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ACCURATE ORIENTATION ESTIMATION FOR SEISMIC
SENSORS UNDER ENVIRONMENTAL MAGNETIC
DISTURBANCES

Yadongyang ZHU?, Bo LAN?, Fang WANG!, Wenhao WEI**

A common problem limiting data analysis in seismic exploration is the
determination of sensor orientation. To solve this problem, we developed an
orientation estimation method for seismic sensors using an attitude measurement
system. Heading angle is usually obtained by combining gyroscope and
magnetometer measurements, but in real-world environments ferromagnetic objects
will cause disturbances in the magnetic field, leading to significant errors in
estimated heading angles. Therefore, in this paper we propose a method of detecting
magnetic disturbances that is calibrated using the unscented Kalman filter (UKF).
The proposed technique can be used in online detection and implemented in
inexpensive, small-scale microprocessors and sensor modules. First, magnetic
disturbances are detected by exploiting variations in the magnetic strength and
magnetic dip angle. Second, the relationship between the magnetometer error values
at adjacent times is described so that a compensation model can be derived. Finally,
the correction method is based on the UKF. Moreover, the estimated heading angle
is able to be quickly restored to its normal value once the magnetic disturbance
disappears. The proposed method was tested in an indoor environment with various
magnetic disturbances, and we designed a rotating platform for conducting tests. In
the case with magnetic disturbances, the proposed method could correct the heading
angle, whether in regular or irregular motion. The output precision could be
controlled to within 2°. The proposed method can be used in several systems, e.g.,
vertical seismic profilers, free-fall ocean bottom seismometers, and deep towed
acoustic and geophysical systems.

Keywords: Seismic sensors, Orientation estimation, Magnetic disturbance, Sensor
fusion, Kalman filter

1. Introduction

The orientations of the three components of seismic sensors (geophones,
seismometers, or hydrophones) are always uncontrollable and random in seismic
exploration. For example, in vertical seismic profiling (VSP) acquisition, the
orientation of horizontal elements cannot be controlled by Sonde cables for
current borehole systems [1]. In deploying free-fall ocean bottom seismometers
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(OBS), the main difficulty is that users do not have complete control over how
and where the station lands [2]. Regarding the positions of the hydrophones in
relation to the tow fish in the Deep Towed Acoustic/Geophysical System
(DTAGS), the geometry of acquisition changes with every action of the winch,
since any displacement of the seismic source affects streamer shape [3].

Therefore, because of this, the first step in data processing is determination
of the orientations of the seismic sensors [4], the usual method of which is
application of geophysical methods to retrieve the relative orientation based on
post-processing of the signals. The azimuthal orientations of geophones in a
vertical well were determined by Di Siena et al. with a maximum-energy solution
during VSP data processing [1]. To determine a probe's orientation in an inclined
well, a polarization analysis method was used by Beque [5]. Cross-correlation was
implemented by Zeng and McMechan to discover the angles between adjacent
geophones [6], while a complex linear least squares method was used by Grigoli
et al. to obtain this same information [7]. Zhu et al. developed a least squares
method based on quaternions to obtain the relative rotation between geophone
pairs [8]. One can apply similar techniques, e.g., using artificial reference signals
[9], polarization analysis [10], or cross-correlation analysis [11] to determine the
orientations of OBS sensors. To determine absolute orientation, however, these
techniques unfortunately usually require prior knowledge of either a seismic
reference sensor or the location of a known source.

The addition of an attitude sensor to measure geophone orientations is
another solution. A seismic sensor's orientation can be measured using an
accelerometer and a gyroscope [12,13], which sometimes provides a higher
degree of accuracy. Using a gyroscope for long periods of time reduces
measurement accuracy through the introduction of a cumulative error [14].
Hundreds of sensors are needed in seismic exploration, but the use of high-
precision gyroscopes in such deployments dramatically increases production
costs. A drilling tool's orientation in an oil well is normally measured with an
accelerometer and magnetometer [15,16], but magnetometers are susceptible to
changes in the environmental magnetic field. Therefore, in the event of magnetic
disturbances, the accuracy of the measured orientation using both instruments is
significantly affected [17,18].

Owing to the aforementioned reasons, we propose a method in this paper
that estimates seismic sensor orientations through an attitude measurement system
consisting of gyroscopes, accelerometers, and magnetometers. In practical
applications, determining the orientations from different measuring sensors is an
example of data fusion. Thus, the extended Kalman filter (EKF) integrates the
values measured by three separate sensors from the AHRS. In real-world
environments, however, ferromagnetic objects will disturb the magnetic field and
induce serious errors in estimated heading angles [23]. In this study, magnetic
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disturbances were detected by exploiting variations in the magnetic strength and
the magnetic dip angle, and a method was proposed to compensate for magnetic
disturbances based on the unscented Kalman filter (UKF). The algorithm used
was evaluated under static and dynamic laboratory conditions. The results showed
that the proposed algorithm achieved errors of less than 2° in the presence of
various magnetic disturbances.

2. Orientation Estimation Method

2.1. Model definition

An AHRS comprises either microelectromechanical or solid-state system
gyroscopes, magnetometers, and accelerometers, and the sensor fusion method
employed can provide orientation information such as roll, pitch, and yaw. The
AHRS used in the present study was the XSENS MTI-1, the dimensions of which
are 12.1x 12.1x2.55 mm3. Compared with a discrete design, its structure is
simple, easy to install, and inexpensive. Moreover, it corrects the errors of the
three types of attitude sensors before delivery, obviating the need for complex
calibration in use; only a simple command set is used to obtain more accurate
measurement output [19,20].
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Fig. 1 Schematic of the extended Kalman filter (EKF)
The data fusion algorithm in this paper adopts the EKF [22], and the
schematic of the EKF is shown in Fig. 1.
The nonlinear state-space model is

x(K) = f (x(k—1),k —1) +w(k 1) (1)

z(k) =h(x(k),k) +v(k) (2)
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where x(k)eR" is the state vector at time k, z(k)eR"™ is the

measurement vector at time Kk, f(-) is a real n vector function, and h(-) is a real m
vector function. f(-) and h(-) are nonlinear with respect to their independent

variables. w(k)eR" and v(k)eR™ are the process noise vector with the

covariances Q(k) and R(k), respectively.
The system state is assumed to be the following:

X(K)=(do(k) (k) a,(k) ds(k) b, (k) b, (k) b,(K) (3)

where  0,(k),0,(k),q,(k),a,(k) are the attitude quaternions, and
b, (k),b,, (k),b,, (k) are the random drift vectors of the gyroscope.

The state equation is as follows:
(900 _((+T712Q)d0) (wk=D\_
x(k) = [bw(k)] = ( b, (k1) ]+ (Ww(k _DJ—f (x(k-1)k-1) (4
The Jacobi matrix for f(x(k—1),k —1) is defined as follows:

of (x(k —1),k -1)|

Pl k=D == kD

()

x(k-1)=x(k-1)

where (wy,wy,.)" = (0,0, ®,)" —(0,,.b,,.b,.)" @« w0 are the

predicted values for the gyroscope, and @,,®,,®, are the measured values for the

gyroscope.
The process noise covariance matrix Q(K) is as follows:

ol 0
k — q " 4x4 6

Q( ) |: 0 O-az)|3><3:| ( )
The measurement state is assumed to be the following:

2(K) = (8 (k) 8y, (k) 8, (K), 2, (K))" (")

where &, (k),a, (k),a,(k) are the measurements from the triaxial

accelerometer, and ¢, (k) is the projection of the magnetometer measurement on

a horizontal plane.
a,, (k),a, (k),a,(k), and g have the following relationships:
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Ay 0 -29(0,0; —9,0,)
a, = CE 0 |= -29 (qzqs + qul) (8)
a, -9) \—2(a5—-a/—0; +0;)

The measurement equation is as follows:

(k) _Zg(qlqa - qoqz)
be (k) —29(0,9; + ;)
2(k) = azv(k) S 2+ (k) =h(x(K),K) (k) (9)
?n(K) arctan [— Zz(qlqu - qzoqa) . J
0o -0 t9; — 0

The Jacobi matrix for h(x(k),k) is computed as follows:

oH (x(k), k
H g = L0 (10)
(k) x(k)=x(k k—L)
The measurement noise covariance matrix R(K) is as follows:
oZl,, 0
R(k) = A (11)
0 ol

2.2 Extended Kalman filter (EKF) Implementation

The optimal estimation of the system's state vector is obtained iteratively

through the derived state equation and the measurement equation. The EKF
recursive process proceeds as follows.

1) Initialization:
The initial value of the state X(0), process noise covariance matrix Q(k),

measurement noise covariance matrix R(k), and error covariance matrix P(0) are

set.

2) Prediction:
The Jacobi matrix for f(x(k—21),k—1) is obtained:

of (x(k —1),k =1)|
oxk-1) | .-

x(k-1)=x(k-1)

d(k,k-1) = (12)

The filter estimates the current state based on all the previous states:
Xk, k=D =f(X(k-1,k-1 (13)
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Then, the a priori error covariance matrix is estimated based on the
previous error covariance matrix, which is defined as follows:

P(k,k—1) = d(k, k —1)P(k, k —1)®" (k,k 1) +Q(k)  (14)

3) Update:
The Jacobi matrix for H(X(k),k) is obtained as follows:
oH (x(k), k)
Hk)=—F——"— (15)
ox(k) x(k)=x(k k—1)

The Kalman gain is calculated as follows:
K(k) =Pk, k-DHT(K[HK)P(K,k-DH" (K)+R(K)]"  (16)
The state estimate is updated as follows:
R(K) = X(k, k =1) + K(K)[z(k) —h(X(k, k —1), k)] (17)
The error covariance is updated as follows:
P(k) =[1 —KK)HK)]PKk,k=D[1 —KK)H K] +KK)RK)K" (k) (18)

Through the above Kalman filtering process, the quaternion is recursively
updated, and the attitude angle is finally solved. The formula is as follows:

@\ (—arctan(2(0,0; +0,0,) / (4% —a°, — 07, +0%))
0= arcsin(2(0,d; — G,0,)) (19)
¢ ) | —arctan(2(a,0, +0,0;) / (4% — 9%, +0%, —0%))

3. Compensation for magnetic disturbance

3.1 Magnetic Disturbance

In practical applications, the AHRS mounted in the seismic sensors
updates the heading angle with the Earth's ambient magnetic field and gravity
vectors as reference vectors. If, however, the magnetic field is disturbed by nearby
ferromagnetic materials, e.g., iron or steel, significant errors in estimated heading
angle will result.

To detect a disturbance in the magnetic field, the magnetic dip angle and
the total magnetic flux can be monitored. The magnetic dip angle, also known as
the magnetic inclination, varies depending on the position of the Earth's surface; it
is 0° at the magnetic equator and 90° at the two magnetic poles.
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Fig. 2 Normalized strength of magnetic flux density with no magnetic disturbances
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Fig. 3 Normalized strength of magnetic flux density with magnetic disturbances

The total flux |m]| can be calculated from the output values of the
magnetometer's three components:

Im || = \/mxz +m,?+m,? (20)

To calculate the magnetic dip angle, the magnetometer's output should be
expressed in the global frame as follows:
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me® =CJ x[m,, m,,m,T" (21)

The magnetic dip angle in the global frame is

mG

2 ; 2 2 )
Jm) +(me)” +(m?)

The magnetic dip angle and the total magnetic flux should remain constant
if there is no magnetic disturbance. Fig. 2. shows the normalized strength of

magnetic flux density with no magnetic disturbances. And Fig. 3. Shows the
normalized strength of magnetic flux density with magnetic disturbances.

Prnag = Arctan( (22)
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Fig. 4 Block diagram of the algorithm to detect a magnetic disturbance

The flow chart of the algorithm to detect the magnetic disturbances is
shown in Fig. 4. The algorithm reads the output of the magnetometer. It monitors
the magnetic dip angle and the total magnetic flux to determine whether the
environmental magnetic disturbance has caused any abnormal changes. If both
parameters are within their thresholds, the seismic sensors can be considered to
not be near a magnetic disturbance.

To determine the thresholds, we conducted several tests. First, we
measured the magnetometer's output while moving the magnetometer mounted on
a seismic instrument following a straight path with no magnetic disturbances
present. Second, we calculated the magnetic dip angles and the total magnetic
flux. We then adjusted and verified the thresholds. The threshold should be
evaluated and adjusted when necessary.
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3.2 Compensation Model

When the magnetic disturbances were detected, the unscented Kalman
filter (UKF) was used for calibration. For a magnetic disturbance detected at time
t, the state equation is

X, =Ae X, +W, (23)

where the state vector is X Z[AH,Ago, A¢5,dx,dy,d2]T , which includes the

change of the attitude angle Aa,=[A8,Ap,A¢] and the magnetometer's error
vector d, =[d,.d,.d,], w, isthe process noise vector, and A is the state matrix.
The relationship between magnetometer error values at adjacent times is as
follows:
d, =c,d, , +V, (24)

where C; is a constant between 0 and 1, and V, is the driving Gaussian

noise.
To facilitate the operation, new variables are introduced as follows:

dbx dx
dby = C: dy (25)
dbz dz

According to the formulas above, we can derive the following:

Ao, =C,Aay 4 +V,

{C,?mdt =C,Cryd +V,, (26)
That is,

Ao, =C,Aa, , +V,

{dt = 6,(C) Ty v, (@7)

where C, is a constant between 0 and 1, V,, is the attitude error matrix, and
Vv, IS the magnetic disturbance error matrix. Both matrices are Gaussian noise

matrices. The state equation is as follows:

(28)

c,Aa, ; +V,
X =AeX  +W= ‘

b \-1_~b
c,(C, (t)) oC, (t—1)dt Vi,
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The measurement equation is as follows [24]:
z=Ze X +1, (29)

where Z, is the measurement value, Z is the measurement matrix, and I

is the process noise vector.
The following formula is applied [21]:

Crt: = C:[WRB <] (30)

where [Wg;X] is as follows:

0 -w, w,
[WRB ><] = W, 0 -W, (31)
-w, w0

Equation (30) can be written as follows:

cP —CP
n(t) n(t-1)
tTtl = C: (t-1) [Weg ] (32)
Moreover,
0 -A¢g Agp
[Weex]x At =[Aa]=| A¢ 0 -A6O (33)
-Ap A6 0
Thus,
1 -A¢g Ap
Clw=Clen| Ad 1 A6 (34)
-Ap A6 1

Both sides of the equation are multiplied by [M cosn 0 Msin ry]T, and
it is rewritten as follows:
1 -A¢ Ag ||Mcosy
My, =Clin| A 1 —AO 0 (35)
-Ap AO 1 M sinn

When a magnetic disturbance is present, it can be expressed as follows:
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1 _A¢ A¢ dbx
M(t) :C:(t—l) Ag 1 A Cr?(t—l)_lM(t—l)_‘_ dby (36)
-Ap A6 1 d,

where M, is the magnetometer's output at time t, and I\ﬁ(t_l) is the
calibration value at time t—1. The measurement equation is as follows:

1 _A¢ A(/) dbx
Zt:C:(t—l) Ag 1 -A0 Crkl)(t—l)ilm(t—l)_i_ dby (37)
—-Ap A0 1 d,,

By the above derivation, the model to calibrate the magnetometer based on
the UKF is as follows:

C,Ac, ,+V,
Xt:A. Xt—l+Wt: b -1 b I
C.(Cry) *Crpndi + Vi,
1 -A¢ Agp d,, (38)
Zt:C:(t—l) A¢ 1 A C:(t—l)ilm(t—l) + dby
-Ap A6 1 d,,

4. Tests and Analysis
4.1. Magnetic Disturbance Detection

To verify the compensation method for the magnetic disturbance, we
designed a rotating platform for testing. The rotating platform could be freely
rotated 360° around the X-, Y-, and Z-axes to meet the requirements of the
experiment. The rotating platform is shown in Fig. 5. For seismic sensors
(geophones, seismometers, or hydrophones), because of the cable traction, there
would not be a large change in the attitude angle in a short time. Therefore, when
the rotating platform was used for the rotation simulation, the simulation was
carried out at relatively low speeds.
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Fig. 5 Rotating platform
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Fig. 6 Normalized strength of magnetic flux density of magnetic disturbances in test

To verify the detection algorithm of geomagnetic anomalies, a magnet was
used to simulate magnetic disturbances in the laboratory environment. First, after
the magnetometer was working properly, a period was waited. The magnet was
then allowed to slowly approach the magnetometer and then gradually move away
from it after a certain distance. Based on the output value of the magnetometer,
the total flux was calculated. The results are shown in Fig. 6. The values changed
significantly between 100 and 160 s, which could be judged to be abnormal
measured values output by the magnetometer during this period. In other periods,
the values were close to a constant value, and the magnetometer could be
considered to have been in a normal working state during these periods.
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4.2 Compensation Experiments

To verify the calibration method based on the UKF when a magnetic
disturbance was detected, we conducted several groups of experiments. The
experiments were all based on a rotating platform. The AHRS was fixed on the
rotating platform while the experiment was carried out. During the experiment,
the motion process of the carrier was simulated by the rotation of three axes.
Magnets were used to simulate the occurrence of a magnetic disturbance, and the
strength was simulated by adjusting the distance between the magnets and the
AHRS. Because the magnetic disturbance only affected the azimuth, the
simulation experiment was also conducted for the measurement of the azimuth.
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In the first experiment, the AHRS performed a 90° azimuth rotation, and
the magnet moved in a uniform straight line through a rotating platform. The data
fusion of the three sensors in the AHRS was carried out by the EKF. During the
experiment, the rotating platform rotated £90° at the fixed point. At 50 s, the
magnet started moving from the side of the rotating platform and moved in line
across the rotating platform area. Fig. 7 shows the calculated azimuth angle. The
blue line represents the theoretical value, the yellow line is the result of data
fusion without magnetic calibration, and the red line is the result of the data fusion
after magnetic calibration.

In the second experiment, the azimuth of the AHRS was rotated randomly,
and the magnet moved randomly within the magnetic disturbance range. During
the experiment, the azimuth of the rotating platform was rotated in an irregular
way, and the magnet moved in an irregular way on the side of the rotating
platform, forming an irregular magnetic disturbance. Fig. 9 shows the calculated
azimuth angle. Black represents the theoretical value, blue represents the data
fusion value without magnetometer calibration, and red represents data fusion
value after magnetometer calibration. Through observation, it was found that the
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results of the modified algorithm were better than the results of the unmodified
algorithm after the magnetic disturbance appeared at 170 s.
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Fig. 9 Irregular motion test Fig. 10 Irregular motion test error

Fig. 10 shows the error curve obtained based on the calculation results in
Fig. 9. The blue line represents the error between the uncalibrated results and the
theoretical value, which changed with the change of the magnetic disturbance.
The red line represents the error between the calibrated results and the theoretical
value, which was basically stable within the range of 2°. The sudden change of the
error was due to the sudden change of the angle during the irregular motion, but
the overall situation was stable.

From the above two experiments, it can be concluded that in the case of a
magnetic disturbance, whether in regular or irregular motion, the correction
algorithm in this paper can be applied to correct the output azimuth angle, and the
output precision can be controlled to within 2°.

5. Conclusion

In this paper, we developed an accurate orientation estimation for seismic
instruments under environmental magnetic disturbances. The experimental results
show that the output precision could be controlled to within 2° and demonstrate
our method's validity and the system's feasibility. Compared with the traditional
algorithm, our method can realize online detection, use the least number of
sensors, and cost less. In our future works, we will consider the following aspects:
1) Although the UKF method we applied has achieved good results, it needs to be
iterative, which makes our method unfriendly to the low-power MCU
(Microcontroller Unit). We will try to design a solution method that can perform
operations directly. 2) We have accumulated some measurement data under
environmental magnetic disturbances in experiments. We will try to train some
artificial neural networks to correct abnormal situations through the model. We
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can even consider training an end-to-end artificial neural network model, which
can complete anomaly detection and numerical compensation through one model.
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