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ABSTRACT

This paper presents a method to reduce the vibration-induced noise effect of an inertial measurement device mounted on a

self-driving vehicle. The inertial sensor used in the GNSS/INS integrated navigation system of a self-driving vehicle is fixed

directly on the chassis of vehicle body so that its navigation output is affected by the vibration of the vehicle's engine, resulting

in the degradation of the navigational performance. Therefore, these effects must be considered when mounting the inertial

sensor. In order to solve this problem, this paper proposes to use an in-house manufactured vibration suppression device

and analyzes its impact on reducing the vibration effect. Experimental test results in a static scenario show that the vibration-

induced noise effect is more clearly observed in the lateral direction of the vehicle, but can be effectively suppressed by using

the proposed vibration suppression device compared to the case without it. In addition, the dynamic positioning test scenario

shows the position, speed, and posture errors are reduced to 74%, 67%, and 14% levels, respectively.
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(Titterton & Weston 2004).
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Fig. 1. Schematic view (top) on vibration suppression device (VSD) and
IMU-installed view (bottom).

2. METHODS

2.1 Vibration Suppression Device (VSD)

IMU AlA} = theFeh @¢lof] ofs] o7} Aggict IMU AlA]
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Fig. 2. Block diagram for inertial navigation system equations.

Table 1. Parameter descriptions.

Parameter Description
L L h Latitude, Longitude, Height
VUn,Ve,Va NED frame velocity
f b Body frame acceleration
cy Body frame to NED frame DCM

Wiré: [pny,De,Pd] Earth rate

wi = [Qn.Re. Q] Transportrate

Wﬂ, Angular rate

g" NED frame gravity

Q?b Skew matrix of wiI;,

. Skew of wjy,

Ry, Meridian radius
Rium R, derivative with respect to L

R Transverse radius

Rt R; derivative with respectto L
o" Attitude error

B }1’ Accelerometer bias

B g Gyroscope bias
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Fig. 3. Block diagram for GNSS/INS integrated navigation system.
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Fig.6. Acceleration and angular rate in time-domain (engine OFF).
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Table 2. Standard deviation of IMU measurements with/without VSD.

Engine Data Device Standard deviation
X y Z
Accel without  0.0152 0.0157 0.0223
with 0.0143 0.0137 0.0185
OFF .
Gvro without  0.0472 0.0560 0.0421
T with 0.0356 0.0533 0.0379
Accel without  0.0522 0.1692 0.1301
ON with 0.0404 0.1448 0.0684
without  0.3484 0.2165 0.0857
Gyro

with 0.2098 0.0636 0.0424

Table 3. Specification of TDR 300 and CPT 7.

GNSS sensor TDR 3000 CPT7
GPS:L1,L2,1L5
GPSL1,L2, L5 i
GLONASS: L1, L2 GLONA.SS. L1,L2,L3,L5
BeiDou: B1, B2 BeiDou: B1, B2
Signal tracking o Galileo: E1, E5
Galileo: E1, E5
QZSS:L1,12,1L5
QZSS: L1, 12
SBAS:L1,L5 SBAS: L1, L5
T NavIC: L5
RTK service Possible (not used) Possible
RTK Position accuracy [m] 0.01 +1ppm 0.01 +1ppm
Heading accuracy [deg] 0.3 0.08
Convergence time [s] <30 <10
Operating temperature [C] -40 ~ 85 -40 ~ 71
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Fig. 11. Results of the GNSS/INS integrated navigation system.

Table 4. RMS error of the GNSS/INS integrated navigation system with/
without VSD.

RMS error axis  without with
North 1.3980 0.6646
Position [m]  East  0.6924 0.6654
Down 0.9970 0.9882
North 0.2053 0.1041
Velocity [m/s] East 0.1778 0.1329
Down 0.0703 0.0827
Roll 6.3291 0.7321
Attitude [deg] Pitch  5.2024 0.5428
Yaw 99782 1.6033
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Fig. 12. RMS error of the GNSS/INS integrated navigation system with/
without VSD.

APPENDIX

A&dslEl INSo] o xprele Al (4-9)¢} 7+c} (Titterton &
Weston 2004).
RinmPe Pe 1

oL+ S+ g

o= h

S, (4)
Pn prsecL secL

i _ Ry
5l_cosL(tanL Rt+h)6L RoAhOM TR 4R

6ve (5)
Sh = —6v, (6)

8™ = (CPY) X @™ + CFOf° — (200, + wly) X 60" - Qwl, + W) X v - 8g" (7)
P = —wl X " + Sl — ClSwh, (8)

8fb =B2, B2 =0, wh =B, B2=0 9)

Al (4-9)F o]gslo] £ =FollA] Ak ZebdElE 4 (10-
20} At} of7]A xE 1570 9] 9} AdESE UEH AL, Fe Al

=] = =] (e} =
A8 P, He 54 FES UehdiH, we A8 B, ve 5%

Feolek

x=Fx+w
z=Hx+v (10)
where
x = [8P V™ ¢™ BE BE| (11)
[Fn Fip O3x3  Osxs3 03x3]
|F21 Fp, Fas cy 03x3 |
F= |F31 F3, F3 03x3 _Clgll (12)
Osxs Oaxz Oaxz Oaxs Oss |
L0gs Ogxs Osxs Osxs Osesd
with
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[ Rmmpe 0 Pe 'l
[ R,+h R, +h |
Fip = | Pn (tanL _ Ry ) 0 Pn | (13)
[cosL c+h cosL(Rt + h)J
0 0
1! 0 0l
|Rm + R I
Fip = | 0 1 o | (14)
l cosL(R; + h) J
0 0 -1
mmp pE
[ R, +h e Onsec LA = pupaRe 0 g Ve paba ]
By = Paltye PuRie Pa Pu (15)
‘ 20, + py sec L+m) (Rt+h_md)vd 0 mv"_Rﬁhvd
[ antr'I'pe mm ZQdVe 0 przl'l'pg
Va
lf T h 2at2  —pe 1|
m
F,, = | vptanl + vy | (16)
TP T 20t
l 2pe —2Q, — 2p, 0 J
0 —fa fe
Fa=|fa 0 —fu (17)
_ﬁz fn 0
[ Q, — PrRec 0 1
I ¢ R, +h I
peRmm
F3, = - 0
31 i Ry +h hi (18)
PaRee pd
-0 L— 0
[~ T PnseC R.+h Rt+hJ
[ o L ol
I R, +h I
1
Fyp = |- 0 ol 19
271 Rp+h | (19)
| 0 tanL |
| Ro+h J
0 Qg + pa —Pe
F33 = _Qd — Pd 0 Qn + Pn (20)
Pe _Qn ~ Pn 0
and
I 0 0 0 0
H= [ 3x3 Usxs Usxz Usxs 3x3] 21
O3x3s f3xs Osxs Osxz  Oszxs (21)
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