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Comparison of Attitude Estimation Methods for DVLL
Navigation of a UUV
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Abstract

This paper compares methods for attitude estimation of a UUV(Unmanned Underwater

Vehicle). Attitude estimation plays a key role in underwater navigation using DVL(Doppler Velocity
Log). The paper proposes attitude estimation methods using EKF(Extended Kalman Filter),
UKF(Unscented Kalman Filter), and CF(Complementary Filter). It derives methods using the
measurements from MEMS-AHRS(Microelectromechanical Systems-Attitude Heading Reference
System) and DVL. The methods are used for navigation in a test pool and their navigation performance
is compared. The results suggest that even if there is no measurement relative to some absolute
landmarks, DVL-only navigation can be useful for navigation in a limited time and range.

Keywords: Underwater Vehicle, Localization, Extended Kalman Filter, Unscented Kalman Filter,

Complementary Filter
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Table 1. EKF based attitude estimation algorithm

Algorithm EKF (X,_1, Pe_1, 21, P, 4, T)

1: g=p+gq 'S(Xk—1,¢)t()?k—1,6)
+r: C(Xk—1,¢)t()?k—1,9)
2: 0=q c(Xyerp) — 7 5(Xi-19)
3: 9P =q-s(Xp-1)sec(Xi1p)
+7 - (K14 )sec(Xi-1)

Ki-1p + PAL
4: X7 =|Xi_19 + AL
K1y + YA
[22 20 6]
ap 90 Y
s.a=|2 20 2
ap 090 Y
w2 2b
ap 90 Y
6: P; = AP,_ AT +R
7: K, =P HT(HP HT + Q)™*
8: Xk —Xk_ +Kk(Zk—HXk_)
9: P, =P; —K.HP;

return (X, Py)
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Table 2. UKF based attitude estimation algorithm

Algorlthm UKF (Xk—l! Pk—l’ Zr, D, q, T)

(n+K)Py—y

C Xseo) = X1

cforj=1ton

sy = K + UGy

Xsenrp) = Kier = UGl

: endfor

: for j=0to 2n

¢ =p+q-s(Xsw)tKscz)
+7 (X1, t Ksz,))

0 =q- c(Xsap) — 7 s(Xs0,)

100 ¥ =q-s(Xsq)sec(Xsez )

+7 - ¢(Xsa,)sec(Xsiz, )
Xsj) + PAC
1 Xgj = | Xsjy + 0AC
Xsesj) + WAL

0 3N L W=

O

11 : endfor
12 Ko = woXs,0) + X572 WXy
- o 5 n\T
13: P = Wo(Xs(:,o) — X )(Xs(:.o) - Xk)
o N
+ 23 w(Xse.p — X)) Koy — £i)
14: Pf = P,; +R
15: hz =
16: 2, = WOhZ( 0 T X whz
170 B, = wo(hz0) — 2) (hz(0) — 2,)"
+ 23 wihze jy — Zi) (hz ) — 2)"
18: B, =P, +0Q
o A N\T
19 Py = wo(Xsg0) = Xic ) (hzg0) — 2)
+ 2?21 w( Xy, ) — X ) (hzg( jy — 2,)7
22: K, = P,Pt
23 Xk = X];+Kk(zk - 2k)
24: Pk =Pk__KszKkT
return (X, Py)
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Table 3. CF based attitude estimation algorithm

4: )?k =
26,

Pk
6: @k

Fic

Algorithm CF (X¢_1, 2, 0, 4,7,

l:g=p+gq- S(XAk—l,qb)t(XAk—l,O)

2: 0 =q- C()Aik—lmb) - TS’(\XAk—l,(p)
3: 9 =q s(Xk-r,)sec(Xi-10)

[A(Ibk'
A, ]

return (Xie, Bies G Tieo APy, Ay, APy

ﬁk—l' QR—I! fk—p A¢k—1! Aak—ll Al/)k—l)
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Fig. 1. AHRS and DVL for the experiment

Table 4. AHRS(3DM-GX3-25) specification

attitude and heading

+0.5° pitch, roll, heading typical for static test
Static accuracy + Hp1 h, roll, heading typical for static tes!

conditions
Dynamic +0.2° pitch, roll, heading for dynamic (cyclic) test
accuracy conditions and for arbitrary angles

Accelerometer Gyroscope Magnetometer
M t

casuirertien +5g +300°/sec  +2.5Gauss

range
Initial bias error +0.002g +0.25°/sec ~ +0.003Gauss

Table 5. DVL(NavQuest 600 Micro) specification

Accuracy 1% + 1mm/s
Maximum Altitude 110m
Maximum Velocity +20knots
Maximum Ping Rate S/second
Transducer 4 beam convex
Transducer beam angle 22°
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Fig. 2. Experiment environment
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Table 6. Parameters used in implementation of the EKF algorithm

X=[0 0 o]
015 0 0
Pb=| 0 015 o0

0 0 0.15
1 0 O
H=|0 1 0
0o 01
[0.1 0.08 0.08
R=10.08 0.1 0.08
10.08 0.08 0.1
0.1 0.08 0.15
Q@=10.08 01 0.15
10.15 0.15 0.2
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Table 7. Parameters used in implementation of the UKF algorithm

n=3

k=17

wy =k/(n+ k)
w=1/2(n+k)

X=[0 0 o]

015 0 0
Pb=] 0 015 0
15

0 0 0.
02 0.02 0
R=10.02 02 00

0.1 0.07 0.07
Q@ =(0.07 0.1 0.07

0.02 0.02 0.15}

0.07 0.07 0.02

Table 8. Parameters used in implementation of the CF algorithm

Po = Go =To = Ay = A0y = APy =0
k, = 4.35%V2

k=0415

)? [0 o o]”




UV DVL g $I8k 24 54 uhg vl 221

W AP 2w gon FYE S S DVL 19 4,5, 62 EKF, UKF, 7131 CF 2uej3os 34

P 54 PAAel A 2 A5 Bkl AM 3k AN RS olgd 23 FyoR s =i A

274 45 viEsisich MR 9stol 3 /MK HAlA & molzEe) zizte) AY ATR= xysh xz BEelH ®H

A3 DVL 3 ARSIt ahoict

¥ ok 98 A7 79 UM 2 duEER 24

o . 3 AH ARE o83k upAut AHelMe) 24 $1xe)

ol << | B YA oAE depich 48 Al F 79 Azle of

oo~ - - o )| o Esimten 2827mo|ck. w2k 2ol g 2 Lmelsol gt Azl
93} % BKFO| o3t 24} 714 e Avkg Atk

§ bl e L 102 ALY A2 2 Aol 2 Azl

i 1 A S R o #4% ohAut Agelse] oA treich AF A

|
|

50k - - - — : ,,,,,,,,,
|
|

i i i i < °l%F 7=l °F 1008mo|r}. 7|0l X %= EKF &arle]s

I
I
I I I
I I I
400 — - — —— - — Y A R [
I I I
I I I
I I I
I
I

o 34 QA7} Mg AL Aak Uik

I I I
I I I
450 — = — S [—
I | I I I I I
2001 R S T I8 4,5, 604 2R xy FH 4 AFol ST
130 131 132 133 134 135 136 137 138 139 140
ima) o G olFehs ATL B 4 Ytk o= 3 AE
(a) Roll estimation result - . N -
o A4 % Blawgtel 4o BAH TS olele,
pitcl
200 T T T T T T T T = = 5 =
| [ [ [ [ [ nofiltering data ‘g ﬂ‘?_oﬂj\_] -8-%)\—‘04 ‘7r“xc‘>] Oﬂ 7}XC)P —:1:_L O(:)‘B(_) iCE)'_ U]Z]JE é%
T T S N S EKF Estimation ||
| | | | | | UKF Estimation
| | | | | | CF Estimation
100 - — - ===~ ==~ — =~ ==~ 7T T T
I I I I I I I I I nofitering data
| | | | | | | | | EKF Estimation
B e el e et et et ettt e Bl e A
2 I I I | I I I I [ et s T e e
A\ Dt i ] e =W e
% O === er*“z\gi‘\"/‘ | | ‘)\ﬂ\*" **********
5 I I i I I I I I I -
I I I I I I I I I B
B e S e e i e e B R
I I I I I I I I I
oY T T T T U O O B S B
I I I I I I I I I
I I I I I I I I I
T2 T O N [ SO DU RN S
| I I I I I I I |
I I I I I I I I I
-200 1 1 1 1 1 1 1 1 1
130 131 132 133 134 ] n:i(ss ) 136 137 138 139 140 (a) Trajectory estimated by EKF compared with the trajectory
(b) Pitch estimation result by raw data(xy plane)
Xz
yaw 2 T T T T T T T
200 ; ; ' ; ; ; T : : : : : nofiltering data
! ‘ ! ﬂ"\ - | | noflltenng datla L] e T N S % — EKF Estimation
150 — — = |- o = = F -1 S — - EKF Estimation || 7 7
‘ “ |l w \ ‘ UKF Estimation 1 ‘
100777:7 *“‘*H*Jr:*' ":777:"7 7:7 ‘ CF‘Estimation T ]
[ ‘ | | | | I I I
o | | | | | i S Y SN S Sy B 1 L I E
m*”ﬁjkm’Tf R .
2 N I I I I I I | B
I I I I I I I I | N
s oo~ \’J‘H*’HF e A A N
g v \" l\ I I I I I I - ==
I | I I I I I |
‘5077774{ I~ “f I e A A I
| I | | | | | | | !
_100777‘7LLH77WJL [ | A IR S R I
[ | | | | | | | !
[ ‘ Il | | | | | | | :
B S T T S B R B
150 I | I I I I | | ! !
| ] T | | | | | | L L
-200 ! ! ! ! ! ! ! ! | 2 -1 0 1 2 3 4 5 6
130 131 132 133 134 135 136 137 138 139 140 X(m)
fimete) (b) Trajectory estimated by EKF d with the traject
o rajectory estimated by compared with the trajectory
(c) Yaw estimation result by raw data(xz plane)

Fig. 3. Result of attitude estimation Fig. 4. Trajectory estimated by EKF
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Fig. 5. Trajectory estimated by UKF
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(b) Trajectory estimated by CF compared with the trajectory
by raw data(xz plane)

Fig. 6. Trajectory estimated by CF

Table 9. Estimated location and distance error at the destination
for the circular trajectory motion

Estimated location of the Distance error
destination(x,y,z) (unit : m) (unit : m)
no filtering (-0.343,7.089, -2.089) 7.398
EKF (1.252,2.632,1.097) 3.114
UKF (0.165, 6.601,-2.321) 6.999
CF (1.778,6.437,-1.303) 6.804

Table 10. Estimated location and distance error at the destination
for the rectangular trajectory motion

Estimated location of the Distance error
destination(x,y,z) (unit : m) (unit : m)
no filtering (0.811,3.662,-2.352) 4427
EKF (1.761, 1.823,0.038) 2.535
UKF (0.720, 3.591, -2.043) 4.194
CF (0469, 3.502, -1.835) 3982
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