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An efficient orientation filter for inertial and inertial/magnetic
sensor arrays

Yoo, Kyunghwan

Magnetic sensor Soft/Hard Iron
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Quaternion representation
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Filter derivation
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Orientation
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Filter Readjustment

Orientation from vector observations

BQ= (41 G2 9z 4 )

Bd= (0 dyx dy d;)

S§=(0 sx sy s7)

f[2q, Fd, °8] =29 ®"d®q - °8
Ergeilr;lf[éq, ®d, °s]

vf[Eq, Fd, 58]

u ,k=0,1, .,n
| v¥[za, £, 5] |

VS0, €0, 58] = I7[50,. Fa] F[Eq,. £, 56]

= A objective function

29"®Fd®3q= (g1 -92 -0z -0Q4)® (0 dx dy dz)® (g1 92 g3 Q4 )

0 dx dy d; g1 02 O3 Oa
-dx 0 -d, dy -2 01 -0a O3
= =2 =G %)l g 4, 0 de||-as a0 @ -
-d; -dy dx 0 -04 -0z Q2 Oz

0

2 (dy (3 -03-03) +dy (A2 03 + 1) +dz (G2 Ga - C1 03))
2 (dx (G203 -1 da) +dy (5 - 03 -03) +dz (A3 da + 01 02))
2 (dx (G204 +0103) +dy (Gada - 1 02) +dz (5 - 93 -03))

2dx (3 -93-03) +2dy (4203 + 01 0a) +2d; (G2 Ga - G1 03) - Sx

L]
f[20c, B4, 58] = | F2 | = | 2dx (4203 - 1 Ga) +2dy (5 -93-03) +20dz (s G + G2 G2) - Sy
Ts 20y (0204 +01Gs) +20dy (43 0s -1 G2) +2d; (3 -03-03) -,

m Jacobian

0q, Lt O, Li! O3 L1 O, L1
J [Eqk, Ea] = | Oqy L P Oq, , Oqs > Oq, LD
8qu T3 0q, T3 9g, T3 g, T3

2dygs-2d; 03 2dy gz +2d; a4 -4dxQg3+2dy02-2d,0q: -4dx0s+2dyqr+2d; Q>
=[—2dxq4+2dqu 2dxq3—4dqu+2dqu 2dqu+2dzC]4 —2dqu—4dyC]4+2dzC]3
2dxgs-2dy 02 2dxgsa-2dygi-4d;02 2dxgur+2dygsa-4d;0s 2dyx 02 +2dyqs

The direction of gravity (the vertical axis, z axis)

Eg=(0 0 0 g;)
Sa= (0 ax ay az)

29z (0204 -1 03) - ax
f,[89, Sa] = [292 (0192 + Qg3 44) - ay
29, (3 -93-093) -a

-203 204 -2Q1 202
JQ[EQJ=[2°I2 2d1 204 2‘313]
0 -492 -4q9s3 O

The earth's magnetic field (one horizontal axis, the vertical axis)

Eh=(0 by O by)
Si=(0 mey my my)

2by (3 -03-0F) +2b; (G2 Ga - 1 03) - My
fy[2q, B6, SM] = | 2bx (4293 - 01 G4) +2bz (4192 + Gz qa) - My
2by (G103 +0204) +2b; (3 -03-03) -m,
-2b; Q3 2b; qa -4bxdz-2b, g1 -4bxds+2b; 0

Jo[8q, B6] = | -2bx Qs +2b; Q2 2bxq3+2b, a1 2bxQ2+2b,qs -2byqi+2b, 03
2bXC]3 2bxq4—4bzq2 2bqu—4sz]3 2quZ
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The gradient of the solution surface (General form)

vF[3q,. 5, 58] = J[fq.. FA]"-F[3q.. Fd, 58]

= The objective function

fy[Eq, Sa
fo.0[20, 54, %6, SM] = [ g[EQ, ~a] ]

£,[29. £6, 5]

2 (0204 -0103) - ax

]:1 2 (0102 + Q3 da) - ay

2

| 2(5-93-93) -2

fa| " | 2bc (5 -03-03) +2Db; (A2 Ga - A1 G3) - My
:5 2bx (0203 -0104) +2bz (g1 02 + g3 gq) - My
6 2bx (0103 +G204) +2b, (5 -03-03) -m,

m Jacobian

Jg" (0]
Jy.b[20, EB] =
Q,b[Eq ] [JbT[Eq, E6] ]
Jin Ji2 Jiz Jua -20s 20a -20: 202
Jo1 J22 Joz Joa 202 2g: 204 2403
3= Jar Jzz Jaz Jaa | 0 -4qs -4qs 0
T Jar Jaz Jaz Jaa | T -2b; g3 2b; 04 -4bxqg3-2bz 01 -4bxds+2bz 02
J51 J52 J53 J54 -2 bxq4+2bz (o)) 2bxq?,+2bz di1 2quZ+2bZ qa -2 bqu+2bz g3
Je1 Js2 Jez Jea 2bx Qs 2bx0s-4bz02 2bxqr-4b;0s 2bx Q2
m gradient

vfy.n =Jg,0[20, FB]"-Fy u[EQ, %4, Fb, °M]

Jin J12 Jiz Jug L

vt Jo1 J22 Joz Joa 1P T1 11+ T2 do1 + T3 331 + T4 Jan + F5 Is1 + T J6a
Vi [ | Ja1 Js2 Jsz Jaa |, | Fa| | F1Ji2+ 2020+ F3J50 + F4 Jaz + 5 Iso + T Je2
Vs | 7| Jar Jaz Jaz Jaa | | Fa | T | F1Juz + F2 Joz + T3 I3z + 4 Juz + F5 Js3 + T Jez
v, Js1 Js2 Jsz Jsg L T1 314+ §2 324 + F3 334 + F4 44 + F5 Is54 + T J6a
Je1 Je2 Je3 Jes fs

- v
84, Nid

. vf
80z | il

. - vf3
203 Rl

. vf
204 Kl

The estimate orientation Eqv,t

vF

Sq _ Sq _
= - Ht ———
EMv,t = EMest,t-1 | vt |

pe=a | gd, ¢ | AL, a>1

Qrientation from angular rate

Sw=(0 wy wy wy)

1

S S S
Edu,t = 5 Elest,t-1® 0wt

1
(U1 Yu2 Yus3 qm4)=-2—((3I1 02 93 Ca)® (0 wx wy wy)

s s s
E0u,t = Efest, -1 + 2w, ¢ AT

Magnetic distortion compensation

Bt = (0 hx hy hz) = EQest,t—l®smt®EQ;st,t—l
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(01 02 93 Qa4 )®(0 me my Mz )® (g1 -2 -03 -0a)

0 My My My di -02 -03 -0Qs
-my 0 -m; my 2 g1 0ds4 -03
=(0d1 92 d3 Qa). -my my O -mg|"|d3s -0s Qi1 Q2
-m; -my My 0 g4 QO3 -0z Q1

0
2 (M (5 - 05 -03) +My (0293 - G2 Ga) + Mz (01 G + G2 Ga) )

2 (My (G203 + G2 Ga) +My (5 -3 -0F) + Mz (-Q1 G2 + 3 Ga))
2 (My (-G10s + G2 Ga) + My (01 G2 + O3 Ga) + M, (5 - 03 - q3))

®be = (0 \/h§+h§ 0 h,)

(0 bx by bz)=(0 v\’h>2<+h)2/ 0 hz)

Filter fusion algorithm

Ht
. (1—Yt)ﬁ=‘{tA—t

S S S
" 20u,t = Eest,t-1 * By, ¢ AT

1
s s s
Eldu,t = ) Elest,t-1® 7wt

vt

s SA
® EQv,t = EC Tl L
est,t [ VF |

ut=a|EQw,t|At’a>1

u qust,t =yt 2dv,t + (L -¥t) 20u,t» O<ye s 1

vT

W) + (1 -yt) (RQest,t.1 * £y, ¢ AT)

S S
Elest,t = ¥t (EQest,t—l - Ht

s s vt s
Elest,t = Elest, -1 = ¥t Ht TvEl + (1 -ve) 29,,¢ AL

vf
Ht ) At

S S S
q = q + 1-v q -yt —
EMest,t = EMest,t-1 (( t) E w,t t t | vT |

Vf)

S ———
Eqw,t | Vf |

E0est,t = Elest, t-1 * ((1 -¥t) Byt - Yt @

Gyroscope bias drift compensation
Swp,t = € ste,t At
t

1
s s s
Edu,t = 0 Elest,t-1® 0wt

s s s
224y, t = Elest,t-1® 7wt
Sa* s S s s
2 EOest,t-1®EUu,t = Elest, t-1 ®Elest,t-1® 0t
Sa* s s
2 EQest,t-192Uy, ¢ = "Wt
. .
Swe,t =2 EQeSt,t—l®EQE,t
Swe x Q1 #EQp - G2 #£0; - O3 * 20, + 04 * 203
S _ . . . . _ . . . .
ey | =2(O1 G2 9 d4)® (4, £0, £0; 205 ) =2 | A1 #3203+ Qo 80, - G * 24, - Ga* £,
w ) . . .
ez Q1 #8Q4 - G2 # 203 + O3 * 20, - Q4 % 20
ch,t = Sl')t - swb,t

Wh x Wh x We x
Why | = [ Woy | + | Wey [ *AE*E

Wp z Wh z We z

Wy Wy Wh x
Wy | = | wy |- [ Wy
Wz Wz Wp 2
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Filter gains
B—liqmoaaa)l— 35)
- 2 B B B = 4 B
[3 .
£=¢ 7%



