known

receiver and satellite positions for both GNSS deatgies (5.7).

[lq),k,Li]i']- = [lxeGNSS—pos,j — X8 + ¢ (Atgnssj — Atsaek) — (}\LiNlIfi)tO
- (?\LiD}fi)ti]_ _— Alon + ATrop + ng
ij

with A; ;= wave length of GNSS catrrier signal (6.7)

e e
k . XGNSS—pos,j  Xsatk k . ti
andNLi'to = 1nt | Pos) =2 || ) DLi,ti = Int lfto (frec - fsat)AtJ
to

ALi

The Doppler frequency of a received signal depemdsatellite and receiver position and
additionally on the satellite velociti&s,, . and the velocity of the receivfyss_,e that are
known from the ephemerides simulation and the nemtiélody trajectory. This results in
equation (5.8) for the simulation of the Dopplexduency shift observatidiyg|; ;.
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(Xe tk — XGNss— l)re
[lAf] ij = [fsat (1 + = C = — Isat + Nar
i,j

(5.8)
with fg,= frequency of satellite anef = norm(X&yss_posj — XSatk)

6. ACCELEROMETER OBSERVATIONS
In chapter 4 the basics for position, velocity auteleration (4.1, 4.2, 4.3), the so-called
driving forces, of sensor observations in the eafraare derived as a function of the body

trajectory and the sensor’s individual lever armadtdition to these driving forceé‘f%xgCC =

XS.., that are generated by the body movement and depenthe lever arm, further
accelerations occur on relating the navigation gguos from the i-frame to the e-frame
(Jekeli, 2001). These accelerations are the graghy. of the earth, the centrifugal
accelerationQ, Q. x5.. and the Coriolis forcQ{ ,x5.., which depends on sensor position
and velocity. We have:

d
agcc = ancc - g(chc)gcc + Z'Q?eXSCC + ﬂfeﬂfechc- (6'1)

The positionx$.. of the j-th accelerometer on the i-th platformequation (6.1) can be
obtained from equation (4.1), as well as the v&jaci.. from equation (4.2) and the “driving

force” acceleration%a—txgCC from equation (4.3). The gravitatigg(x5..)s.c depends on the

position of the accelerometer and can be modeletkebying the gravitational potenti#l; in
using a gravitational model like the EIGEN-5C, whis provided by the International Centre
for Global Earth Models (ICGEM) or the GRS80 refare ellipsoid.

The accelerometer observation for a sensor j otfopha i is a scalar observation in the
sensitive x-axis of the s-frame (fig. 2), so theederation vector in the e-frame from (6.1) has
to be rotated to the s-frame with (6.2) and mukigifrom the left with(1 0 0) (6.3).

ajcc = R%RER?HR?agcc (6.2)

[agcc]i,j =1 0 0)- aj, (6.3)
In the s-frame additional sensor errors can be cittni¢he true observatida3.|;; to get the
simulated observatiofi;..];;. The standard parametrization of the error modssists of the
parameters bids;.., the scale factati.. and additional white nois€,.. and reads:

[leslcc]i,j = [agcc]i,j ' Kgcc + bgcc + neslcc- (64)

7. GYROSCOPE OBSERVATIONS

A gyroscope triadoj; measures its angular velocity with respect toitin@me in coordinates
of the s-frame. This means that all rotation ratéghe single frames contribute to the
observation and reads:
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S __ S S S S S
Wi5 = Wi, + Wy + W5, + W, + Wy (7.2)

With the assumptions that the rotation rate of tinérame regarding the e-frame and the
rotation rate of the p-frame regarding the b-fraare zero we get equation (7.2) from
equation (7.1):

o} = RERPRE RT @, + RSRY @b + 0. (7.2)

Here the earth rotation rate can easily be modeléite e-framew?,, is known from chapter

3 andwys can be defined as sensor rotation on the platfbiome of the matrices in equation
(7.2) depends on the sensors position. Accordirgglgyver arm has not be considered for the
simulation of rotation rates. As with acceleromgtitre gyroscope observation is only in one
sensitive axis, so it has to be multiplied from kb side with(1 0 0), as well (eq. 7.2).
Therefore the scalar observation of the j-th gyopsdwi;];; on the platform i reads:

Additional parameterized sensor errors of the typbsve can be added and the final
simulated observatio[‘lgyro]i]_ for the gyroscope j on platform i. So the resgjtaguation is:

[lgyro]i’j = [(Diss]i,j ' Kgyro + bgyro + nEyro- (7.4)
8. MAGNETIC FIELD OBSERVATIONS
Another sensor for navigation applications is a netig field sensor. It uses the earth
magnetic fieldmg as a reference frame to orient and to positiondylfb) in the e-frame. In
the near of the earth surface the field has thpesloh a magnetic dipole and points from the
magnetic north pole to the magnetic south poleutjinathe earth. The field is thus vertical at
the poles and horizontal near the equator. Cugrents inclinated at about 10° to the earth
axis of rotation. It shows short-term variationonfr currents in the ionosphere and
magnetosphere and secular variations, which masflgct changes in the earth interior.
Therefore it is not constant with time. The magnéld can be described by the magnetic
flux density vectom™ (x¢,t) in the n-frame. It changes its direction and altsolalue with
positionx® and timet. The aberration from geographic north is call oetion D, from the
horizont inclination .
A magnetometer observes the magnetic flux density single sensitive axis with unit Tesla
(T). A model (e.g. World Magnetic Model (WMM) 201®ased on the magnetic potential V,
provides the local flux density vectniy, o (Xmag, t) On the position of the j-th magnetometer
Xmag at timet in the e-frame as the negative spatial gradienthefscalar potential V. The
WMM consists of a spherical-harmonic main field rabdith order and degree 12 and it is
comprised of 168 spherical-harmonic Gauss coefftsieTo consider secular variations (SV)
of the core field a time-linear model is applied &very Gauss coefficients (Maus et al.,
2010).
The input values to the model are the current @me the position of the j-th magnetic field
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sensor on the i-th platform (p) which is calculasedilar to equation (5.1) with eq. (8.1).
[(X(Dfag = X(OFoay + REROF thrac + REROFREhsg] (8.2)

To model the observations of the magnetometer iheni-th platform, the magnetic flux
density vectomyg,,, is rotated to the s-frame with equation (8.2).

mfnag = R%RER?nqumfnag(xfnagl t) (8.2)

Again, by multiplying equation (8.2) wittk 0 0) (eq. 8.3), and by considering the sensor
error parametrization above in the s-frame, thal fdrbservatior{lrsnag]ij for a magnetometer j
is obtained as:

[mfnag]i,j =(1 0 0) -myp, and (8.3)

[lrsnag]i’]- = [mfnag]i‘]- + nfnag- (8.4)

9. INCLINOMETER OBSERVATIONS

Another type of sensor especially for orientatio e%AV eLAV
giving platforms are inclinometers. An inclinomete ol |
j on the platform i measures the declinat[éf ; of §

the inclinometer axis;2" in respect of the z-axis of

the LAV eLAV, defined by the local direction of

gravity vector, in the LAV (fig. 3). The inner

product (eq. 9.1) ofe}AV and siAV vyields the

inclination[6];;: . o e
| ]l'] LAV LAV ellipsoidal g(xinc)inc
[9] -1 ( €z Sinc > normal
i =cos | ————r
& |e%AV||SiLnACV (91) . south — northr
withelV =@ o 1T ,  ellip

Figure 3: Inclinometer observatiah

To obtain the vectaskAY the base vecta},. = (1 0 0)" has to be rotated and it is:
Sine. = [REAV];;RERPRES?, . (9:2)

The matrix[R;*"];; reads:

1 —tan(B)n ¢
R;A = | tan(B) n 1 n | - (9.3)
3 n -1/
The matrix[R;*V];; is dependent on the geographical latitBdef the j-th inclinometer on
the i-th platform (p), and the parametey®,L,h) and n(B,L,h), the deflexions of the
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vertical. Practically due to the moderate extensidnbodies and platforms, the body’s
position is sufficient for modelin¢€, ). The parametersandn are obtained from a gravity
model by standard formulas.

The position of the j-th inclinometer is calculat@dilar to equation (5.1) with:

[X(t)fnc = X(t)gody + R(renR(t)gltglat + R?nR(t)glRBt?nc]i’j' (9-4)

The final inclinometer observations result fromestion of equation (9.1) together with an
additional calibration error;,. and white noise;,. as:

[lo =0 + Cinc + rlinc]i,j- (9.5)

10.SIMULATION OF MULTISENSOR ARRAYS (SIMA)

For the validation of new navigation algorithms f8BNSS and MEMS-based multi sensor
navigation platforms the sensor raw data simulatoah "SIMA” (Simulation of Multisensor
Arrays) was developed. SIMA provides individual rdata for a unlimited number of virtual
GNSS-sensorsldyss—pos: 1Gnss-vers lprs 1o 1af), accelerometerds(.), gyroscopesliy,),
magnetometersIy,;) and/or inclinometersld) to estimate of the state vectg(t).
Additionally to the observation data SIMA providesference datdl(t), y(t)].es to verify
new implemented algorithms. This includes the stashdhavigation parameters position
(B,L,h)¢, velocity (vy,vg, vp)™ and orientation(r, p,y)p in state vectory(t), additional
parameter like current rotation rates, acceleratiand sensor error parameters. The latter
have to be estimated on the fly within the staietare

The simulation of raw data is performed in threspstat every point of time In step one the
trajectory of a body (b) is modeled in the m-franvehich is defined by the matrix
RS, (Bm—frame Lm—frame) depend on the predefined positiod,_¢.m.- Based on a
predetermined analytic curve and movement chatattsr (chapter 3) like a circle, a straight
line, a helix or a 2D-trajectory with different teusections the state veci(t) is calculated
and consists of positiaf(t),qy, VEIOCityX(D)peqy, aCCElEratiok(t)p,qy, OrientationR(t)y’,

rotation rateQ(t)2, and rotation rate changi(t)2, of the body (b) in the e- or rather the b-
frame.

In the second step sensor raw data are calculateddangly chapters (5-9) either for an over-
determined or optionally for a standard sensor igordtion (1 GNSS, 1 IMU triad).
According to the lever arm concept described inptdra(4), virtual platforms (p) can be
positioned and orientated individually on the body) with lever arm parameters

[tglat, Rb(r, p,y)]i. On each platform (p) any number of sensors carpdmtioned and
orientated with the parametdiS, o, R(a, 6)‘;]”.

In step three individual sensor error parametmzegilike bias, scale factor or specific sensor
noise can be added to every sensor j on the idtfgpin (p) that leads to sensor specific
observations. Additional occasional gross sensorgcan also be simulated in SIMA.

All in all, SIMA allows the development of loosedatight coupled navigations algorithms

based on simulated raw data with a known referetmagectory [1(t),y(t)]..s under
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consideration of the lever arm effects in everyssen without any constraints to the
geomatrical design and the number of sensors.

The stepwise software concept allows an integratibmmore sophisticated error models
dependent on time, driving forces and temperatoreGNSS, inclinometers or MEMS-

sensors. Additional sensor observations e.g. basmmean be implemented and the SIMA
can be extended with new trajectories.

11.EXAMPLES

11.1 3D-ORIENTATION-FILTER

To validate the implementation of SIMA an errortst&alman filter from literature was
choosen (Farrell, 2008) to calculate a navigatmoteon with SIMA’s raw data and compare
the result with SIMA’s reference data. This filisran attitude and heading reference system
(AHRS) to estimate the orientatidtj’ of a body (b) in respect to the n-frame. This apph
integrates the observations from a gyroscope thagough the attitude kinematics equations
and is aided with an accelerometer and a magnet¢onsensor triad. Additionally to the
attitude quaterniongy, the biases of the gyroscopb§,,, and accelerometers; . are

estimated in the filter stag't) (4).

T
y(©) = [a}, bSyro, bicc] (11.1)
The observations are simulated for a boc @ ? ._accx[m/sz]
(b), which is in rest at B=0 und L=0 with [ s\ . .| acymsl
R%,(0,0) and rotates with rotation rates o i ; + acc z[m/s2]

whpx =10°/s,  wh, =20°/s  and

wbpz=30°/s. In figure (4) the raw
accelerometer observations with biase
b, = (1.0 2.0 3.0) m/s are presented.
The result can be seen in figure (5). At thS t \ : !
beginning the filtered pitch angle’ of the M A0, SO SR LS R TR
body differs strongly from the reference

<5 F s SIS S (e i, e

servation [m/s2]

angle because of the large bias errors int 5 10 15
accelerometers and gyroscopes. After abc.. time [s] .

eight seconds their biases are almost Figure 4:Raw data observations of
estimated correctly (fig. 6). That results in a accelerometers

very close estimation of the orientation in reg@rthe reference.

11.2 2D-BOAT-FILTER

For the navigation of a boat a restrictive algaonthelated to the horizontal position and
orientation was developed in the scope of the Balléritemberg joint RaDproject
"GNSS/INS and multi-sensor navigation algorithmsl gutatforms for mobile navigation and
object geo-referenciriwww.navka). The state vectoy(t) (eq. 11.4) consists of the body
position(B, L)€, absolute velocity and acceleratioa, the yaw anglgy in respect to the n-
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: * Kalman filter pnb [°]
"| = =—SINMA reference pnb [°]

o | ==——Bias Acc x [m/s2]
=== Bias Accy [m/s2]
= Bias Acc z [m/s2]
———Reference biases [m/s2] I

Biases of accelerometers [m/s2]

2 4 6 8 10 12 14 16 B 2 4 6 8 10 12 14 16

time [s] time [s]
Figure 5: Kalman filter result of pitch angle Figure 6: Estimated accelerometer biases
py and SIMA reference data und true bias from SIMA

frame, the rotation ratea}’b‘Z of the body z-axis in respect to the i-frame ia tiframe and a

biasbg,.for the gyroscope and reads:

y(© = [(B,L)°I(v, a)ly2| w5, . [byro] - (11.4)

To showcase the lever arm effects on a GNSS raceimeGNSS-receivers and a gyroscope
are simulated to observe the staf€). The first GNSS receiver is placed in the bodyiori
whereas the second receiver has a lever arm of&8rsiin x-axis of the body frame with
thsor = [20 0 0], the offset parameter of the gyroscope is assuimeae 28.7°/sec.
Both GNSS-position observations are presented gardi (7). It can be noticed, that the
second GNSS receiver has a systematic offset, whictrrect and caused by the lever arm in
X. Because this lever arm is considered in therfiibservation equation, too, the filtered
position of the body is on the correct referencgetitory. In figure (8) the bias error

estimation of the gyroscope is presented. The sitedlerror of 28.7° is reached after 20s.
T I T T 29 T T T

285

.............. N 28+

z-axis e-frame [m]

o — S SR W— S i
O GNSS receiver 2 [m] : : :

Bl | = SIMEATAEICHEEPORBOTTN] e | E—— p—— . [=—Bias gyro [°/s] 2
il — Kalman filter position [m] ; : : — ——Reference bias [°/s]
i i | i I : : 2 H
a 20 40 B0 80 100 %, 3 A0 7= o 3
y-axis e-frame [m] time [s]

Figure 7: GNSS positions with lever arm of Figure 8: Filtered estimation of gyroscope
20m, reference trajectory and filter results bias in comparison to reference value
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