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ABSTRACT

In this paper, we present a new approach to extract the g-sensitivity scale-factor error for a
MEMS gyroscope. MEMS gyroscopes, based on the use of both angular momentum and the
Coriolis effect, have a g-sensitivity error due to mass unbalance. Generally, the g-sensitivity
error is not considered in general use of gyroscopes, but it deserves our attention if we are to
develop for tactical class performance and reliability. The g-sensitivity error during vehicle
flight increases navigation error; so it must be analyzed and compensated for the use of MEMS
IMU for high dynamics vehicle systems. Therefore, we analyzed how to extract the g-sensitivity
scale-factor error from the inertial sensor error model. Furthermore we propose a new method
to extract the g-sensitivity error using flight motion simulator. We verified our proposed
method with experimental results.
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Table 1. The performance of the IMU

Parameters MEMS Ref.
IMU IMU
Gyro bias 30 '
repeatability(deg/hr), 1o
Gyro sgale factor 700 100
repeatability(ppm), 1o
Gyro operating rate 500 1000
range(deg/s)
Accelerometer bias
. 2 0.3
repeatability(mg), 1o
Acoelerome_ter scale factor 500 300
repeatability(ppm), 1o
Accelerometer operating 50 40
range (Q)




M 47 # H 6= 2019.6. #HAAN 23 2dS 0|43 1 EY MEMS Ao|ZAAEL - 443
600 — . , : . : Table 2. The result of linear fitting
* * Ref, MU -
550 - : ¥ MEMS IMU #1 t Slope Standard
A MEMS IMU #2 ¥ MEMS IMU loom/a] Deviation
soo- ¥ ppm/g [ppm]
& ¥
ol . * MEM#S1 IMU s02 .
= 0 ¥
e * MEMS IMU
8 % * 4o 599 12
S350+
£ v w
2300+ o J8E2E G-YRE 23+E Eq. 3)F #Zo] Ao
< i A 2xmzol 9y = Wgko g 3ol QriH 3, 72X
207 % PFog AEE AHW A&we FHo| @
200} Al &7 HAES AT e BAESA
* | Z1ol d=EdE &= d&4&E E8€E o] &3HY
l MEMS =479 A&E &9 2248 bAs
100, , L W . J \ a2 AYs Ade= Fg 7% 2o T 1Y
.30 -20 10 0 10 20 30 MEMS #4547 25 499 7I&E5=6d vldE sty
input G [g]

Fig. 6. Experimental results from the x-axis

gyrocsopes
274719 e A4Er $99S #AT £ Yok
183 AT FYeiE Aolzxazme] AAE
WFer o] 7kEErt A7bEE e #EY 2
2293, g9 IEErl AMEE 1% a4
FHEe FASYT wWAA Y oxE kEe
M wel Bl xR TATES By
4
2 X1|0 T T T T T LA 4
v MEMS IMU #1 X"
A MEMS IMU #2 v
1.5‘ A G
xx
1_ ol
b4
T X
go5r b 4 .
5 X
& X
M X '
r
72_0_5- Z 4
o X
X
1+ Y -
X
1.5 ZX .
) 4
-30  -20 -10 ] 10 20 30
input G [g]
Fig. 7. Scale factor error of MEMS IMUs

Al eap7F HASEAT. Fig. 791 A3E 44
12 AE 24 @S 78 AA= 602 (ppm/g), 599
(ppm/g)E Table 29} 7T} Table 204 9] Standard
Deviation #-2 12+ A& <A %3 Fig 79 A3 @
of e FFHAE T3 holth. MEMS #4347
o] G-RIZE SitAl eake dEHE 7HExol By
shof AR RE @Ak ghef ANA”E 2te)7t
UAse FdstAdnh websd MEMS #48354719 G-
A= ab= Aoz A S W] U
He 7HEE wet TS, £ A= Hioojx
FEle] a7} obd Al oAtz WAZE &<l
< 5 Ao

2.32 A

L
Are

g

MEMS

-
il

ok

okt

NE-IEE
Aol 22mo] WA=
AN exEEd AHolstn 1
s e ALSATh AT Y
A% o3 HEe FE87] 9

=
RN =
&

FMS(Flight Motion Simulator)E ©]&
T

At

Fig. 8. Experimental setup for a proposed methods



444 e . A E

FMSol Fig. 8% 7L<>] MEMS HESA7E et
AT BASA7Y xF& FJANA xF Aol22F
e dAZ A9 °l7}ﬂ1 y=ole= e 23
THMSEE(g)7E AdY FHE JIUMHEE st
FMSE Olﬂ;}ofl BASA719 xFol AT A&
(W) & A71std Ao|zrzTol Y= ghe Eq.
) 2A do. BASA7 Y x5 Al A7 y=

7HEE 292 Eq. 8)F Zol —gsing7t HM, o171
A ope x= ]./q]o]]:]-

x5 WEFo 2 W, 7t 100 (deg/s)el E]E A&
A7beE A3 xF Ao]|2~Fxo] &Y F1g 99]- s
T} Fig. 99 &8-S 29 #4= Xé7l°ﬂ de <

5% FE 30x7lA LAI Zt& \:7]. o]

= 27_7] H‘:‘Ol A,_
Eq. (123 2o] xF Ao]Zxz:xe] niojojx o4},
AT A&, BAAS A7t x3E A gol
Hroh

R
_>,i
9
HU
[>
2T
[6l
Lo
T
_.~ YN
E\z
;:L
N

A:/8F+Q7I+(1+/8Fl')m (12)

Figure 99 A3}& 15% ~ 30x 719 Sdjsiad
Fig. 103 2tk kA &A% uke} o] Eq. (11)°lA]
GAZE 93, )7t T8 A F& Eq- (13)=+
o] xZ 3|de] o3 gt =7 e vhehd
o). I¥EE Fig 10014 BS 37)E GURE
AR ZErlEs 98 ZEro Fo) "o

—G,,.9 W;sing (13)

i A AHE o] &3t GRIEE oA A&
< AAetE G, = 5% (ppm/g) & = 4 AUtk

X

A WS T3 2 GRAE oA BAES

100 -

80

60

40 -

Wx[deg/sec]

201

5 10 15 20 25 30
Time[sec]

Fig. 9. Experimental Result (Wx=100 deg/s)

100.15 ¢

100.1 ¢

100.05

Wx[deg/sec]

100

99.95

99.9 ™

Rate Wx 100deg G Ay

— Wx

15 20 25 30
Time[sec]

Fig. 10. Experimental Result (Wx=100deg/s)

BHZY7) @Y A%l WIS ol AFA] 9

600

i wtE= /\lf‘a—.:_-— A A ok A
3} A

T Aok A3 2 oA AL 98 Fig 12
29 %} Aol B FAAS
G

550 -

500

&
S
T

8
(=1
T

Angular Rate [deg/s]
(] [%)
s 8

]
S
T

200

150

100

* * Ref. IMU =
v Compensated MEMS IMU
A Qriginal MEMS IMU

#*
%

[

i

Fig. 11.

30 20 10 0 10 20 30
input G [g]

Result of compensated G-sensitivity
error (Rate)



M 47 # M6 2019.6. HAHAA oA RIS o] &Y AFH MEMS Ao|22FE 445
Aok SR AP AR AR Yo GRIAE
PY. B . a7k AR FEHT, Bl b HelEg
175+ - o mebs] B =wolA AR WYL avls @4
15% ¥ Compensated MEMS IMU J Al MEMS #TAAZAH7]|o] st G-HIZd=o sk
1.25| ORI N 93k Belo] Ty, ol BAT F o} BYSY
1t . 719] A FEI A=A Fel 714 = Aok
§0.75' 1
Sost . References
Qo5 +— o ;
g 2 _'_'_'_'_::::::':v_'_v_v_v_v_'_'_'_V_ v | 1) Woodman, O. J., “An introduction to inertial
50'25» 1 navigation,” Technical Report, University of Cambridge,
B YT l 2007, pp. 5~10.
ST | 2) Yazdi, N, Ayazi, F, and Najafi, K,
AR i “Micromachined inertial sensors,” Proceeding of the
el T IEEE, 1998, pp. 1640~1659.
151 1 3) Perlmutter, M. and Robin, L. “High-
HLal : | Performance Low Cost Inertial MEMS : a Market
L 3',0 _2'0 -1:0 0 1'0 zro 3'0 in Motion,” Position Location and Navigation Symposium
input G [g] (PLANS), IEEE/ION, 2012, pp. 225~229.

Fig. 12. Result of compensated G-sensitivity
error (ppm)

2 =FoAM+=
MEMS A}o]| 22
golsta, expnd
U= oAE

MEMS 34

1y &

o
N
o o

o,
N
N

¢
d

o
oo
o
o

o
oL
38

fr A

oX,
o
N
M
ol

¢

tlo Mz
o
<
]
<
)

e
K
Y
N
bt

4) Nasiri, S., “A  Critical
Gyroscopes  Technology
Status,” Inven Sense, California, 2005, pp. 1~3.

Review of MEMS
and Commercialization

5)Brown, T. G, et al, “Strap-Down Micro-
electromechanical (MEMS) Sensors for High-G
Munition  Applications,” IEEE  Transaction on

Magnetics, 2001, pp. 336~342.

6) Dean, R. N, et al,
Performance of a MEMS Gyroscope in Acoustically
Harsh Environments,” IEEE Transactions on industrial
Electronics, 2011, pp. 2591~2596.

7) Brown, T. G. “Harsh Military Environments
and Microelectromechanical (MEMS)
SENSOR IEEE, Vol. 2, 2003, pp. 753~760.

8) Lee, S. W, Lee, H. S., Yu, M. ], and Kim, D.
H., “A Study on Acoustic and Vibratory Response
of a MEMS Resonant Accelerometer,” The Transactions
of The Korean Institute of Electrical Engineer, Vol. 64,
No. 9, September 2015, pp. 1330~1336.

9) Park, B. S, Han, K. J., Lee, S. W,, and Yu,
M. J., “Analysis of compensation for a g-sensitivity
scale-factor error for a MEMS vibratory gyroscope,”
Journal of Micromechanics and Microengineering (JMM),
2015, pp. 1~10.

“A Characterization of the

Devices,”



