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Abstract: In order to eliminate the effect of the misalignment error between the sensor array and the
sensor system of the magnetic gradient tensor system on the measurement accuracy, a method of
theoretically precise calibration between all magnetic sensors and reference platforms, which involves
rotating a circle around an arbitrary axis of the system, was proposed. The linear correction model of
the sensor system error was constructed using two nonlinear transformations without any
mathematical simplification, and the ideal orthogonal output of the reference platform and each sensor
was obtained with only 10 sets of measurement data in the same rotation period. By constructing the
rotation matrix of the tri-axis heel, pitch, and azimuth transformations of the magnetic sensor, the

misalignment error correction model of the arbitrary spatial orientation of the sensors was obtained,
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and the rotation angle was estimated by the least-squares method. In addition, only three sets of
measurement data in the same rotation period was necessary for the alignment of the tensor system.
The simulation and experiment show that the accuracy of the simulation parameters estimation was
close to 100% in the ideal condition. After the calibration experiment, the output of the sensor
showed a high overlapping and coaxiality performance, and the RMSE (root mean square error) of the
tensor components was less than 30 nT/m. It is possible to improve the measurement accuracy of the
differential magnetic gradient tensor system efficiently with simpler steps and less sampling data.

Key words: magnetic gradient tensor system; error correction; least-squares method; linear

calibration; fast rotation calibration
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Fig. 1 Structural design of planar cross tensor system
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Tab. 3 Preset and estimated parameters of the misalignment error in simulation
WBEAE/ (*) (rad) B At {H / rad
fe 1A RAE/ 2 PMED/ %
a B Y a B b%
1 —21.97 12. 88 13. 64 3 —0.383 450 0.224 800 0. 238 060 1. 26e—3
(—0.383 449) (0.224 798) (0.238 063) 12 —0.383 449 0.224 798 0. 238 066 1. 26e—3
2 12.51 —3.96 21.42 3 0.218 349 —0.069 113 0.373 839 2.94e—3
(0.218 341) (—0.069 115) (0. 373 850) 12 0.218 345 —0.069 114 0.373 851 1.83e—3
3 —11.77 7.46 —13.03 3 —0.205 428 0.130 201 —0.227 415 1.46e—3
(—0.205 425) (0.130 202) (—0.227 416) 12 —0.205 425 0.130 201 —0.227 412 1.76e—3
4 12.17 13. 39 9. 64 3 0.212 410 0.233 697 0.168 247 1.78e—3
(0. 212 407) (0.233 700) (0.168 250) 12 0.212 407 0.233 701 0.168 247 1.78e—3
R4 MEREWNEKESE RMSE Xt
Tab.4 Comparison of RMSE of tensor components before and after calibration in simulation
(Unit:nT/m)
B.. B.y B.. B,. B,, B,.

5 IE AT 52 171 28 115 42 346 53 898 21 816 30 940

& IE 5 (10 41) 34 764 24 375 13 835 36 119 15 338 21 053

X EJE (3 41D 3.753 7 3.465 5 3.8518 3.960 4 3.557 0 3.528 1
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Tab.5 RMSE of total field intensity after calibration (Unit:nT)
&A% 1 1% 2 14 3 e s 4 %5
e 1E H 546.271 3 475.894 8 632.349 2 1.040.543 1 188.248 2
SCHRCO Ty Jr s 56.944 3 42.858 7 64.411 0 139.404 5 33.027 3
SCHRC10 /Y 7 % 38.203 6 32.424 4 41.307 5 40. 691 6 25.398 6
KN @RS 5.0515 6.387 7 6.4121 4.776 5 5.257 7
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Tab. 6 RMSE of tensor components before and after calibration in the experiment (Unit:nT/m)
B.. B., B.. B, B, B..
MAE i 4447.31 920. 60 1908. 47 3423.58 1 864.08 1567.99
KBS 3 333.78 809. 71 1 870. 30 2 456.15 3 119.22 1 515. 20
" 36 41 20. 883 5 19.684 6 18.051 2 29.967 5 16.675 2 10. 428 5
X e 5
3H 22.475 5 22.523 8 18.111 7 29.653 8 19.518 3 10. 786 6
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Fig. 9 Tensor components of system before and

after calibration in experiment
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Fig. 10  Tri-component spatial distribution of tensor system rotating
around Z-axis before and after calibration in the experiment
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Tab. 7 Estimation error parameters of tensor system after two calibration experiments
A 1 &8 2 1R 18d% 3 & 1A% 4
B PMER/ %
1 2 1 2 1 2 1 2
@/ () —3.476 4 —3.516 8 3.076 0 3.1512  —3.1445 —3.2512 3.1754  3.3453  94.65
0/(¢°) —0.2495 —0.2651 0.7051  0.7424  —0.1273 —0.134 2 0.8159  0.8312 93.75
¢/ () 0.8675  0.887 8 0.9018 0.8687 —1.7192 —1.8345 2.5172 2.6167  93.29
C 0.9990  0.974 2 1.0079  1.010 1 0.9952  0.9915 1.006 1 1.0039  97.52
¢ 1.0034 1,005 1 1.001 6  1.002 3 1.0031  1.004 8 1.004 2 1.0105  99.37
e 0.9921  0.9939 0.9995  0.999 1 0.9975  0.987 9 0.997 6  0.9983  99.04
i./nT  351.92 372.42 363. 35 364. 31 —87.38  —91.75 —301.03 —321.48  93.21
iy/nT —170.89 —181.62 412. 62 434, 89 79. 09 84. 48 —298.87 —317.15  93.18
i./nT —123.67 —131.46 —139.44 —150. 10 —102.89  —96.12 —29.67 —31.49  92.36
/() 0.716 6  0.6990  —0.8960 —0.9003  —0.499 2 —0.489 9 0.6843  0.6953  97.49
B/(°) —0.8687 —0.880 1 0.2650  0.2577 0.7717 0.7851  —0.1727 —0.1667  95.95
/() —2.1712 —2.175 6 1.6233  1.6374  —1.3592 —1.3773 1.8730 1.9010  98.51
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