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ABSTRACT

In order for electro-optical tracking system (EOTS) to have accurate target coordinate, accurate navigation results are required.
If an integrated navigation system is configured using an inertial measurement unit (IMU) of EOTS and the vehicle's navigation
results, navigation results with high rate can be obtained. Due to the time-delay of the navigation results of the vehicle in
the EOTS and scale factor errors of the EOTS IMU in high-speed and high dynamic operation of the vehicle, it is much more
difficult to have accurate navigation results. In this paper, an integrated navigation system of EOTS which compensates time-
delay and scale factor error is proposed. The proposed integrated navigation system consists of vehicle’s navigation system
which provides time-delayed navigation results, an EOTS IMU, an inertial navigation system (INS), an augmented Kalman
filter and integration Kalman filter. The augmented Kalman filter outputs navigation results, in which the time-delay of the
vehicle’s navigation results is compensated. The integration Kalman filter estimates position, velocity, attitude error of the
EOTS INS and accelerometer bias, accelerometer scale factor error, gyro bias and gyro scale factor error from the difference
between the output of the augmented Kalman filter and the navigation result of the EOTS INS. In order to check performance
of the proposed integrated navigation system, simulations for output data of a measurement generator and land vehicle
experiments were performed. The performance evaluation results show that the proposed integrated navigation system
provides more accurate navigation results.
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Fig. 1. Avionics system architecture.
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Fig. 2. Structure of proposed integrated navigation system.
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Table 1. Specification of navigation system TALIN40OO.

List Value
Horizontal position (m) 12

Navigation Vertical position (m) 14.825

error (10) . Roll, Pitch 0.0028
Atitude (deg) v 0 00056
Output rate (Hz) 12.5

Table 2. Specification of EOTS IMU LN-200.

List Value
Random walk error (m/s/rt-hr)  0.03
Accelerometer B

error (16) Random bias error (ug) 300
Scale factor error (ppm) 300
Gyroscope Random walk error (deg/rt-hr)  0.07

error (16) Random bias error (deg/hr) 1
Scale factor error (ppm) 100
Output rate (Hz) 360
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Table 3. RMSE of navigation results with time-delay 80 ms.

Without Time-delay ~ Time-delay and scale

compensation compensation factor compensation
North 4.12 0.97 0.96
Position (m) East 4.10 0.95 0.95
Down 3.97 0.92 0.92
Velocity North 0.44 0.13 0.13
(m/s) East 0.43 0.17 0.17
Down 0.33 0.07 0.07
. Roll 0.16 0.06 0.06
AEZ;‘;e Pitch 0.14 0.04 0.04
Yaw 0.12 0.02 0.02

Position, velocity, attitude RMSE
(blue = without time-delay compensation, red = time-delay compensation)
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Table 4. RMSE of navigation results with time-delay 160 ms.

Without Time-delay ~ Time-delay and scale

compensation compensation factor compensation
North 4.01 0.89 0.89
Position (m) East 4.07 0.98 0.99
Down 3.79 0.94 0.94
Velocity North 0.36 0.15 0.15
(m/s) East 0.35 0.20 0.20
Down 0.28 0.06 0.07
. Roll 0.14 0.09 0.09
AEEZ;" Pitch 0.06 0.02 0.02
Yaw 0.23 0.02 0.02

Position, velocity, attitude RMSE
(blue = without time-delay compensation, red = time-delay compensation)
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Table 5. RMSE of navigation results with time-delay 240 ms.

Without Time-delay ~ Time-delay and scale
compensation compensation factor compensation

North 431 0.93 0.93

Position (m) East 4.31 1.04 1.05
Down 3.86 0.93 0.93

. North 0.40 0.19 0.19
ng/csl)ty East 037 0.26 0.26
Down 0.28 0.07 0.08

. Roll 0.20 0.16 0.17
Azgte“‘;e Pitch 0.06 0.02 0.02
8 Yaw 0.29 0.03 0.03

Position, velocity, attitude RMSE
(blue = without compensation, red = time-delay compensation,
black = time-delay and scale factor compensation)
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Fig. 10. Navigation results of proposed integrated navigation system with
time-delay 80 ms, 10000 ppm accelerometer scale factor error and 10000
ppm gyro scale factor error.
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Table 6. RMSE of navigation results with time-delay 80 ms, 10000 ppm
accelerometer scale factor error and 10000 ppm gyro scale factor error.

Without Time-delay  Time-delay and scale

compensation compensation factor compensation
North 4.06 1.27 0.98
Position (m) East 3.81 1.22 1.00
Down 4.71 2.63 0.98
. North 0.42 0.22 0.15
V(i‘l)/csl)ty Bast 0.37 0.23 0.19
Down 0.43 0.34 0.15
. Roll 0.24 0.20 0.14
AEEZut)ie Pitch 0.08 0.06 0.03
& Yaw 0.71 0.69 0.08

{ Navigation board
™l

TALIN4000
navigation system

Direction of the land vehicle

roll motion (’

(b)
Fig. 11. (a) Experimental setup of a land vehicle, (b) Roll motion input tool.
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Fig. 12. (a) Trajectory of the vehicle (output of TALIN400O0), (b) Position, velocity, and attitude of the TALIN400O.

Position, velocity, attitude RMSE
(blue = without time-delay compensation, red = time-delay compensation)

Table 7. RMSE of navigation results for the land vehicle with time-delay
80 ms.
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Fig. 13. Vehicle's navigation system results with time-delay 80 ms.

Position, velocity, attitude RMSE
(blue = without compensation, red = time-delay compensation,
black = time-delay and scale factor compensation)

1 1

North (m)
Y o
- (é;] o (4]

East (m
<) IS)

o o »

Down (m)

o
o o

-0.5
0 500 0 500
= — o2 =02
5 01 é 64 g
& ot c 0
€ 0 @ 0 H
S u“j o
Z 01 0.1 Qs
0 500 0 500
0.2 0.1
S 02 2 >
s g, 3 o
: :
0.2 & > 0.1

o

500
Time (s)

o

500

Time (s) Time (s)

Fig. 14. Navigation results of proposed integrated navigation system with
time-delay 80 ms.
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Without Time-delay ~ Time-delay and scale
compensation compensation factor compensation

North 0.40 0.18 0.11

Position (m) East 0.45 0.26 0.17
Down 0.25 0.29 0.24

— North 0.04 0.04 0.03
V(‘;lr‘l’/csl)ty East 0.06 0.05 0.04
Down 0.02 0.02 0.02

. Roll 0.03 0.03 0.02
AESZ“;E Pitch 0.02 0.03 0.02
s Yaw 0.05 0.02 0.01

Position, velocity, attitude RMSE
(blue = without time-delay compensation, red = time-delay compensation)
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Fig. 15. Vehicle's navigation system results with time-delay 160 ms.

oItk Fig. Mol 913, £, Aple] 34 Aaks ehiglon],

Table 7of|&= Fig. 142] RMSES LJeli$ith Table 7 HH, A|7F
A9E BAS A8, HA o4t &5 o}, & exket 8 ot
2 Zaslelom, Al A& BARSE Aatel A7) g4k
Ag LAE BA RAE Y 4tk

Sk Ao} u] gt
60 ms x93 TALIN4000 23} A|7FA NS



Position, velocity, attitude RMSE
(blue = without compensation, red = time-delay compensation,
black = time-delay and scale factor compensation)
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Fig. 16. Navigation results of proposed integrated navigation system with
time-delay 160 ms.
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(blue = without time-delay compensation, red = time-delay compensation)
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Fig. 17. Vehicle's navigation system results with time-delay 240 ms.
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Position, velocity, attitude RMSE
(blue = without compensation, red = time-delay compensation,
black = time-delay and scale factor compensation)
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Fig. 18. Navigation results of proposed integrated navigation system with
time-delay 240 ms.

Table 8. RMSE of navigation results for the land vehicle with time-delay
160 ms.

Without Time-delay ~ Time-delay and scale
compensation  compensation factor compensation

North 0.66 0.24 0.25

Position (m)  East 0.90 0.30 0.27
Down 025 031 0.29

. North 0.04 0.04 0.04
Vf’rlrcl’/c;;y East 0.07 0.06 0.06
Down 0.02 0.02 0.02

) Roll 0.02 0.02 0.02
A(tgzu‘;e Pitch 0.02 0.02 0.02
8 Yaw 0.13 0.02 0.02

Table 9. RMSE of navigation results for the land vehicle with time-delay
240 ms.

Without Time-delay ~ Time-delay and scale

compensation compensation factor compensation
North 0.88 0.35 0.40
Position (m)  East 1.35 0.34 0.32
Down 0.25 0.32 0.30
North 0.06 0.05 0.06

Veloci

FII?/(:;Y East 0.09 0.06 0.06
Down 0.03 0.03 0.02
. Roll 0.02 0.02 0.02
Azgzu?e Pitch 0.03 0.02 0.03
s Yaw 0.19 0.02 0.02
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