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Abstract: Aeromagnetic compensation plays a vital role in geomagnetic navigation and has received
considerable attention throughout last few decades. Classical aeromagnetic compensation methods based on the
Tolles-Lawson (T-L) model are mainly aimed at permanent, induced, and eddy-current magnetic interferences
of aircraft platform, which ignores other stray magnetic field interference on the platform including the
interferences caused by on-board electronic (OBE) systems. In order to cooperate with TL model, magnetometers
are usually required to be installed on the extension rod outside the cabin, which is widely applied to
geophysical magnetic survey. In order to ensure safety and reduce the cost of platform modification in
geomagnetic navigation, it’s necessary to place magnetometers inside the cabin. It also further exacerbates the
magnetic interferences and improves the difficulty of magnetic compensation. In this paper, a modified
aeromagnetic compensation method is proposed, and the in-cabin OBE interferences are respectively modelled
to be proportional to the currents and their temporal variations of different electronic devices. To ensure that
modified model adapts to strong OBE interference in the cabin, a cut-off frequency determination method based
on curvature calculation and a feature selection method based on correlation calculation are proposed. The cut-
off frequency determination method helps to select passband filter which suitable for in-cabin OBE interference.
The feature selection method can help to effectively select current and voltage inputs for modified model. In
addition, principal component analysis (PCA) is adopted to reduce multicollinearity which is intensified by the
extension of OBE interferences in coefficient-estimating. Experiments on public dataset are conducted to
illustrate the effectiveness of the proposed method, and the best compensation result achieved 1.71nT of root
mean square error (RMSE).

Keywords: aeromagnetic compensation; magnetic survey; magnetic interference; on-board electronic systems;
geomagnetic navigation

1. Introduction

The geomagnetic navigation has the benefits of being passive, globally available at any time and
in any weather, and not reliant on satellites or other external communications, which has shown
promise as a viable alternative to the Global Positioning System (GPS) [1]. The basic principle of
geomagnetic navigation is the matching of the real-time magnetic field data collected by the
magnetometers with ready-made magnetic maps of the earth. However, the desired magnetic signal
for geomagnetic navigation will be disrupted by the aircraft platform. Besides, the magnetometers
are required to be placed inside the cabin in consideration of safety and practicality. Therefore,
elimination of magnetic interferences inside the cabin is always a challenging problem in
geomagnetic navigation [2,3].

For decades, much work has been carried out for aeromagnetic compensation. The classical
aeromagnetic compensation model was proposed by Tolles and Lawson in the 1950's [4], which
identifies three types of magnetic interferences as permanent, induced, and eddy-current fields. Then
the classical 21st-order linear model, Tolles-Lawson (T-L) model, which models the magnetic
interference as a function of the aircraft orientation with respect to the geomagnetic field was
established. And a lot of related research have been conducted including modelling evaluation and
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error analysis [5-10]. The estimated coefficients of the Tolles-Lawson model are used to calculate and
remove the magnetic interference caused by aircraft. However, the incomplete sampling and the
multicolinearity of the system of linear equations always constrain the accuracy of the coefficients.
Therefore, much research on the improvement of parameter estimation method due to
multicollinearity or other factors are conducted [11-17]. In addition, there are also researches on the
extension and modification of the model due to other interference sources, such as the influences of
geomagnetic gradient, on-board electronic (OBE) systems [18-24], etc.

When the magnetometer is installed outside the cabin, the existing aeromagnetic compensation
methods based on TL model can achieve good compensation effects. However, the in-cabin
installation of magnetometers will result in more severe OBE interferences, which cannot be
effectively eliminated yet. According to the Biot-Savart Law, the OBE interferences are modeled as a
component proportional to the electric current [20]. Another compensation algorithm could remove
any ON/OFF effects in the magnetic data while recovering the original data to its normal trend [21].
In addition, a real-time dynamic compensation method is proposed to eliminate the OBE
interferences, and designs two compensation modes for constant current draw and slow-varying
current [22]. In terms of the interference of specific electronic device, an improved aeromagnetic
compensation method is proposed and the OBE interferences are modelled to be proportional to the
currents of strobe and beacon lights [23]. The above researches provide potential solutions for
eliminating the OBE interferences on the external mounting magnetometers, whose vast majority of
applications is geophysical magnetic surveying. Aimed at the in-cabin aeromagnetic data for
navigation, a neural network-based model is proposed [24], but it lacks generalization ability on other
test set.

It's clear that the OBE interferences are non-ignorable for in-cabin geomagnetic compensation,
but there is no systematic solution so far. In contrast to the interferences of external mounting
magnetometers, the process of in-cabin OBE interferences faces more severe impact of more
interference sources. The challenges include model extension for more interference terms,
determination of the optimal cutoff frequency for bandpass filters, the selection of effective
interference sources, reduction of multicollinearity’s impact and so on. These challenges make
existing compensation methods for OBE interferences can’t be applied to in-cabin magnetic
compensation directly.

The contribution of this paper is a modified compensation method for in-cabin interferences
caused by on-board electronic systems. The direct impact of OBE current and the indirect impact of
the induced and eddy-current effect caused by its variations are taken into consideration. The OBE
interferences are modelled to be proportional to the currents and their temporal variations, which are
merged to the classical aeromagnetic compensation model finally. To ensure that extended model
adapts to strong OBE interference in the cabin, a cut-off frequency determination method based on
curvature calculation and a feature selection method based on correlation calculation are proposed.
The cut-off frequency determination method helps to select passband filter which suitable for in-
cabin OBE interference. The feature selection method can help to effectively select current and voltage
inputs for extended model. Finally, the principal component analysis (PCA) is adopted as
preprocessing step in coefficient-estimating to reduce the effect of multicollinearity caused by model
extension.

The paper is organized as four sections. Section 2 introduces the modified aeromagnetic
compensation method including cut-off frequency determination, feature selection and principal
component analysis. Section 3 includes the experiment results on public dataset and related
discussion. Section 4 is the conclusion of this research.

2. Proposed Aeromagnetic Compensation Method
2.1. Overall Method Framework

The overall method framework is shown in Figure 1. The inputs of the model include scalar
magnetic field, vector magnetic field, and a series of voltage and current measurements. Firstly, the
classical TL model is used for the compensation of in-cabin magnetic measurements. Then, FFT is
performed on TL model compensated data, which can reflect the frequency domain distribution of
TL model compensation residuals. According to FFT discrete points, curve fitting based on
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exponential function is performed and the maximum curvature point of the fitted curve is the optimal
cutoff frequency of bandpass filtering.

After the bandpass filtering process, the correlation coefficients between electrical
measurements and magnetic data are calculated, and the contribution of different electrical features
can be evaluated by the softmax function. Then select useful features based on their contribution
percentage.

The selected features will be used as inputs to the model. Before the calculation of model
coefficients, PCA is adopted to reduce multicollinearity caused by model extension. Finally, the
model coefficients are calculated using the least squares method and the magnetic interference of the
aircraft can be calculated. After the compensation process, compensated data can be obtained, and
clean magnetic field signals can be used for geomagnetic navigation.

Data Inputs
A
TL model ~—»| Bandpass Filter —» Modified model
A
FFT h 4 \ 4
Correlation PCA
: Calculation
Curve Fitting
A 4 A 4
\ Contribution Model Coefficient
Evaluation Calculation
Curvature
Calculation
A y h 4
Determine Cutoff .
etermine tutott | J Features Selection —/ ‘ Compensated Data ’
Frequency

Figure 1. The overall method framework of proposed method.

2.2. The Classical Aeromagnetic Compensation Model
In classical aeromagnetic compensation theory, the magnetometer measurement B, is the

superposition of the geomagnetic field B, and the magnetic interference B, caused by the aircraft.
B-B+B (1)

The magnitude of B, is the desired signal for geomagnetic navigation. According to the Tolles—

Lawson model, the magnetic interference caused by the aircraft is comprised of permanent, induced,
and eddy current magnetic interferences.

Ba = Bperm + Bindu + Beddy (2)

The permanent magnetic interference terms stem from the nearly permanent magnetization of
various ferromagnetic aircraft components. It will not change significantly in a short period of time,
and it is not related to the excitation magnetic source, which is usually considered as geomagnetic
field. The induced magnetic interference stems from the changeable magnetization of magnetically
susceptible aircraft components. The induced magnetization will be affected by the relative
orientation of the aircraft and the excitation magnetic source. The eddy current terms stem from the
electrical current loops caused by the time-varying magnetic field relative to the aircraft interacting
with electrically conductive aircraft components. The eddy currents depend on the time rate of
variation of the excitation magnetic field flux through these aircraft components.
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When the magnetometer is installed outside the cabin, the excitation source is considered to be
geomagnetic field since the magnitude of other stray magnetic interference is far smaller. Based on
this assumption, the magnitude of magnetic measurement can be approximated by
B,*B

13|~ +ﬁ 3)

where —“—L

2]

magnetic field, which uses the total field direction cosines

represent the effect of the aircraft interference field projected onto the total

jooT8

t
| ’|

where 1, 7, k represent the three axes of the aircraft coordinate system, and o , B, y represent

U=

]

=[cosa cospB cosy]rzfcosoc+]'cosﬁ+l€cosy (4)

the angle between the geomagnetic vector measurement and the three axes of the aircraft coordinate
system. Then the standard Tolles-Lawson model can be summarized as

X Xy X5 X Yo X X
B|~|B,|+|ud" | x, |[+|Bld"| o x, x |d+|Bli"|x; x, x;l|i (5)
X3 ) Yo M7 Xig
The above equation can be rewritten into matrix form as
|B|-|B.| =A% ©)

A bandpass finite impulse response filter (bpf) is applied to remove the earth magnetic field
while remaining the aircraft magnetic interference field. Then the equation can be rewritten as

bpf (|B])=bpf (A)% ?)

In existing research, the cutoff frequency range of the bandpass filter is 0.1-0.9 Hz[24]. Data for
model coefficients calculation comes from a calibration flight at a high altitude, which contains a
specific set of roll, pitch, and yaw aircraft maneuvers. Then the Tolles-Lawson coefficient vector can
be calculated by linear least squares regression.

£=(AjA,) ATy ®)

where 7= bpf(|/§,

calculated as

), A, =bpf(A) Finally, the earth magnetic field for navigation can be

=|B| A ©)

2.3. The Modified Model for OBE Interferences

According to Biot-Savart's Law, the OBE interferences are caused by the current flowing through
on-board electronic systems, so it's reasonable to evaluate the interference magnetic fields by
monitoring the current flowing. Moreover, triaxial components of OBE interferences should be
proportional to the current flowing measurements, which can be calculated as follows

B, , =1,(ai+a,j+ak) (10)

where [, represents the electric current observation of the k-th electronic device in the cabin.
a,,a,,a, represent the different influence of airborne electronic systems on the magnetic field in the

three axes’ direction of the magnetometer.
In order to obtain the magnitude of OBE interferences, it should also be projected onto the
direction of the total magnetic field as equation (3)
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=)
St

|l§,7k|= LA — a1, cosa+a,l, cos B +a,l, cosy (11)

In T-L model, the excitation magnetic sources of the induced and eddy current magnetic field
are considered to be the geomagnetic field. When the magnetometer is installed inside the cabin, the
close installation distance of electrical devices makes the scale of OBE interference’s variation have
comparability with the variation of geomagnetic field. It means that OBE interferences should be
considered to be a part of the excitation source. The induced magnetic field caused by OBE
interferences can be calculated as

Binduilik =al, (an + 0-12.7 +0']3k)
+a,l, (621f+622j+623k) (12)
+a,l, (631f+032]+a33k)

where c,.1,j=1,2,3 represent the coefficient of induced magnetic intensity caused by OBE

interferences.
The eddy current magnetic field caused by the temporal variation of OBE interferences can be
calculated as
Beddyilik =al, ’(/un; + ﬂ]z] + #nk)
+a,l, '(ﬂ21;+ﬂzzj+ﬂ23k) (13)
+al, ’(ﬂzlf + luszj + /lzzk)
where I' represent the temporal variation of the current measurement, and H;»isj=1,2,3

represent the coefficient of eddy current magnetic intensity caused by OBE interferences.

Similarly, the induced and eddy current magnetic field caused by OBE interferences should also
be projected onto the direction of the ambient magnetic field, and their total magnitude can be
calculated as follows:

(E[ﬁk + Eliinduik + EI,eddyik ).E
3] ”

|BOBE7k|=
=1, (¢ cosa+c,cos f+c;cosy)+1, (¢, cosa+c;cos f+c,cosy)

According to Ohm's law, the current in a wire is usually proportional to the voltage. During
actual data processing, the voltage measurements can also be used to describe OBE interference
characteristics, which take the place of current measurement in above equation. And the above
equation can be rewritten into matrix form:

|§OBE7k| = IkEk (15)
The magnetic compensation model become

B =B,+B,+ Zk: Bose (16)

ZE’OBEi . represent the OBE interferences caused by k electronic equipment which have impact
k

on magnetic measurements. In order to facilitate parameter calculation, the attitude information
matrix and the current information matrix can be merged. Then the extended compensation model
can be summarized as

|Et|—|ge|:Ai+;IkEk :mtotal (17)

The bandpass finite impulse response filter should also be applied to the above equation:
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Vy=H %, (18)

where y =bpf (|1§t

) H, =bpf (H).

2.4. Cutoff Frequency Determination and Feature Selection

Due to the difference of between the internal and external environments of the cabin, the
empirical filtering cutoff frequency may no longer be applicable to in-cabin magnetic compensation.
Therefore, it is necessary to use appropriate methods to reselect the filtering cutoff frequency of the
bandpass filter. The practice of manually selecting low cutoff frequencies from the spectrogram
through fast Fourier transform has strong subjectivity. The spectral shape of the geomagnetic field
signal is similar to exponential function, with many burrs doped in it. Therefore, curve fitting on the
spectral curve can be performed and then the optimal cutoff frequency can be determined through
curvature calculation. Assuming the selected fitting curve is

y=f(x)=q ot +a, o (19)

where a,,a,,b,b, are unknown curve fitting parameters. The calculation of curvature for
discrete points is as follows

|y "| (20)
(1+y™)?

where y' and y" are the first and second derivatives of the curve fitting function, respectively.

k:

The first and second derivatives of discrete points are calculated as follows

Y+ —y@)

YO =)

21)

Y'E+H-y'®

Y= D )

(22)

In addition, not every electronic device will have a significant impact on magnetic measurement.
The existing research relies on experience to select useful current observations such as strobe light
and beacon lights. However, magnetometers installed inside the cabin will be influenced by more
electronic devices” interference. It's necessary to select useful inputs from a series of current and
voltage measurements. Firstly, the calculation of correlation coefficients are as follows

> (m, ~)n, ~1)
r=——= (23)

where m,n represent the filtered magnetic and current/voltage measurements, respectively.
And m,n represent the mean of measurements. After uniformly scaling the correlation coefficients,
the contribution of each measurement can be evaluated through the softmax function as follows

¥ (24)

In this way, the sum of each measurement’s contribution ¢, is 1. Features with high
contribution after sorting can be selected as model inputs.

2.5. Estimation of Model Coefficients
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Due to the introduction of current characteristics of multiple electronic devices, the
multicolinearity of the model is exacerbated. The principal component analysis algorithm is adopted
as a preprocessing step in coefficient-estimating. Rewrite the bandpass filtered characteristic matrix

H, in equation (18) into vector form:

H, ={h,h,...h,)} (25)

The centralized matrix can be calculated as:
1 n
b=l == h (26)
nia

where n denotes the dimension of characteristic matrix H, . Then calculate the eigenvalues and
eigenvectors of covariance matrix H H fT , and list the eigenvalues as 4, >4, >---> 1. And the
corresponding eigenvectors w;,w,,---,W;; can be obtained. The characteristic matrix’s dimension can
be reduced to D', which must meet the following condition:

D /f&d > (27)

where & is empirical threshold determined by experiments. Then the corresponding
eigenvectors of top D’ eigenvalues constitute the dimensionality reduction matrix W = (w;, w,,...,w,,.).

The characteristic matrix H, canbe reduced to D’-dimention:
H,=W'H, (28)

Then the modified compensation model coefficients vector can be calculated by linear least
squares regression

~ -1 ~

%, =(H/H,) Hp (29)

total

3. Experiment Results
3.1. Dataset and Experiment Design

Due to the difficulty of conducting flight experiments on large fixed-wing aircraft and
simultaneously monitoring the currents of multiple electronic devices, the experiments in this paper
use a publicly available dataset created by Sander Geophysics Ltd. (SGL) on behalf of Massachusetts
Institute of Technology (MIT) and the Department of the Air Force under Cooperative Agreement
Award Number FA8750-19-2-1000 [25].

This dataset was created for the research of algorithms for deriving a clean signal for magnetic
navigation from the Earth’s magnetic anomaly field corrupted by an airborne platform. It was
collected overland in three locations in Canada. And it is comprised of the measurements of optically-
pumped, cesium split-beam scalar magnetometer, vector fluxgate magnetometer inside and outside
the cabin, as well as data from relevant flight sensors, including the accelerometer, gyroscope,
barometer, voltmeter, ammeter and so on. After standard TL model compensation, the measurement
of scalar magnetometer installed outside the cabin is considered to be ground truth value. It can be
used as a reference value to evaluate the compensation accuracy of scalar magnetometer data in the
cabin. This dataset is sufficient to validate the effectiveness of the method proposed in this article.

The experiments use the measurements of two magnetometers installed inside the cabin for
compensation and data analysis. The one located at rear of cabin on floor is called MagA, and the
other located at rear of cabin on ceiling is called MagB. As mentioned above, another magnetometer
is located in tail stinger of aircraft, and its compensated measurement is used for accuracy evaluation
of in-cabin compensation result. The experiments are conducted on two flight data segments
provided in the dataset. The first flight data segment, which is called calibration flight, contains a
specific set of roll, pitch, and yaw aircraft maneuvers in the four directions of east, south, west, and
north. The second flight data segment is a smooth flight without complex maneuvers. The calculation
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of model coefficients and data analysis are conducted on the calibration flight data segment, and the
verification of compensation accuracy are conducted on both flight data segments.

3.2. Experiment Results of Cutoff Frequency Determination

The original magnetic measurements are shown in Figure 2a, and the preliminary compensation
results of TL model are shown in Figure 2b. It should be mentioned that the compensation results
shown in the figure have been detrended and the measured diurnal magnetic variation is removed.

(60 (a) Reference value and original measurement

T
Reference
MagA
MagB

500

okl

Sampling number

-500 . . . . . . 1
0 2000 4000 6000 8000 10000 12000 14000 16000
time/s
(b) Reference value and TL model compensated data

Reference
MagA
MagB

Sampling number

-150

0 2000 4000 6000 8000 10000 12000 14000 16000
time/s

Figure 2. The original measurements and preliminary compensation results of TL model. (a) The
original magnetic measurements of two magnetometers. (b) The preliminary compensation results of
TL model.

In Figure 2(a), it can be found that the original measurements of magnetometers suffering from
serious magnetic interference. Compared to the reference value, the root mean square error (RMSE)
of original measurements are calculated as 326.45nT (on MagA) and 102.37nT (on MagB). In Figure
2(b), it can be found that the deviation of in-cabin data decreased after the compensation of TL model.
The root mean square error (RMSE) of in-cabin data are calculated as 27.68nT (on MagA) and 4.25nT
(on MagB) after preliminary compensation of TL model. The remaining errors cannot be effectively
compensated by the TL model, so it can be inferred that the remaining interference is mainly caused
by the currents of various on-board electronic devices in the cabin. It can be observed that the
magnitude of OBE interference variations is comparable to the magnitude of fluctuations in the
geomagnetic field itself. Therefore, it is reasonable to consider OBE interference as an excitation
source for induced and eddy current magnetic fields as shown in equation (12) and (13).

Before calculating the modified model coefficients, it is necessary to perform bandpass filtering
on the in-cabin data. According to existing research [24], the frequency distribution range of
aeromagnetic interference is approximately 0.1-0.9Hz. However, this conclusion may not be directly
applicable to the compensation of OBE interference inside the cabin. In order to observe the frequency
distribution of remaining OBE interference more intuitively, the fast Fourier transform (FFT) is
performed on the reference values and preliminary compensated data.

In Figure 3(a), the frequency spectrum of reference value is shown and it can be found that the
main frequency distribution of the geomagnetic field is within 0.02Hz. In Figure 3(b), it can be found
that two distinct signal peaks distributed in 0.02-0.1Hz, which not existing in Figure 3(a). The two
distinct signal peaks also exist in Figure 3(c) while the peak values are relatively smaller. The main
function of bandpass filtering is to remove geomagnetic field signals and retain interference signals,
and the inflection point of spectral signals can precisely achieve this goal. In order to determine the
optimal cutoff frequency of bandpass filter, the exponential function is used for curve fitting with
FFT discrete points, and then find the maximum curvature point as the optimal cutoff frequency.
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Figure 3. The frequency spectrum of reference value and T-L model compensation results. (a) The
frequency spectrum of reference value. (b) The frequency spectrum of preliminary compensation
results on MagA. (c) The frequency spectrum of preliminary compensation results on MagB.

After data scaling process, the results of curve fitting and the optimal cutoff frequency are shown
in the Figure 4(a) and (b). Based on the above experimental results, the optimal low-frequency cutoff
frequency of the bandpass filter falls around 0.02Hz.

i (a) Curve fitting of FFT points on MagA
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Figure 4. (a)Curve fitting of on MagA’s FFT result. (b) Curve fitting of on MagB’s FFT result.

3.3. Experiment Results of Feature Selection

Since current and voltage measurements are required to model the OBE interferences, it's
necessary to select useful model inputs. The dataset provides a total of 14 current and 17 voltage
measurements. Based on the frequency domain analysis results, a bandpass filtering is performed on
T-L model compensation results and electrical measurements. Then the correlation coefficient is
calculated between electrical measurements and TL model compensated magnetic data. After
uniformly scaling the correlation coefficients, the contribution of each measurement can be evaluated
through the softmax function, which ensure the sum of each measurement’s contribution is 1.

Taking MagA as an example, the contribution of current and voltage measurements is calculated
and ranked from large to small in Figure 5(a) and (b). Similarly, contribution calculation is also
implemented on MagB in Figure 5(c) and (d). Based on the preliminary compensation result with
different feature selections, we select the current features that account for more than 80% of the total
contribution proportion to participate in the calculation of model coefficients. And the proposed
contribution evaluation method of features provides a valuable reference for feature selection process.
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Figure 5. (a) Contribution of current on MagA. (b) Contribution of voltage on MagA. (c) Contribution
of current on MagB. (d) Contribution of voltage on MagB.

3.4. Compensation Results of Proposed Method

Based on the experimental results of bandpass filtering and feature selection, the compensation
results of the proposed method are shown in Figure 6.

(a) Compensation results of MagA
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Figure 6. (a) Compensation results of MagA. (b) Compensation results of MagB.

In Figure 6(a), it can be found that proposed method obviously eliminated the remaining OBE
interferences on MagA. In Figure 6(b), the remaining OBE interferences of compensation result of
proposed method on MagB reduced clearly compared to TL model. The proposed method improved
the compensation accuracy on two magnetometers obviously, which demonstrated its effectiveness.
The difference in final compensation accuracy is believed to be caused by different installation
positions of two magnetometers. Because various electronic devices are usually installed near the
ground of the cabin, the magnetometer located on the ceiling are further away from various OBE
interference sources and suffer from less OBE interference. When the magnetometer is close enough
to the electronic device, the interference of the electronic device may not be sufficient to be modeled
by a single current measurement. Therefore, the other magnetometer located on the floor usually has
a larger residual compensation error. This also means that installing magnetometers inside the cabin
also requires finding a relatively appropriate location which maintain a certain distance from
electronic devices.

The improvement in compensation performance of the modified model is shown in Table 1.

Table 1. The improvement of the modified model.

Method MagA MagB
Original measurements 326.45nT 102.37nT
TL model 27.71nT 4.30nT

Proposed method (model extension) 18.28nT 4.02nT
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Proposed method (model extension, optimal

8.2InT 3.3InT
cutoff frequency)
Proposed method (model extensmn,'optlmal 5.02nT 3.01nT
cutoff frequency, features selection)
Proposed method (model extension, optimal 4.83nT L 71nT

cutoff frequency, features selection, PCA)

The improvement of modified model is shown in Table 1. Specific configuration details of the
model are as follows: optimal cutoff frequency of bandpass filter is 0.02-0.9Hz, features selection
includes 3 current and voltage measurements (which contains the current of aircraft power, system
output power, batteryl and the voltage of block, aircraft power, system output power), and the
empirical threshold of PCA is 99.9%. It can be found that the compensation accuracy is constantly
improving with the continuous modification of the model.

The comparison of various aeromagnetic compensation methods is shown in Table 2. The
compensation result of method in reference [22] is conducted by modeling the OBE interference as
proportional to voltage and current measurements. The features used here are the same as the
modified model. And the compensation result of method in reference [23] is conducted by modeling
the OBE interferences as proportional to the current measurements and its temporal variations. The
features used here are the current measurements adopted by the modified model and the current
measurement of the strobe light mentioned in the reference.

Table 2. The comparison of RMSE by the various methods.

Method MagA MagB
Original measurements 326.45nT 102.37nT
TL model 27.71nT 4.30nT
Method in reference [22] 20.0InT 3.86nT
Method in reference [23] 8.86nT 3.33nT
Proposed method 4.83nT 1.71InT

In Table 2, it can be found that the proposed method can effectively reduce compensation errors
and obtained the optimal compensation result on the in-cabin magnetometer data. Using the model
coefficients calculated through calibration flight, a compensation experiment was conducted on
smooth flight data, and the results are shown in Figure 7.

565 (a) Compensation results of MagA(normal flight)
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(b) Compensation results of MagB(normal flight)
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Figure 7. (a) Compensation results of smooth flight on MagA. (b) Compensation results ofsmooth
flight on MagB.

In Figure 7, the compensation effect of the proposed method on smooth flight data is shown.
Compared to TL model, the RMSE of compensation result on MagA reduced from 26.93nT to 2.67nT,
and the RMSE of compensation result on MagB reduced from 4.58nT to 2.11nT. Therefore, the method
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proposed in this paper can accurately compensate the OBE magnetic interference in the calibration
flight and performs well in the smooth flight.

4. Discussion

The modified aeromagnetic compensation method is introduced and verification experiments
are conducted on calibration flight data and smooth flight data of two magnetometers. The significant
advantage of this method is that it mainly focuses on the compensation of magnetic data inside the
cabin, which avoiding modifications to the aircraft platform by extending rods or other means. It not
only reduces the cost of modifying flight platforms, but also improves the safety of flight, which helps
promote geomagnetic navigation to more flight platforms. In addition, the extension of OBE
interference and the induced, eddy-current interference effect caused by its variations contributes to
improving compensation accuracy. The method of determining the filtering cutoff frequency based
on curvature calculation mentioned in the paper can help select appropriate bandpass filters, making
the modified model more suitable for compensating in-cabin data. Compared to manually selecting
features relying on experience, the feature selection method based on correlation calculation
mentioned in the paper provides a more elegant and efficient operation to help select useful model
inputs. Finally, the process of reducing the dimensionality of model inputs using PCA can helps
reduce the multicollinearity caused by model expansion and improve the stability of model
coefficients.

The limit of the research is that the proposed method is mainly applied to large aircraft platforms
with cabin, which can simultaneously monitor the voltage and current characteristics of a series of
onboard electronic devices. Besides, different in-cabin installation position of magnetometers can
lead to a different compensation accuracy, so it requires the magnetometers fixed at a relatively
appropriate in-cabin position which maintain a certain distance from electronic devices. Finally, the
proposed method did not consider the effects of factors such as geomagnetic gradient and
geomagnetic diurnal variation during calibration flight, which may also lead to an increase in
compensation errors. In future work, these influencing factors can be considered into the
compensation model to further improve compensation accuracy.

5. Conclusions

Aiming at geomagnetic navigation application, a modified aeromagnetic compensation method
is proposed, which take the OBE interference and its induced and eddy-current terms into account.
Besides, the strategy of determining the optimal filtering cutoff frequency of bandpass filter and
feature selection is also mentioned in this paper. In addition, the PCA algorithm is adopted as
preprocessing steps to reduce the multicollinearity caused by model expansion. The experimental
results indicate that the proposed method significantly improved the compensation accuracy on the
calibration flight data and smooth flight data, which validates its practicality and robustness. The
RMSE of the best compensation result on calibration flight reduced to 1.71nT, and the RMSE of the
best compensation result on smooth flight reduced to 2.11nT. Thus, the proposed method provided
an effective solution for in-cabin magnetic compensation of geomagnetic navigation.
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