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NAVIGATION STATE & FRAMES

Navigation state vector: y(t) = [(B, L, h)¢|(vy, Vg, vp )| (r, p, y)B]T
position (B,L,h)

+ velocity (vy, Vg, Vp)
+ orientation (r,p,y)

X

b
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SENSORS FOR ROBUST AND GLOBAL APPLICATIONS
1.) GNSS
References: Inertial Space or e-frame

.:;& 4.) Magnetic field sensors

References: Earth Magnetic Field

2.) Accelerometers
References: Inertial Space and Gravity Field

5.) Inclinometers

References: Gravity Field
3.) Gyroscopes

References: Inertial Space
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SENSOR CONCEPT FOR STATE ESTIMATION

General concept for robust algorithms & sensor simulation:

,Multiplatform-“
(several platforms (p) navigate one body (b))

and
,Multisensor-Leverarm-“ — Concept
» X' (several coordinated sensors on each platform)
£ GNSS-receiver
accelerometer
B rotation rate sensor
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SIMA: SIMULATION OF MULTISENSOR ARRAYS

¢ Numerical comparison of optimized sensor platforms
¢ Numerical proof of functionality of new platforms

— with redundant sensors

— with sensors in motion

¢ Further system tests:
— Can additional parameters be estimated?
— Filter reaction on gross errors?
— Filter reactions on different trajectories?

¢ Simplified implementation because true numerical values are known
¢ Reference state known from trajectory model
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SIMA LEVER ARM CONCEPT & PARAMETRIZATION

[X(t)gensor = X(t)gody + tElat + t(t)gensor].

L

5 LA-parameter sensor j

p P
Y ) [tsensor' R(q' 6)5 ]i,j

sensitive axis
of sensor j

t(t) ¢

sensor

%&L KA
[tglat(le;zat: yzl;lat' Zzl;lat)' RD(ey &y, Ez)]i V
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SIMA LEVER ARM CONCEPT & M-FRAME

[x(t)gensor = Xren_origin + R‘Ienxg]ody +R$nR(t) Rbtplat + R?nR(t) RbR(t)ptsensor

[—
—_

sensitive axis
of sensorj
(t) sensor J
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LEVER ARM CONCEPT — SENSOR VELOCITY &
ACCELERATION

4 .
[&X(t)gensor = X(<ensor

=|R&,X(Dhbay HRGRE QYL RO

mab bpP
R?an meRpRs tgensor

P plat
bpP bpP;t
+ R?nRrglRpRsQ]sJStgensor + R?nth?RpRstgensor tpl t = constant
- pla
1)
ax(t)gensor = X()sensor RB = constant

=[R& % Poqy [+ RGRE Q0 Q0 REEY  + REREQN,RYED

+ RGRYQ2 00 L RERS tensor + RGRE QD RERS tensor

+ RS, Rmﬂb D bROREQS t50nsor + RS, Rmﬂb 2 bRERE tensor

+ R, Rmﬂb P bREREQS tSensor + R&RIREREQS 05 t5ensor

+ RGRYRER Qs tSensor + R&RmRBR‘;n;stzensor + R&RY QDL RERS Eensor

+ RSRIRERE QS t3cns0r + RGRTRORE ESensor
i

|:> Necessary parameters for observation modeling:

b is S
xbody' xbody' xbudy ’ Rb ’ me. 9' plat' R tsensor' tsensorr sensor’ R st: Q Vﬁﬂ
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TRAJECTORY GENERATION
« Trajectory parameters:
XOhay XOhoay XMibay ROF  Q®L, 2O

¢ Standard models: straight line, circle, helix, in rest, rotating, 2D-trajectory

Fravias of Facisry m - bars

T "-\.\\\
e Example: Body orientation in a circle / .'!

2 7
¥ S/
vit = —sin(v t/R) Y ; /
l\_ 2 é
v;,“:cos(vt/R) : & \-‘Ty_'/s_ = 5
Rcstymen [=]
v
y(OF = atan <_Y> %%W
z VKA
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GNSS OBSERVATIONS

* GNSS position

p

b
[XENSS—pos = X(t)gody + LA(t)sos = X(t)gody + R?nRglt lat T R(renRglRBtgensor]i]

[IENSS—pos]i’j = [X(E}NSS—pos + nENSS—pOS]i’j

* GNSS velocity t0.nsor = COnstant

R = constant = [

[X(E}NSS—Vel = X(t)gody + LA(t)sel
- b +b b p
- X(t)gody + R?IlRll;rlﬂmbtplat + R?IlRll;rlﬂmle}))tsensor]i-

A

30.05.2012 Seite 10

[1Gnss—vellij = [XGnss—vel T NGnss—vellij @
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GNSS OBSERVATIONS

¢ Raw data observation equations:

— pseudorange

[lPR,k]i’]- = [|x&nss—posj — XSatk| + ¢ (Atgnssj — Atsat.k)]i’j + Alon + ATrop + npg

— phase

[lq),k,Li]i_j = [ngNSS—pos,j — Xguex| + ¢ (Atonssj — Atsari) = (AN o — ()\LiDlﬁi)ti]ij
—Alon + ATrop + ng,

— Doppler
(Xe tk ~ XGNss— l)re
lagli; = [fsat (1 + = - = —foac| +nar
i,j
30.05.2012 VKIZL

ACCELEROMETER OBSERVATIONS
¢ Navigation equation in the inertial frame:

i — ol i
Aacc = axacc — 8acc

¢ Navigation equation in the earth frame:
d

agcc = aXSCC - g(chc)gcc + ZQieechc + ﬂfeﬂfechc-

¢ Rotation to the s-frame:

s — RSRPRb pm,e
Aacc = RprRmRe Aacc

[agcc]i,j =1 0 0)- aj

e Adding sensor errors:

[lgcc]i,j = [agcc]i,j “Kice + bicc + N3 % ’Kﬂ
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GYROSCOPE OBSERVATIONS

¢ Gyro observation model:
S __ S S S S S
W5 = Wj + Wey + Wy, + 0, + W

s — pspPRb pm,.e spP,.\b s
wi; = RpRy Ry Re'wj, + RpRywp, + wps.

¢ for one sensor j on platform i:
[wflij =1 0 0) .

¢ Adding sensor errors:

[lgyro]i- = [‘*)?s]i,j ’ Kgyro + bgyro + rlgyro- 3D-Gyroskop
) 22x22mm

NiA
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MAGNETIC FIELD OBSERVATIONS

* Magnetic field observation:  mp,, = R%RgR'r’nRglmfnag(xfnag, t)

¢ World Magnetic Model 2010 from NOAA (National Oceanic and
Atmospheric Administration) & BGS (British Geological Survey):

X'(4 '1')771g ,7i a}nzi( "(t)ycosmA + h"(f)sinmA)
"7@7 - - (’}(D' - | 5 gn hd n !

m=0

e for one sensor j on platform i:
[mfnag]i'j =1 0 0)- m?nag

e Error model:

[lf'nag]i,j = [m?nag]i,j + Nhag-

30.05.2012
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¢ Observation equation inclinometer: LAV
€;
LAV LAV
1 Z inc
LAV|| LAV
|ez*V][s

nc

[6];; = cos™

direction of gravity: e¥AV = (0 0 1)T

e Rotation of sensitive axis in s-frame to LAV:

siie=@0 0 07

INCLINOMETER OBSERVATIONS

=
LAV _ LAV npbpPcs i i ( : )
sihe. = [REAV], RERPRCS], ellipsoidal 8Xinc/inc
’ normal
. south north
. . X % - - +
Adding sensor errors: 1 ellipsoid
[lo = 0 + Cinc + Ninclij- @n% -
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<1 Einstelungen far 20001
' = P
I Add Sensor
u SIMA Pos & Orient constant =)
 — ‘Sensor position (1_sensor) - Criertation:
e x{m] 0 ron (7] ]
Ti — Trajectory [ Remove Sensor ‘ el 0 wich 7] o
Duration [s] 1 Helx - | - z(m) 0 yaw ) | 900
i Measurement frequency — — Origin m-frame
ONSS(Hz] 1 tiuge ] 00 | froemesel
b : fonghude [ 00 oK Ccancel Accept J [# use sr:; model —
NS[Hz | 100 altitude (m) 0.0 lf - O oo | [lems2n =
mepal |0 ) e |
MAG Hz] | 100 | 1
radius [m] L] | h Apply setings ‘|
lead [m) 00
ro— velocity [mis] 0.0 = —
e ]
[k
| (s — Platform (t_piat
@ WGsss Posttion in b-frame . — orientation (Rbp)
*) GRS30 i 00 ol g 0.0 @ ’@6‘
¥ [m] 00 pitch [7] 0.0 ﬂ @ %
z[m] 00 yaw [ 00 V

Sima ready to start.
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EXAMPLE — ATTITUDE HEADING REFERENCE SYSTEM

* Navigation state vector

T
y(®) = [qg' bgyro: bgcc]

— e X [mf52]
- accy [mfs2]
+ ace z [mfs2]

¢ Trajectory: Body rotates in rest

wb, =(10.0 20.0 30.0)

R7.(0,0)

observation [m/s2]

¢ Accelerometer biases:

bS..= (1.0 2.0 3.0)

[°]

-B0 i I Il I L i L 15 i L L L
2 4 B 8 10 12 14 16 0 2 4 B 8 10 12 14 1¢}
time [s] time [s]
30.05.2012

time [s]
NitA
EXAMPLE — ATTITUDE HEADING REFERENCE SYSTEM
Kalmal filtered pitch angle: Kalmal filtered accelerometer biases

T T T T T T T
5 s Fabrian filter prib [*]
e e == =S4 roference pub [°]

-~ "Z\ 4 N : ,

= Bias Acc x [m/s2] i
== Bias Acc ¥y [m/s2]

= Bias Acc z [m/s2]
| ——-Reference biases [m/s2] ||

Biases of accelerometers [m/s2]
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CONCLUSION

e SIMAs features:
— arbitrary number of different types of sensors

freely open platform design
consideration of the lever-arm effects

modeling of sensorerrors

different trajectories

— known reference data for filter validation
* Perspective:

— enhanced error modeling

— adding additional trajectories
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Thank you for your attention!
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ENHANCED NAVIGATION-ALGORITHMS

¢ Platform optimization in a similar manner as in the conventional
classification in the optimization of geodetical nets:

design of Oth order: choise of the appropriate sensor type

design of 1th order: choice of optimal sensor position and orientation
on platform at given variance for the observations
and system state

design of 2nd order: choice of optimal observation accuracy at given
platform design and variance of the system state

design of 3rd order: choice of additional sensors to optimize given
platform design

-~ %ﬁ
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MULTI-SENSOR-ALGORITHMS DEVELOPMENT

¢ Sensor design differs in
— sensor type
— sensor quantity
— sensor quality

— location

¢ Different sensor designs for different applications depends on:

GNSS-3

— navigation parameters S ——— T
— body tractor &

— required accuracy '\"’ﬂ:’-ﬁ“)

o wa-—a
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