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Abstract: To address the limitations of existing spatial rotation angle measurement methods based on
triaxial tilt sensors when the rotation axis is close to the vertical direction, which make omnidirectional
high-precision measurement difficult, an omnidirectional spatial rotation angle measurement method
integrating a triaxial tilt sensor and a triaxial geomagnetic sensor is proposed. Based on the
conventional spatial rotation model of a triaxial tilt sensor, a rotation model for the geomagnetic
sensor is introduced. A sensor installation model is established, and the position parameters a, 3,
Y, and ¢ are defined. The relationships among sensor outputs, spatial position parameters, and
rotation angle are established, and the fitting equations for the position parameters, the rotation

angle calculation formulas, and the composite error expressions are derived. In addition, the
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effects of the position parameters on the composite error are systematically analyzed. It is shown

by theoretical analysis and experimental results that a has no effect on the composite error and is

therefore a non-sensitive parameter; ¥ affects the applicable ranges of different calculation

formulas and is a sensitive parameter for formula selection; and 8 determines the applicable ranges

of different sensors and is a key parameter for sensor selection. Based on the minimum composite

error criterion, adaptive selection of sensors and calculation formulas can be achieved. The

limitation that rotation angles cannot be measured by a single tilt sensor when the rotation axis is

vertical is effectively overcome by the proposed method, and omnidirectional spatial rotation angle

measurement with an arbitrary rotation-axis direction and a full 360°rotation range is achieved. A

measurement accuracy better than 0. 2° is achieved, providing a new idea for the study of spatial

rotation angle measurement methods.

Keywords: angle measurement; omnidirectional rotation angle; spatial rotation model; multisensor
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Fig. 1 Three-axis sensor installation model
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Fig. 2 Three-axis sensor spatial rotation model
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Fig. 3 Output trajectory schematic
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Fig. 4 Composite error curves for tilt sensor formulas
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and selection

UG AE R LY L B B R A 1 R R
28 305 B R TG A A SRS I R 22 AR A B - 22
Z2 G n D0 ilp B A% TR v (BT A SR D18 DA T A A% JR
s SHEUS T AR — 2, IXUEW] B A S
FERY RS R, T /NG LR 22 M U R AT 15 R
LI I B, FTTEAN TR B A A 30k MR e O K 0 % i
B 3 AT A 250 AR i 3R 2 488 g 0 B




%59 0

A R T 2 AR A R 0 2 ) A 5 L e R BE I 4 Oy ik 7

4 25 8

AR SCER X =l A A SR 2% A A TR E S A B I
HOAELE I Jmy BR A 45 1 T — b il & = Sl A 1% B2
5 =BG AG IR AS 1 25 e % M AR S T k. AR
ol 050 A A2 TR A ) T e IS TR Y SR L i — 2D A
T AL AR s M R R R T e S
V&2 61 B 22 R) O F AT DG R . FE LA I, B D
B R 22 v ), AT AR 4 07 B S B SE PR BUE [ 1S B
T o A0 A B A% SR B b 7 i AR =X, DTG 25 B R
ARG A T F vERE 3 I m R 4
AR ARG . AR RN ETES BT,

(1) 3 3 A N7 =l I A% % 0 110 25 (8] e 5 B
e AR 4 T LA 5 A A R AR AT G R L A
7T A 2880 ik e T A0 A A2 TR 28 A e 2 ol i 1 1) b v
HH X,

(2) 48 M T 5 1 SR /N o8 i 22 9 UL A 11 5 O il
AR BB T 7 B S By X AL A T B A
N EBE B 5 W A L S BT AR AL R IR B
%A F S N e DR

() FZH S5 B UE T BT 5 07 1k 1 1E i M S A AR
Mo FEAR OSSR, BT R A 0 A I i R g T
S BT Al A B 1) L i L 360° A 2 T TE B AR
JEE I R R 2 PR AE 0. 2° AP, R IX O Bk fiE
% Sy 4 5 57 223 18] Jie % ff o ) it 4 A — P A S8R A2

S XA .

[1] Yang Quanfa, Ye Guirong. Li Changyou. Research on
measurement method of rotational angle of plane rud-
der based on ADXL345 sensor [J]. Applied Mechanics
and Materials, 2014, 556-562. 3124-3128.

[2] Wi, X, B HLERKRAERE RS &
i O] AR 5454 . 2008, 16(7): 959-961.
Gao Tao , Liu Jian, Yang Yu. Design of test system the
moved angle of flight flap [J]. Computer Measurement
&. Control, 2008, 16(7): 959-961.

[3] SRR, TBEA, ARV, TCHL IR B K 56 A 1A fn A
Pk (1], TR5IRE, 2021, 61(1): 17-18.
Chai Dongbo, Guo Xiaodong, Yang Dongtao. Re-
search on measuring method for deflection angle of
flight control surface in aircraft strength test [J]. En-
gineering & Test, 2021, 61(1); 17-18.

[4] Zhou Xuyang, Chen Long, Sun Changhao, et al. Highly
accurate attitude estimation of unmanned aerial vehicle
payloads using low-cost MEMS [J]. Micromachines.,
2025, 16(6): 632.

zkxb. xjtu. edu. cn

(5] R4y, Z=0E, Wik, & BT 8 HWE MmN

Bk [1] B AL S By TR, 2025, 53(6):
1697-1703.
Wu Jinkun, Li Zhongguo. Xi Qian, et al. Angle meas-
urement method based on monocular vision [J]. Com-
puter & Digital Engineering, 2025, 53 (6): 1697-
1703.

[6] =, ik, HHF, & ETUEARKKE

PR BERE MM R R (1] P EWR, 2022,
48(1): 122-128.
Wu Changcheng, Yang Dehua, Cao Qingqing, et al.
Rotation angle measurement system based on visual
and maximum length sequence [J]. China Measure-
ment & Test, 2022, 48(1): 122-128.

[7] R oR. BT 00 0 e 20 50 1) TROATLAE T D £ A1 35 0
J7ikpEgE [D]. BUIN . VLK%, 2023.

(8] FEig, skke, A M. RN & Sl i 2h 3 1w e A I
JrEwrgE (1], TS, 2019, 59(3): 85-86.
Wang Hai, Zhang Tuo. He Yuezhou. Research on
measuring method of deflection angle of moving wing
with non-horizontal fixed axis [JJ]. Engineering &
Test, 2019, 59(3): 85-86.

(9] R#. Zs (14707 O e % M B2 I i 7 12 i F 50 e T AR 52
W [D]. P44 PULA k2, 2017,

[10] BppRFE. T XCH W58 04 AL I A 0 & 4 AR BF 5
[D]. HUHl . BRI, 2023

[11] R, mT %, B HTXCH 580 AL T JR
T 1], M AR, 2020, 39(8): 123-128.
Mou Chengming, Ye Dingqi, Luo Chuan. Deflection
angle measurement of aircraft rudder based on binocu-
lar vision [J]. Measurement &. Control Technology,
2020, 39(8): 123-128.

[12] skJ. BT XCH L3 /9 =4k 5 4 S R A58 [D.
TEPH i E R B I B S B RS 2019.

[13] Ak, XCH S A5 IR B I 5 = 2 gt 1 0] B
F5s [D]. K. KRy, 2012,

[14] %, ERWK. —FhEe 5 P50 b5 E RALIT 19 8 f 06 B8
MR [J]. SET% 4, 2011, 32(11): 1384-1388.
He Sen, Wang Zhibin. A new method for calibration
of rudder angular displacement sensor based on monoc-
ular vision [J]. Acta Armamentarii, 2011, 32(11):
1384-1388.

[15] El-Diasty M, El-Rabbany A, Pagiatakis S. Tempera-
ture variation effects on stochastic characteristics for
low-cost MEMS-based inertial sensor error [J]. Meas-
urement Science and Technology, 2007, 18 (11):
3321-3328.

(167 FRIFME, FrEal. MEMS B2 S i I8 R 45t 52 46




8 LT & R NI S %60 %
g8 (11, P EBHEHAR 4%, 2007, 15(1): 100-104. Beff BN B 7wk (). 79 % 5208 K% 2 i, 2016,
Zhang Haipeng, Fang Jiancheng. Short-time drift charac- 50(10): 1-7.
teristic of MEMS gyroscope [J]. Journal of Chinese Cao Jian”an, Zhu Xin., Wu Hao, et al. An improved
Inertial Technology, 2007, 15(1): 100-104. method for measurement of omni-directional spatial

[17] Wang Yanzhe, Yang Feng, Shan Dandan, et al. Ro- rotation angles [J]. Journal of Xi’an Jiaotong University,
bust vision-based method for wing deflection angle 2016, 50(10) . 1-7.
measurement with defocus images [J]. Measurement, [21] Cao Jian’an, Zhu Xin, Wu Hao, et al. A novel meth-
2022, 189: 110501. od of measuring spatial rotation angle using MEMS tilt
(18] BRZ 5, XikiFy, VESLB, 5. Sl &R SR 5 sensors [ J]. Measurement Science and Technology.,
FITHEIIEC AR B ST I [T, R 57506, 2025, 47 2017, 28(10); 105907.
(3): 422-430. [22] #aksde, R5E, F58, 5. — B 5T 000 f 12 AR 1Y
Chen Yihao, Liu Jieyu, Wang Lixin, et al. Progress in 25 |6 e % A E I & 7 . CN201210279400. 1 [P.
inertial measurement unit arrays in microelectrome- 2012-12-05.
chanical systems []J]. Piezoelectrics & Acoustooptics., [23] ZR. T 1L R A% 0 2 8] e 5% /R I 0 3 K
2025, 47(3); 422-430. AR (D], P92 . 7Y% 328 R, 2012,
[19] Hakse, sKIRF, RE2, F. R MM LIRS 92 0 2 [24] 72 ¥ M. T 000 ff 1% 2% &5 09 AE 10 IR %% /i B2 I = 7
IR J5 % o S 0 42k ) e T 7 R T (D). VO % 5 R %] fFR S, 2015(13): 25-26.
24, 2013, 47(10): 109-114., Cheng Lingpin. Deflection angle measurement method
Cao Jian’an, Zhang Leping. Wu Hao. et al. Analyti- of control surface based on tilt sensor [J]. China Com-
cal approach for measurement of spatial angle with in- puter & Communication, 2015(13); 25-26.
clination sensor [J]. Journal of Xi’an Jiaotong Univer- [25] 3KART-. 407 60 25 8] Jié % ff B I 4 3 R W 98 B HL v
sity, 2013, 47(10): 109-114. M [D]. P2 . VAR, 2014,
[20] Hakde, ki, R, & Pz | 205 (5 (i A FR)
B3R A
ky, =cos ¥ tan §/cos 0-+sin ¥
ki, = tan B tan 0
kyy=1/siny
kg =cot ¥/sin §— tan 8 cot 0
ks = —tan §/sin 0+ cot ¥ cot @
ks = —tan 7/sin 0— tan fcot d
ks; = —tan §/sin §—tan ¥ cot 0
ky = —(cos 7 cos f§ cos ¢ cos gt cos ¥ sin B sin ¢) /d, +sin ¥
ks, = —(cos § cos ¢ cos g+ sin B sin ¢)sin 0/d,

ky; = (sin B cos ¢ sin ¢ sin 0—cos ¢ cos ¢ cos §) /d,

d,= (sin B cos ¢ cos ¢—cos B sin ¢)cos —cos ¢ sin ¢ sin 0

ksy=1/siny

ks, = (cos 7 sin f3 cos ¢ cos ¢—cos ¥ cos fsin ¢+ sin ¥ cos B cos ¢ cos ¢ cos 0+ sin ¥ sin 8 sin ¢ cos 0) /d;

ks; = (sin ¥ cos fB cos ¢ cos ¢+ sin 7 sin B sin ¢+ cos ¥ sin 8 cos ¢ cos ¢ cos —cos 7 cos 8 sin ¢ cos §—

cos ¥ cos ¢ sin ¢ sin @) /d;

ks, = (cos 7 cos B cos ¢ sin ¢—sin 7 sin 5 cos ¢ sin ¢ cos §—sin ¥ cos ¢ cos ¢ sin 0) /d;

ds;=sin 7 cos ¢ sin ¢ cos 0+ sin 7 sin  cos ¢ cos ¢ sin 0—sin 7 cos 8 sin ¢ sin 0

kg = (—sin ¥ sin 8 cos ¢ cos g+ sin ¥ cos B sin ¢+ cos ¥ cos B cos ¢ cos ¢ cos 0+ cos ¥ sin B sin ¢ cos 0) /d;

kg, = (cos 7 cos B cos ¢ cos gt cos ¥ sin B sin ¢g—sin ¥ sin B cos ¢ cos ¢ cos O+ sin 7 cos § sin ¢ cos 0+

sin ¥ cos ¢ sin @ sin ) /d;

kg3 =(—sin 7 cos B cos ¢ sin ¢—cos ¥ sin B cos ¢ sin ¢ cos 0—cos ¥ cos ¢ cos ¢ sin @) /d;

ds=1cos 7 cos ¢ sin @ cos 0+ cos ¥ sin f cos ¢ cos ¢ sin —cos 7 cos § sin ¢ sin 0

zkxb. xjtu. edu. cn






