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Three-axis magnetometers are widely used in various fields requiring azimuth information. However, accuracy of azimuth
estimation based on magnetometer signals may be degraded because of errors such as offset, scale factor, non-
orthogonality, hard-iron distortion, and soft-iron distortion. Recently, several ellipsoid-fitting calibration techniques have been
proposed and have received much attention. However, comparative analysis of calibration accuracies between these
techniques has not been conducted. This study compared and analyzed performance of four ellipsoid-fitting magnetometer
calibration techniques such as the linear least square method, the two-step algorithm, and two different nonlinear least
square methods. Our analysis and experimental results reveal superiority of the linear least square method compared to
other methods in terms of calibration accuracy as well as ease of use in practice.
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A7) 9Aleh gl ols) Wshs QAR Qlste] AlE 9
To] WhAYEl 5= Qlrk. of 7] A, Al A7} ZHRlE @Ak Wt

(Scale Factor), H]ZA]nA (Non-Orthogonality)i} @ 3ZAll(Offset)o]
a1, FHEF o3 WHekE ex= A 9fl=r(Hard-Iron
Distortion)?} k4] @J=+(Soft-Iron Distortion)o] T}, o|&3t &
AE Qs BARA e TLIYER|E S ol gale] Weizt 2
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Y EREE ST Ueid 2 e =
&t 1A 7IREe] AFEIE 7P 719 B 7o R
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Sl AlE BASHE JIHeR Wk, vlHnast ofy oo
£ Q1 2k BAY 4 glek. Eok AN E SRS Tl

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.



80/ January 2018

ra

ZHESSRX| M3BH M13Z

Table 1 Characteristics of magnetometer calibration techniques

Method Number of parameters Equations to solve Calibration factors
. Scale-Factor, Non-Orthogonality, Offset.
11 > ) )
A ? Linear Hard-Iron distortion, Soft-Iron distortion
. Scale-Factor, Non-Orthogonality, Offset
12 ) > >
B 12 Non-Linear Hard-Iron distortion, Soft-Iron distortion
cB 9 Non-Linear Scale-Factor, Non-Orthogonality, Offset
D" 9 Non-Linear Scale-Factor, Non-Orthogonality, Offset

SIS} AAES el AR AAoF gtk whdo] Qi

25 WA g (1) AR 7 s Qo vt &
A} HAgo] 7hssh, (2) A4S Sfjt HiolE 7} obd ¢
3o oFE dlolE7t AR7EsR BHEAl 1]® (Ellipsoid-
Fitting) W4]o] A-tx]o] ghet 7 e lA] wje whAlo] 7]2 ¢
2= th2} Ak o] 2202 3% vy EnEHE Yol 3

A7 AR AFA7 S Z7gste] Sl sk - 3
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A WA HAT 4 ov, of] A WAl A%
= opEn]E 23] a}eole| Parameten SR Ol£olH B
oItk %, 3AOIA Blsto] AZE 3% vl En)E 27

& olgsiol Bl WA A% 9 23 etle s AR
4 Sk

2 Bof Thew 2L HA W WAl AN chret
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= ®A 7| Method A-DQ] W97 AX5S v|uslax}
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Table 12 Z} nfad|En|g] 24 7]Ho] EAS Ueld oot
Method C} DolAl= o o=t ope} 744 o= T1ef=|%]
okoket. BRANE, 44 e @ mAlm Folsh o] oxpE Al
A ZF &0 FE3EE SUAIZIEE, Method CeF DA = 734
gfjato] BAHE kL 3 4= Tt

2.1 M3 £ AKISH (Method A)
3% vk v g slAlYe dlojeE
3} o] me & 4 giek.

S =9 A1)

O(B,.B,,B.)= aB’ + be, +cB> + 2dB B, +2eB B.
+2/B,B.+gB . +hB, +kB.+j=0
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o171, B,, B, B = 3% ubd|Eu|E ZAglolth HaAs e
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Bfl B?l B}] 2BB ZBB ZBB B.\-l v le
M= lfz B)zz B_:'z 2303)2 2BB ZB B sz B_\-z B.-z (4)

. B, 2B,B, 2B,B, 2BB, B, B, B
-1 -1 -1 -1 -1] 3)

ERIA] W ALE ofefel o] sAlo = hepd 4 9l

B'AB+sB+1=0 6)
B, a d e
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YR AZ ks WU PEAY A9 LGHEHES
Aule] 2 sk W)t s ojziel 2ols B9 B=PB’ & b
S5 S (62 ATl 4B Lt

B'AB+sB+1=B"DB'+(sP)B'+1

8
=AB’+ 4B} + 1,B’ + g'B. + W'B, + k'B. +1=0 ®
7ML A, A, e WE AS] ILRgEO1AL B D =PTAPO|H,
sP=[g i k] ©1FF. A1®)& o83te] L TN} Wit © 2o 3
Foh= getnlE g e o olow, ohaa 2t
r ’ h! k! r
b=|-= ©
124, 24, 24
A o9 o
q
G=| 0 = o (10)
q
o o A
L 9 ]
”2 12 2
g=E L (11)
4%, 44, 44
B, =PG[P'B,, +b] (12)

A71M By Ber= 217+ 3% vl1uEnEe) 24 A%o] glo]
Eo]th. Method AS] ApAJeH UM8-L 2L o)x] Sholdt 4
olrt.

2.2 HIME E|AXIEH | (Method B)
3% npd|Eu]E|e] @af mElgle: ohgat o] vehd 4= gt
B = CyCy,Cs;H+b
s, 0 0 [1 g -1,
=1 0 1+s, 0

0 0 l+s)[n -n 1 (13)

1 Jr axx axy akZ HX bX

° +
a,, 1+ Q, o, Hy by
aZX azy 1 + aZZ HZ bZ

&, Css Cro, Co= 2Y2F
7, H]&‘ﬂ*é, #*é *4 EH‘E‘OIE} b= iﬁ“‘iﬂr AR

H, d, d, dy| B, ~b,
H, |=|d, d,, dy|B -b, (14)
H, dy, d, dy || B.~-

H(14)Z Aol elsha cha 2t

H?=H;+H +H:
= [dll(Bx - bv) + dlZ(By - b}') + dlS(B: - b:)]2
+[d2| (Bx - br) + dzz(B_\- - b\) + dzs(B: - b:)]2
+[d31(Bx - b,\-) + dSZ(By - b},-) + dss(Bz - bz)]2

(15)

dll, dya, dis, dy, dy, dbs, diy, dyy, dis, by, by, DS TF7] 1A
L 127 olake] Hlolelrl Wasty, nlAg WAL Z7] 95
/\1% Matlab®?] fsolve 7152 AM8-519IT.

2.3 255 Yn2|E (Method C)
3% i En)e| o] 93} mElge chgat o] ekl 4= itk

H=Q(B-b) (16)
9y 92 94 b,
Q=9 q»n 49| b= by a17)
9 9 45
o714, B Al S33E, He A4, Qe WIRT=e} HIF
E/Ké gHE}QJ: Eala}o]r/]. b= g;/d]_,,} 7M~l 9]];_' o3l @
A} Agaolet. A7A el 2718 AR 918 (16 Al

by theat o] urebd 4 9)
[QB-b)] [QB-b)]=H (18)
2)(18y Aelatd thgat Zo] vhehd 4= 9lct.

(B,)’M, +(B,)’M, +(B.)’ M, +(B,)(B,)M,
+(B,)(B,)M; +(B,)B )M, +(B,)M, + (B, )M, (19)
+(B.)M, + M, =0

IR 21198 F3) $7F stebolE MM FA o
714, Mi-Mi& 22053} o] @8} b o]Foj4] F<=o]ch.

2 2 2
M, =g\, 19121413
2 2 2
M, =gt qnt a5
2 2 2
M;=q;3t 955+ q5
My =2(911912 912922 913923)
Ms=2(91,913% 922923+ 423933)
Mg =2(q911913% 912923t 913933) 20)
M, = —2Mb,— Myb, ~ Mgh,
My = ~2Myb,~Mb,~Msh,
My =—2Mb,~Msb,~ Mgb,
2 2 2 2
Mg =M ()" +M,(b,)" +M;(b,)” +My(b,b,)

+Ms(b,b,) + My(b,b,) ~H
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2= 42002 F3 Q9F bE F47Itt. Method C2] AbA|
g U182 Farid el A geldt 4 glek.

2.4 HIMYH Z|AXESH 1l (Method D)

3% ulay|Eo|E Q] 93 mElEle chea) o] vEhd 4= 9ok,
H=(,,+K)B-b 1)

K" ny Dy: bx
K=|D, K, D.| b=lb 22)

D, D. K b,

o714, B 4K é@%}:, HE A7A7)4, K wziee) b4
24 sEl meeolt. bl eI 74 sfmow Qg 2
3 olek, A7) 215 AR ) ACHE AT
shl ohew} o] Uehd 4= it

H}=H[H, =[(L, +K)B, -b]'[(1,, +K)B, —b]

(23)
= B> +B! (2K +K*)B, —2b’ (1 +K)B, + b’

F, =B} +B2K+K*)B, -2b"1+K)B, +b* - H} (24)

AUEH AN Fy = B-H; O ARG old 4%
1A% WAAS =l Slol AlA SAZa dA|Igle] skt
F 0 74 3 whEsh] wiiZell A1(24)ef 2ol ®F k3Tt o]
of wzt B dlojEof whE @A}9] -2 thEa)k At

sl
r_f_

N
(=3

E=YF 5)

2 0 Ko
ME]-. Method D2] =}A5H

As Adol= GY-87 AAED Foh4] A A AlAH
(Optitrack Flex 13y AMESIGIT). o714 GY-87 AN LES 65
THIAA (MPUG050)2} 3% 1} E 0] e (HMC5883L)2 LA
AlA| EEolH, Arduino Uno R3¢ dAsto] AlAf 471 PCE
AE3Eet. Fota] A A AR W9 24 A5
517] 913k Z=gk(Referenceys A7) 918 ARG=SATh A4 24
T xS Y FpAlRlA &) st SHA EekaY AR
o] GY-87 AAX-E, Arduino Uno R3¢} ifAE Falsto] Ags}
Sich (Fig. 1 2120). £k, Woha] w41 747 Al85 GY-87 A1
5 AS 7] 100 Hzz2 $YshA AAskelct.

Fig. 1 Experimental setup

HA e HuE s TR A 22 BA bolE
oF 2714 24| S Ak o714 BA o= vt
ElE 7] Hlsf AR-EH, 2300719] HolEE ARE-SHTh A
Al A2 15 get|ElE ARgste] 9 4 s vl
517 1t Agolh. T3, TRt FHeol whE dE nlus
ol 2 B A HolEo] FrhoR efo) 4% s 7t

A e et et

(1) Test 1: LR AIAO] 25 F4.05 o 45 81AI7]
5200 44 1 RATII,
SA9E AHE WAL F 52

0.81 0.4 -0.12 ~200
C=[-006 1.17 007 |, b=| 400 (26)
~0.15 0.08 0.79 -300

o714, Ci= WAk, HlAmATH o el ofst oAl e
Sh Wolnl, b QAT 24 ool oot oXfE el
[mGausslo|ch. @33} 34 ofgute] £AT 490t BE 03
o] EAIE A90] BA M A HmE S8 BAS S
glolelel A A eolelel that ol #7142l e vhst
ek,

+b 27)

dist.l = Borig

B,,,=CB,, +b (28)
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Table 2 RMSEs of azimuth estimations

Before

Calibration Method A

Method B

Method C Method C'’ Method D Method D’

Test 1-1 104.09 1.11

1.24

1.21 1.23 1.77 1.25

b only

Test 2-1 88.61 0.89

0.88

0.89 0.88 0.88 0.88

Test 1-2 96.34 1.92

Candb

1.97

7.64 3.62 7.65 7.62

Test 2-2 115.95 1.47

1.53

432 227 541 5.57

A7 A], Byl F7HAS1 S 7}ak7] o] e Original) 474
4 A HloJefo|th. Byt Buyo= 178 2 AR oo 499
o2, 7heh F(Distorted)2 717} (1) 2T} 74 ok o
713k 792t (2) e @A} ARl e 7Rt A9-9] HlolEoltt.
olo]] gkaeo], ZAIAY TlofE AAl, Buws 283t (&, bt 713
Test 1-13} Test 2-13} By, 25 285 (&, b} CE 715 Test 1-29}
Test 222 PRI}, 274 7§ 917 24 A w2 E 99
o+ Al 22HRoot Mean Square Error, RMSE)YS AR5

al
=

4. A1} 2 Nt

Table 2= 2t A3l w2 H92t 34 RMSE 2ol 7]
A, Method C'1} Method D& Method BojjA] ARE-E 9%} dl
P2 283 3] datolrt. E3E, Figs. 29F 32 Method A-DS
AREELS uf Test 1-29F Test 2-20] 41 2] ¥k9)zt 24 Ay} %
oS W3ste] Lrebd e szolc).

sk 7b4 ofto] ISR Test 1-13} Test 2-114 2
2 ehls|nn, 2 ol Hole s AMgsle] WelhE 24
gt 749 RMSE= 717} 88.61°, 104.09°% “J2}/do] ulf-9- #5}x]
A}, Test 1-19|4 Method AS ARESE - W2 324 RMSE
7h L11°= o2 24 7] g sl $=rsielt. vhd,
Method Doj|A] RMSEZ} 1.77°2 7P & 215 B YT}, Test 2-
1o]4= Method A-D' 2% ®¢jZF 3% RMSEZ} 0.88° E+=
0.89°% 5 Zol5 Holx] glrh.

RE 027} EASH= Test 1-29} Test 2-20| A% A o] 2]
tloJelE ARg-Sto] Wl 437 749 RMSEZ} 96.34° o]t
o7 ezt 324 Aso] Wi AstEqiek e vdEnE 2
2= 118J8F Method A9} BE Test 1-20A4= 1.97°, Test 2-29]|
A= 1.53° oJate] x5 it ofof B3l Method C= 8912t
Z7] RMSEZ} Test 1-20 4= 7.64°, Test 2-20]| 4= 4.32°%2 o|&
¥} Blaste) @27t A4 F7FsHT. Method COf 739~ 24 &
glg] WA o]Zof Test 1-22} Test 2-20]4] RMSEZ} ZFz+ 3.62°,
207 o)t vlwslel Wlet 37 Aol Pt hAu
Method A2} BRU}= o A3 & 221= H Ytk Method D= 714
2 ox nglon, o3} mele W Folw Welt 24 Aol
aPAHEI] glolet. ol Method DA T2fulel Tatzd] 3o}
(255 AHstel Wshs AR whekEe. Als)s dolg
o A7) @xje] o ofoiA 9o, o]F ol setulE S

120 T
90+ T '#
60 F i/ t

301 " . fpases

Azimuth (deg)

= = =Reference

— Before Calibration
Method A
Method B
Method C

— Method D
1

|

230 . . .

16 20

Time (sec)

Fig. 2 Results of azimuth estimation in Test 1-2
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Fig. 3 Results of azimuth estimation in Test 2-2

T E A5 ZF HlolE 9] @Al HastEA] o o Stk &,
7} dlo]g 9] eak= dolSIAIRE @ALE Bl Tl A A4l
o] @2to] go| Fax7} H= wetnlE 7} Fefd 4 ik
QI 7FA oEute] A5t AHol= Method A-D' &
W12k 374 RMSEZ} 1° Q]2 9423 452 Ho|HA] 3y
JeAtolis A Yttt AN, BE eapt EXehs ¢
Method A%} B7} o2 WH=o] vlsf| 93t 24 52 Eich.
E3], AA Ao Method A7} v 671A] W Fol|A 713+
St e Heloh E3, 42609 F7HAQL i RS
*
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bl MRstES A9l AAHOE el 4 oxt
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. 18 oA 3] Method A2} B7| tf= HHHE o] Hs)

Method A= Method B-D'¢} &2] Hd £ Hyo| 7171 o
ole| & ARgSte] utad|EnE oA} etu|HE sk -
4 ol A Ashdct. g B0, & HHye SAUE
2 A3k dlolelE ARgste] mhetulelE 435t 739, Method
B Test 1-19]|4 3.99°, Test 2-10|4] 4.74°21 ¥HH, Method A=
Test 1-10914] 12.79°, Test 2-10|4] 13.82°2] RMSES it} &
A2 glofgof mE 2G4 WE RIS S8 HrE X
. AN, nFdEREHE 33 FHgolA HAE] 3]
FHA ASE 715 o1 s EAO|ER, AAIHQ &
of glo] EAl= flckar a1zlct

Method A= <=3+ 5=78/d°50l| Blste] AR siAlx} alefr]el4o]
Al Tt =2 7o) Sl (Table 1 k%) Method AS A|9J7E Lt
WA= v WP ALS Eofujof SRR, Newtond] Gt} o] ARE-
A7} 2178k 27130k WS AXY SihE F-3ich(terative
Approach). whbA], 215 Z7|3ke) wh $=HE =0} dfof] W2 2}
o7} ¥hAEh A7} Qlrt. BHH, Method A= 27131 Z7do] Hagl
£ AgaidabdS B8l sVt EEEEE LT ERoll, 3
o] Uyt HeMdolA Hrt sttt & 4= ik w3k B ut
gh|E] 2] 742 E1H Method B 127]0]31 L2 HS-2- o7z
FYSHA|IL, A== eAle] THFE 7¢ISHH Method ARE HE @
A2 EstHA E aleta|E Ziat 970Q1 A SIS 4= it

5 @8

£ E=RoA B 53 WAL o she ) 7h o}
TERE B Y A vl
918 5 b ARA Aol mE eIz 24 S Hlmstdo
o, heat ge AES Aol

(1) BFIU 0] S B3 912 23S Tl glo], mhonuEn)
B AL 7HE et ofet 704 hsat opy ehigol
Zmggo] ofs) WSk oxjw Tefsof sttt

(2) BE AFNA Method A7} 71 43t W91z} 4 A%
2 Byt

(3) 4] Elste] Method A slekulee] 717t Aeao.
2 Hou], HFH B4 XU7] te] ThE 1A Zfue 2
2715 Ago] BashA otk AdS 71 Qlek 53, 271
Bk P v EEE AMgate] SAlR Bgo] Ba
o 74, AR 2-80) Toly SulolA] g Fastchn g,
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