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Comparison of Attitude Estimation Methods for DVL
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
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Table 2. UKF based attitude estimation algorithm

Algorithm EKF (X,_1, Pe—1, 21, 9, @, T)

1:¢=p+gq- S()?k—l,d))t()?k—l,e)
+r: C(Xk—1,¢)t(XAk—1,9)

2:0=q c(Xp-rp) — 7 5(Xi-1)

3:P=q- s()?k_l,(p)sec()?k_l,g)

Algorithm UKF (X,_1, Pe—1, 21, P, 4, 7)

1: (n+K)P,_4

2 Xs0) = Xi-1
3:forj=1ton

4 . XS(:,j) = Xk—1 + U(T}I)
51 Xsgnaj) = Xk—1 — U(Tj,:)
6 : endfor

7 :for j=0to 2n

8:

¢ =p+q-5(Xsu,)t(Kscz )
+7 - (X5, 1))t Koz, jy)
9: 6=gq- C(Xs(l,j)) -r S(XS(LJ'))
10: ¥ =q-s(Xsqp)sec(Xsz,)
+7 - c(Xsp)sec(Xsca )
XS(L]-) + pAt
110 Xej) = |Xsjy + 0t
Xs@a,j) + WAL
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11 : endfor
12: Xk_ = WOXS(:,O) + 2521 WXS(:,j)
_ P a_A\T
13: P = wo (X0 — Xie) (Ksg0) — Xi)
~ NS
+ 25 w(Xsep — X)) (Ko — Xid)
14: P; =P; +R
15: hz=X
16: ZAk = WOhZ(:,o) + 2?21 Wh.Z(:’]-)
171 B, = wo(hz(,o) — Zk) (hz(0) — 2"
+ 23 whze ) — Zi) (hzg, ) — )"
18: Bb,=PF+Q
P ANT
19: sz = WO(XS(:,O) — Xk )(hZE’O) - Zk)
+ 23w Xy — Xi ) (Rzg( ) — 2)"
22: K, =P, Pt
23 X, = X +K (2 — 2)
return (X, Py)
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Table 3. CF based attitude estimation algorithm

Algorithm CF (X,_1, Z, D, 4. T,
Pr-1) Q-1 Fie—1, BPy—1, ABj—1, Aty _4)

1: ¢ =p + q- S(Xk—l’:d))t(j(\k—aﬂ)
+1 - c(Xp—1,6)t (Xi-1,0)

2:0= q- C(Xk—1,¢) — rs()?k—up)
3: 9 =q s(Xe_r)sec(Xi_10)
e C(Xk—l,tb)sec()?k—l,e)
X1 + (@ — o)At
4: X, =|Xe_ro+ (0 — Gr_)AL
Kicrp + (0 — )AL
Ay Kip = Zkp
5: |40, | = Xk,e ~ Zke
Ay Xk,l/} — Ziy
D Pr-1 — kpAdpy_y + (kp + k;At)Agpy
6: [@k = [ﬁk-l — kpABy_y + (ky + k;At)AB),
il | Pecs = kpDipye_q + (kyp + k;ADAY,
return (X, Pre, Gx, Fie» Apre, ABy, M)
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Fig. 1. AHRS and DVL for the experiment

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

attitude and heading
+0.5° pi i i i
Static accuracy 10 5 _ pitch, roll, heading typical for static test
conditions
Dynamic +0.2° pitch, roll, heading for dynamic (cyclic) test
accuracy conditions and for arbitrary angles
Accelerometer Gyroscope Magnetometer
Measurement
+5¢g +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 5/second
Transducer 4 beam convex
Transducer beam angle 22°

test pool test pool
g o 20m ;' 14m
X ‘ X ‘
t y. » - y
2.2m 2.2m

e Starting and destination location

Fig. 2. Experiment environment
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Table 6. Parameters used in implementation of the EKF algorithm

X=[0 0 o0]"

015 0 0
P0=[ 0 015 0 ]

0 0 0.5
10 0
010

0 0 1

0.1 0.08 0.08
R=[0.08 0.1 0.08]

0.08 0.08 0.1

H =
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0.1 0.08 0.15
Q@ =(0.08 01 0.15
0.15 0.15 0.2

0.1 0.07 0.07
Q@ =(0.07 0.1 0.07
0.07 0.07 0.02

d 2S¢ SiFE FAOIT. B M E WA, 8= B
5 O U(radian)E HYZ OfF] LHEFACE.

UKF 203 Z9 AMSE L0822 F 73 23, 45 B
off A3 TOIE 32 B 8t 2O} 1§ 39| no filtering, EKF,
UKF, J3]1 CF ¥ ES T FHE NMAMIS Aol o2 Y
B,

EKF 23 ZOAMet OFAIZ 324 Rl Q9 BN 4
T EY S0 2 Y2 NG, B 7o 5Ol Hre '2o| HiGiYy
424 00 ofd HESH loz 4Ayoloiof L4t = FUS
Y2 & UNG. o ET EKF oM} OIAZ E IA, 8 3t
o EHHOE AMZ AWYZ TN AU2S YOSl UH. UKF
YU ZOlIAM Cholesky decompositoing A= 2N B2
P 7t positive definiteC|o{o Of=G, T{O[E| o DA
positive definite®] EjA] 2of= Pt WAL D2 Fo|T}
2200,

B AHOIME M9 HdtE % MAMCIE BB 1Bk
INS)E AEOI= O 2R WHY HRe ME0I 452 8T
SIAM. 3 ML Al Oyt HdtS Argois i AN =2

2 AN 5 ANNTEY B

Table 7. Parameters used in implementation of the UKF algorithm

Table 8. Parameters used in implementation of the CF algorithm

p
k, = 4352
k

n=3
k=17
wo =k/(n+ k)
w=1/2(n+k)
X=[0 0 o]"
0.15 0 0
P, =[ 0 0.15 0 ]
0 0.15
0.2 0.02 0.02
R = [0.02 0.2 0.02]
0.02 0.02 0.15
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Fig. 3. Result of attitude estimation
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Fig. 5. Trajectory estimated by UKF

nofitering data.
| —— cF Estimation

Y(m)
(a) Trajectory estimated by CF compared with the trajectory
by raw data(xy plane)

xz

nofiltering data
CF Estimation

Z(m)
<)
o

2
X(m)
(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) 3114
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) 2535
UKF (0.720, 3591, -2.043) 4194
CF (0.469, 3502, -1.835) 3.982
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