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Multi-axis magnetic and accelerometer sensor are widely used in consumer product such as
smart phones. The vector output of multi-axis sensors have errors on each axis such as offset
error, scale error, non-orthogonality. These errors cause many problems on the performance of
the applications. In this paper, we designed the effective inline compensation algorithm for
calibrating of 3 axis sensors using ellipsoid for mass production of multi-axis sensors. The outputs
with those kinds of errors can be modeled by ellipsoid, and the proposed algorithm makes
sequential mappings of the virtual ellipsoid to perfect sphere which is calibrated function of the
sensor on three-dimensional space. The proposed calibrating process composed of four main
stages and is very straightforward and effective. In addition, another imperfection of the sensor
such as the drift from temperature can be easily inserted in each mapping stage. Numerical
simulation and experimental results shows great performance of the proposed compensation
algorithm.

1. M8

e e #9

53] MEMS Ao Wy Z7 JEe A=

< B2 49 AN FEE Alxd §, F¥

H Al Axz7)Ee] HeRA]] wHdew, oM 3Fom Yol H7IAE H= 457t
o= Wi 7HE TREEAeE AAlA 9 g2, oldd =H FAAAM AFE, AAE=R
Aol M7 AvpEEN e QIxA, FE X X Y

HEHA AFAAE Qe AgHT Yok AER
of oo molit A AN Folw o] AHgH

AL LAY AR Ao AgE T ot Al
Mol ol shtel sizIAel Sof ojA Fel

o Fol BiE 3] b

Copyright © The Korean Society for Precision Engineering

SHAl dek whebd Al
kAl P st "okl
a7Fe] INS AlZElSo A= nAE 97k ¢ 2}

AT AEn A4S SeEoids RAs:
PHIES ol Agsht o) AWEEN ge

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which

permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



ok

IS USSS|X M32F M7= pp. 643-651

July 2015 / 644

AL Aol = HdskA] o, i ity
T AR S HabebA] fda sk adg
D &arglFol wt=A] dast

olgid #WE LA 35 AME AT THIL
S ATAE WeiA e A 7IEA
eSSl fgeti o2l me
4H3 o] FHE FAsoF kA, dEd Al
Mo AZxeal, FERAE oz, ¥ QZA
o olfr®E 2= Aol = Al FH 9 v
As FAsHA Ark?

th7he] HolEE o] &3te] o] & BAE B
dgete 492 ohds 28047 A7) wel] B
< ATFAE] wmol=7t 44 HIHE o] &3t
Aol et Rdgs AFslS

Vasconveloss < 3 7} 74 X (maximum like-
lihood estimator) &= Al&3le] w-o|=7} ¥3hH
ZAdolEZREH  AAe BAFS A7’
Pang & ©]2]gk 35 dE W] vAFHdE &3t
a7] 9%k 187k 9] detdlHE Fate] A
S AFEA T Waveletst 2 A& A2 7]
= AHES Fa Gool Ao BT g

T= S A

ADE INS A28 gy g s E &
HEESE A BHAS dde] FEJoem I
F oRoemz PrAFg At lElor 3
T E e 2A G Fel wEA] Bash,
2 AFolA= o] F&o Tt Hrh a& 4o
I AFs7t vbed 3% e 1A WE daues
< AT

1 2% SYXE BS AAOR B¢ wyd
HE Qo] Fhssel

2. WEIYA 35 MAMo &

2.1 Mo =EHPF
e £9S 1 g kR AN AR
7] AME A= 3| HA7|HEA 2+ F2o HoHE

Sensor data on 3D-plane

Fig. 1 3 axis sensor data on 3D-plane

&

Non orthogonal

- @

Offset error

O

Sensitivity error Ideal sensor data

Fig. 2 Errors of 3 axis magnetic sensor

3209 F3kel =A% Fig. 13 o] AlA
dole= stute] BdAS FHeR Exs=
olHE d& F AUkl

AT THEE e NHER A A
Rk X, Y, Z B S| R gdetal, 9
of wpolojz7t glow, 7+ Fa5o] A&s AzE
o % = °|H Aol

22 Ol =AM

oA A9 EFo] F3 YHo WES
7= A Whsle], Aa|H o R Ao Hloo
2, 9 R, Aud, AR ARTon <
sto] QI AG AL, 7t Fo WAFH Wol
Az g2 gdAis ogth wi wol=y}t ¥



ol

YU SSE X M 32F M7= pp.643-651

r

July 2015 / 645

3. MEYA 35 HA9 2F L8 s

3.1 Ef|lN g

718wk} o] 3% AlA ol A B
e sl AA FHH%2 us
2ol BeAR mue @ 5 9o

O(x,y,2) = ax* + by* + cz* + 2dxy + 2exz M

+2fz+gx+hy+hkz+j=0

ANel AA BHRE A/1HY w0l 2B £F
# 24 wolxg EFHIL YoBE £ 2
o wrAe AN et E Felew
sepee] Asrch 24 B SAge 545
of YERS Hohllolol Ik ¥ AFeIME A
aAEHE Agstel 4719 Bele WAANS W
AR EEHOE Fohe WHE Mgt

S:iQ(xi’yi’Zi)2 2

thEAlel AlA dHeolHE EdE (e A
& T fsiM Ayl nestes Axst &t
DA EHE ol Hax HASHS o] &3
IA 2 HazsHS At A1) getvEE
g T v, BE dEHE 0o] o

> o

il

217 &l (trivial solution)”} &A= -7} A S}

mekA o] F Isl7] et FA()S wdEelAl
old sl AF7F ®el JYHY=Y, 2 AT
A& Rosin ©] AQFe Feikes Vo E HEI)

A4 Hx A5Ue FAD T, B9 B e

AE& TAHLE & FoA Wol HlojuA] g+

&l erdAel wsiA " As

v o Eed], A A4LEE MEMS

AMAES 2t FEY Aa a7t

HE7b AA Aol UA gonw A3 AR o

Wiol # AFdA e AFe s dolidnh
olgd S 2ol A&, 23)H ol

.

oF
v} >
(2 o 2 koo

O(x,y,2) = ax’ + by’ + ¢z’ + 2dxy + 2exz

3
+2fyz+gx+hy+kz+1=0 @

2130l Ha FsHs A&7l s F

2 97Me] AAZHE dolHE FHstIok gt} 9
7N o)A AAEFE U2 HolHE o]&3te] F
2FsHE 48, o7l BgA deEHES 35t
= W& ol 2

u=(M'"M)"'M'y (4)
el A 7t FAEe g gk,
u=la b ¢ d e f g h kI %)

x12 .Vl2 le 2y 2xz 2yz % oy g

2

2 2
Xy oz 2oy, 2%z, 2yz, X, Y, o

2 2 2
X yn Zn 2xnyn 2ann 2y)1zn X yn Z,

n n

y=[-1 -1 -1 =1 -1 -1 -1 -1 -1 (7)

32 ZEP oF 2F AN
AA E=gke]l AN RAS SaiM = 271

28 S o] gste HAZS HHEIA AXtsiE
SRS FElojol ITh B AToME AR
9 o]z agju AAYY BA WUHe £44
o2 ALg3le] ol sl Atolze] FEHEHZ R
T e ASEAA, o] oA 2k =
YZEY 7|E 7hd QXA TS wkdEr] ule
£ol3t E WA s AASG Y. AtE W
He AFEetd, 98 s ¥, XA olF §
g A== AA ] sedE s Wte] A
S FH37] folsly, £xo 93 = ZTE B
q 5 FHEA dugiFe] HEE 4EY] Wl
folslu g, At = wWEdao] olzlol Al
A B wle- fEsk, AEE Al ZHE R o]
Mol o Aoz 4s] stk

A7 A gk AlA o] RS AMESte] of =
H A4 BEAE BASE s Fete 3AHS
2 AFdAME HFAEFY 3)d, 2= A B, W
Are] B2y, g 9y wgo o HF o 41t
2 FAson o= AZFH SR Fig 33 o
EdE & o

X, Y, Z 59 WA Fo] BF 120 94H F4le
T okl A(®)Y Zo] ¥ & 4 dxd, o
e dAERE FgYsid o 2o



ror

I=d LSS X M 32& H 7= pp.643-651

July 2015 / 646

0 o
: '
i i
5 \ ;
é , :
S - -
I
(1) Rotational transform (X,Y,Z) (@ Offset compensation
* “
H .
: :
. ]
: "
.............. > eeeesee- ceeeeed

@ Gain compensation (@) Re-rotational transform

Fig. 3 Compensation of ellipsoid
¥+ +zt=1 ®)
O X, Y, 25 Wgoz 3]

ax® +by* +cz” + 2dxy + 2exz + 2 fyz + gx ©)
+hy+kz+1=0
BA WAA©E oldst el WHHom
Ede] b

x"Ax+sx+1=0, (10)
x a d e
x=|yl|, A=|d b f|, s=[g h k] an
z e [ ¢

W xo] WHEHE AZE x
oAl diAdadE AE Hu
StH(AE A9 IFYUHES FYHE st d9)
Z+3} &3l (eigen-decomposition) S E3Fo] 21(10)2
x=Px'& WESEE A EE W x' oo diste] W
st T Zo] xddTh

voolgt skar, Al
tslel= AHS pet

x"Ax+sx+1=x"Dx +(sP)x +1 (12)

=AxX T+ A+ A g X +Hy +kZ +1=0

20124 A, 4, 42 FE A9 aHFlelx
4 D= bl D=P AP o], sP=[g h'k']o|t}.

(127} Fig. 39 O¥ $42 FAF Aolm,
o714 YAP7t A WG} A PFPAlol S

W3ls] 3= s dsgdo] Hr),

@ YH(0,0,002.2 o] F(LZA] AA)
gl AL Ayl fste A412s 9
AFA oz ehlE 4(13)37 2.

ZYERS SR e

24 24, 22, (13)
g-z +L £—1
4/11 42, 44

H13E G g2 V15E A8E FEHE
gajolgatd 259k 2o Bd 7Hsaith.

R S L LV

xxzﬂﬂyy%zz% (14)

XAyt Az =8 HLE (15)
> 4% 41, 4,

wob AHe) emel Wi &Y SeEE 54

2ag MER T 4 e, o B o

A BAGA S sEbHEE Y] F7F By o] Thselitt

@ REAEe A7) HAGE IHE 1A
5o $FE A5 2 T ok gol
A !
£x2+£y'2+ﬂ3z"“—l (16)
q q q

_ﬂ /\1(16).0_ )\1(17)‘,,]_ 7]_0 }\Hiﬁ— 7] = E%
i oheel Aas)st EEdE 7o wHdoew
24 b

B g
q

eyl (18)

A A8 - Foll A= A7 WHAE (1)

S FAFoZN X, Y, ZF HAE & A= T
o] MANE & F dud o Bz A
Aol WE ANE 2HE F dE AL v



July 2015 / 647

3 ERE O gl @E AAYRE ZAF Fo
ofF 2] WGl WA FAHL ofEE FH
23t & 4 ot

3.3 MM CIO|E|2] HAlZH 2Fgt A&t
Ao AAAR] BA =M= Fig 49k 2o
AA dHolEE olgate] EhdAlel vge 3
AE BdAE 7= Ve BAE 72
= A4S adE AARE A4 delEel A-gs)
W, AlA dlelE o] wAo] o] fol Xt
AA dlelEell Fig. 49 A& HEshd €
© 7ol 7 FEWel dolHEe] #XEshe
HelBE 43 o Utk Fig 59 A4S 48 o

2y oz AFHom AU Adstd A
(19)-25)% 2},

ax® +by* +cz® + 2dxy + 2exz + 2 fyz + gx

19)
+hy+hkz+1=0
a d e
x=|y|, A=|d b f| s=[g h k] (20)
z e f ¢

WX+ AP+ 2+ gx+ Wy +kz+1=0 (1)

oz{gl e kl (22)
24 24, 22,

\/Z 0 0

q
G=| 0 \/Z 0 (23)

q

0 o JZ

L q |
_giz h'z kz -
q_4/11 4/12+% 1, (24)

Offline work Real time work

Rotational Sensor
RAW Data

Sensor RAW Data

ﬁ Mapping by the model

Calibrated Data

Ellipsoid
fitting(Modeling)

Fig. 4 Calibration process

x,, =PG[P'x_, +0] (25)

comp

A714 2 2 P E AaAAH AT ol
XS 24 A HolHolI HEs)lA THAE
grol HEAow AA wAH A4 vl g
o i},

4. A Edlojd

A

0 o2
=
oft,
l.g_‘
_)4“
2
2
o,
o
é
B
of,
o

o

]

be

fr
)
)
=z
lo
o2

=
o X

o
o AN @e FEE F 9
Z

o R M Ay

o 10 o ok
PN
rr
o
o
o, tlo
ol
5
=
B
)
Hy
o
=
iu
to
(e
>z

Ul jg
o
o ok
3
i o
w2
(U
o )
2 o
Y
X
o
o
S
o
ol
o[>

rg
oo
o, (o ox
v
J‘%E
EOE
ru‘\rui3
r1rﬂﬁ
L)
=2 &
A,
2 o
iy
= o
o
o —H
2
o
I_D:’u
2, (L

-
o
K
1°)
4
32,

gt Al
gel o2&

]

N
[t

ol oA ~AY,
F, AEdIAE 3
A 37 HAske] AL
ZzARY 3A AAs

32 Kl

ol
ol

o
m>~

oL U%

oty

Loy

o

g

)

=

e
o
N
El

S

o

- QIALXE 3YF R2472F +4
- 2D XF xI5YF <22 2% x18
- A XF 30°YF 0°ZF 0°

Fig. 5= o198 £33 SAAES 33990 =
A i Zeln, Qe F oA, 2AY, A
g el o8l WAE 19 FAL WG QoA
HAAE MPH B5e FAT A ole@



ok

IS USSS|X M32F M7= pp. 643-651

July 2015 / 648

Offset : 43, +2.4, +4 Scale : x15, x22, x18 Orthogonality : 30, 0, O(degree)
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Table 1 Calibration parameters for magnetometer

Offset Scale Orthogonality
X [ 0.00116 | 0.98080 | -0.9819 | 0.0564 | -0.1807
Y | 0.00210 | 1.01123 | -0.0054 | -0.9626 | -0.2709
Z |0.07197 | 1.02089 | 0.1892 | 0.2650 | -0.9454

Magnetometer Calibration
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Fig. 9 Calibrated magnetometer data on sphere
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Fig. 10 Radius error of calibrated magnetometer
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Fig. 13 Error of calibrated sensor data

Table 2 Improvement of calculated Data

Magnetometer
RM
S Raw After Cal. | Improve
Angle error (deg) 18.41 0.52 97%
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