Sensors & Transducers, Vol. 175, Issue 7, July 2014, pp. 244-249

e
e—"

www.sensorsportal.com

Sensors & Transducers

© 2014 by IFSA Publishing, S. L.
http://www.sensorsportal.com

Accelerometer North Finding System
Based on the Wavelet Packet De-noising Algorithm
and Filtering Circuit

LU Yongle, *Pan Yingjun, *REN Chunhua, 2L1U Yu
'Key Lab for Optoelectronic Technology & System of MOE, Chongging University,
Chongqging 400044, China
2 Optical Communication Technology Institute of Chongging University of Posts and
Telecommunications, Chongqing 400065, China
'Tel.: 023-65111163, fax: 023-65111163
E-mail: luyongle08@163.com

Received: 30 June 2014 /Accepted: 28 July 2014 /Published: 31 July 2014

Abstract: This paper demonstrates a method and system for north finding with a low-cost piezoelectricity
accelerometer based on the Coriolis acceleration principle. The proposed setup is based on the choice of an
accelerometer with residual noise of 35 ngeHz 2. The plane of the north finding system is aligned parallel to the
local level, which helps to eliminate the effect of plane error. The Coriolis acceleration caused by the earth’s
rotation and the acceleration’s instantaneous velocity is much weaker than the g-sensitivity acceleration. To get
a high accuracy and a shorter time for north finding system, in this paper, the Filtering Circuit and the wavelet
packet de-nosing algorithm are used as the following. First, the hardware is designed as the alternating currents
across by filtering circuit, so the DC will be isolated and the weak AC signal will be amplified. The DC is
interfering signal generated by the earth's gravity. Then, we have used a wavelet packet to filter the signal which
has been done through the filtering circuit. Finally, compare the north finding results measured by wavelet
packet filtering with those measured by a low-pass filter. Wavelet filter de-noise data shows that wavelet packet
filtering and wavelet filter measurement have high accuracy. Wavelet Packet filtering has stronger ability to
remove burst noise and higher engineering environment adaptability than that of Wavelet filtering. Experimental
results prove the effectiveness and project implementation of the accelerometer north finding method based on
wavelet packet de-noising algorithm. Copyright © 2014 IFSA Publishing, S. L.
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by electromagnetic interference [2]. Gyroscope
compass using the comprehensive effect of earth

1. Introduction

North finding is a key factor in many location
systems and is typically obtained by using digital
magnetic compasses [1]. There are many instruments
capable of achieving degree north finding accuracies.
However, the magnetic compass north finding system
can be easily degraded by nearby ferrous materials or
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rotation angular velocity [1], [3]. The piece of the
gyroscope north finding system is too high. The
celestial north finding system can’t work on the
ground well, and it does not work underground

(4], [5]-
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In the 21 century, traditional natural resource is
relatively scarce [6]. Before nascent energy appears,
the smaller reserves of resource exploitation and
traditional resources secondary exploitation seem to
be particularly important. One of the key
technologies for the resources secondary exploitation
and smaller reserves resource exploitation is north
finding technology, which need low cost and high
accuracies. With the continuous improvement of the
accuracy of the accelerometer and maturity of digital
signal processing technology [7], making the
accelerometer north finding system which based on
Coriolis acceleration becomes a reality.

The plane of turntable error, sampling error et al.
restrict the measurement accuracy of the north
finding based on accelerometer. There are many
improvements, such as choosing more performance
accelerometer  to measure the Coriolis
acceleration [8], improving the accuracy of the
sampling circuit, or increasing the speed of the
turntable. These improvements can improve the north
finding measurement accuracy. However, this
hardware improvement requires higher cost and
longer time. In this paper, we discuss the most
significant error sources that degrade the
performance of accelerometer north finding system.
This is done in order to maximize the performance of
the accelerometer. Theoretically, if the errors of
accelerometer are compensated, it is possible to
measure very small acceleration, and we can get a
high level of the system’s measurement. First, the
signal of the accelerometer will be filtered through
the filter circuit. In this part, the direct current signal
will be removed from the signal, which is caused by
the gravity. Then it is unused for the north finding.
The AC signal will be amplified by the OPO07.
Finally, the wavelet packet will further filter the noise
component of the AC signal. This method further
effective combination of hardware and software to
achieve low cost, strong anti-interference north
finding system.

2. ThePrinciple of Accelerometer North
Finding System

The accelerometer north finding system is based
on the principle of the Coriolis acceleration. The
mathematical expression for the Coriolis force
appeared in an 1835 paper written by French scientist
Gaspard-Gustave Coriolis [9]. At a given rate of
rotation of the observer, the magnitude of the Coriolis
acceleration of the object is proportional to the
velocity of the object and also to the sine of the angle
between the direction of movement of the object and
the axis of rotation.

The vector formula for the magnitude and
direction of the Coriolis acceleration [10] is:

a,=-2vxw,, (1

where a. is the acceleration of the particle in the
rotating system, v is the velocity of the particle in the
rotating system, and w, is the angular velocity vector
which has magnitude equal to the rotation rate ® and
is directed along the axis of rotation of the rotating
reference frame, and the x symbol represents the
cross product operator. Just as showed the Fig. 1.

When the accelerometer moves with the turntable,
the direction of the accelerometer‘s velocity is
changing, so the angle between the direction of
earth’s rotation in the local plane and the direction of
the accelerometer’s speed is changing with the
accelerometer moving. As a result, the Coriolis
acceleration is only relevant to the angle. In other
words, we can find the north by measuring the
Coriolis acceleration. In this way, accelerometer
outputs the ideal transfer curve shown in Fig. 1.
The peak corresponds to the true north, so by
seeking peak of the line can we achieve the north
finding purposes.
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Fig. 1. Schematic for (a) an accelerometer movement
(b) the accelerometer output.
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3. Analysisthe Accelerometer Output
Signal and Hardwar e Design

Accelerometer’s output signal contains four parts:
a constant value output (accelerometer sensitive
gravitational field); Coriolis acceleration values;
sampling  circuit  measurement error;  and
accelerometer output error. Following formula:

a=a,+&,+E+a,, )

Sensitive accelerometer output a, is as a constant
gravitational field; accelerometer output error &, is
white noise; sampling circuit error ¢ is the same as
the white noise error; a. is the Coriolis acceleration
which includes north finding information.

Coriolis acceleration just as the following:

a, ==2vxw, =-20Xrxw,, (3)

where v is the linear velocity of the accelerometer,
and o is the accelerometer rotational angular
velocity. r is the distance from the center of the
turntable to the accelerometer, and w. is the angular
velocity of the Earth's rotation component in the
horizontal direction.

The output of the north finding systems just is as
the following. The distance r» between the
accelerometer and the center of the turntable is
10 ¢cm, and the rotation speed of the turntable is
8 R/S. The earth’s rotation component in the
horizontal direction in the 29°35’ north latitude is
6.3e-05 rad/s. In this way, the amplitude of the
Coriolis acceleration is 7.9¢-05 G, and the frequency
is 8 Hz. Using original data for finding north is
difficult because the Coriolis acceleration is far less
than that of gravity accelerometer. In order to
improve the measured signal quality, the stand
procedures, such as isolation and amplification, have
been used.

As mentioned above, the main purpose of the
system is three-fold: first, to isolate the direct current,
the value of which is much bigger than the alternating
current value, the current signal will change into the
voltage signal in the current sampling circuit which is
provided with a resistors RO, the direct voltage will
be cut-off, while alternating voltage will pass through
the capacitance Cl. And second, to amplify the
alternating voltage was realized by using two typical
operational (OP07) amplifiers, at last, the voltage to
frequency converter was using ADG652. The
schematic circuit is just as the Fig. 2.

4. The Principle of the Wavelet Packet

The accelerometer has been widely used in
various  applications, however, such analog
transducer-incorporated  electronic = measurement
system produces signal proportional to the desired
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input, but certain artifacts may affect the
measurement response due to senor dynamic and
electronic noise [11]. The accelerometer’s noise and
the outside interference vibration will affect the
accuracy of north finding. Wavelet transform (WT) is
a signal processing tool that can be considered as an
extension of the traditional Fourier transform with
adjustable window location and size [12]. Wavelet
packet transform (WPT) is an extension of WT that
provides a complete level-by-level frequency-time
decomposition [13], [14]. The basic concept of the
WPT and its matrix representation are briefly
presented here. The main characteristic of WPT is
that it also decomposes high frequency bands which
are kept intact for wavelet decomposition (WT) [16].
Therefore, the time frequency information in the high
frequency bands can also be analyzed in details.
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Fig. 2. The schematic circuit diagram for isolation
and amplification.

It also can select corresponding frequency band
adaptively according to the characteristics of the
analyzed signal, matching with the signal
spectrum [15], thereby increasing the time—frequency
resolution. Hence, WPT has a wider range of
applications than the WT since it can achieve a very
fine resolution in both high and low frequency bands.

The wavelet transform can be implemented by
means of a pair of low-pass and high-pass wavelet
filters. Define h(k) and g(k)=(-1)*h(1-k). These
filters, also known as quadrature mirror filters, are
constructed from the selected wavelet function ¥/ (t)

and their corresponding scaling function @(t) is just
as follows [17]:

o(x) = ho(2t—k)
y =Y gp@-k

kez

To perform wavelet packet transform of a signal
at a certain level, the function in the eq. (4) is
expressed as:

0y, (x) =2 hu, (2t - k)

kez

Uy, (X) = \/Ez gu, (2t k) ,

kez

)
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where u,(t) =¢@(t), and u,(t) =w/(t). The signal
is decomposed as [18], [19]:

d;o, (k)= Z h_yd,. (1)
7

: (6)
dj,2n+1 (k) = Z gl—dej+1,n ()
1

where dj,» is defined as the wavelet coefficients at the
level j, n is defined as sub-band, dj+12n and dji2n+1
are defined as the wavelet coefficients at the level
j+1, 2n and 2n+1 and they are sub-bands, and the m
is the number of the wavelet coefficients.

Reconstruction formula of the wavelet packer
transform is:

dj+l,n (k)= z hk*Zldj,Zn () +z gk—Zldj,2n+l (1) (7)
7 7

5. Experiment Results

In this paper, we chose the piezoelectricity
accelerometer as the acceleration sensor, the measure
range of the accelerometer is 5 G, scale factor is
10 V/G and the residual noise is 35 ng*Hz 2. The
accelerometer is fixed on the small turntable, and the
turntable is placed on the plane of the two axis
turntable, which can help the plane of the small
turntable parallel with the horizontal plane. As shown
in Fig. 3.

As we know, the change of the temperature
influences the accuracy of acceleration measurement.
We put the system in the laboratory, and the
temperature is 20° for 2 hours.

Fig. 3. The north finding experimental system.

In the Fig. 4, xis the original data, the black color
curve is the result of low-pass filtering, the rad color
curve is the result of the wavelet filtering and the
blue color curve is the result of the wavelet packet
filtering. We can see from the Fig. 4 that all of the
three ways of filtering can suppress the noise of the

original date well. Compare with the wavelet packet
filtering result, the data of wavelet filtering has a
better smooth, and the wavelet filtering can show
much more information. The two curves of the
wavelet filtering and wavelet packet filtering are very
similar, which means there is a small difference
between the two kinds of the filtering. However, the
wavelet packet filtering can suppress the outside
interference signal which is better than the wavelet
filtering. More details are shown in the Fig. 5. The
Fig. 5 is just part of the Fig. 4.
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Fig. 4. The difference of different filtering result.
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Fig. 5. The partial amplification of the filtering result.

The filtering effects of the three ways are just as
the Table 1. The low-pass filtering way can get less
SNR and PSNR, the SNR of low-pass filtering is
77.31 % to the SNR of wavelet filter, and 77.73 % to
that of the wavelet packet filtering, respectively. The
PSNR of the low-pass filtering is 79.87 % to PSNR
of wavelet filter and 80.25 % to that of wavelet
packet filtering, respectively. However, the result of
the low-pass filtering is with bigger RMSE and worse
similitude. Both of the wavelet filtering and wavelet
packet filtering have less RMSE and more similitude.
The SNR, PSNR, RMSE and similitude of the both
filtering ways are in the same level.

Combine with the Fig. 5, we can know that in the
same condition, the wavelet packet filtering can
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eliminate burst noise better than the wavelet packet.
In other words, the north finding system with wavelet
packet filtering can depress the outside interference
signal well. The low-pass filtering way de-noise can
get ideal result. However, the low-pass filtering way
can’t remove the noise. The noise’s frequency is
close to the frequency of the signal of the
acceleration, as shown in the Fig. 5.

Table 1. The result of the different.

L ow-pass|Wavelet Wavelet
filter filter packet filter

SNR 20.2745 |26.2238 26.0834
PSNR 23.6067 |29.5560 29.4156
RMSE 2.0573 | 1.0371 1.0540
Similarity 99.53 % |99.88 % 99.88 %
The error of north 40 30 30
finding
6. Summary

In this paper, the wavelet packet filtering de-noise
way is used in the north finding system, the isolation
and amplification circuit are designed, the following
experiment and test have been done, and the date
shows that the north finding system de-noise with
low-pass filter way can reach less SNR and RSNR
level. However, it can’t find the true north perfectly.
The SNR, PSNR, RMSR and similitude of the both
of wavelet filter and wavelet packet filter are in the
same level. However, the wavelet packet filter can
remove burst noise well. In this way, the system can
adopt the abnormal vibration in the environment
complete and it has a better robust fault tolerance.
The experimental results indicated that the
accelerometer north finding based on the wavelet
packer filter de-noise is rationality, and the filtering
way is effective. The above work gives a theoretical
guidance for the accelerometer north finding system
in the engineering.

Acknowledgements

This work was supported in part by the National
Natural Science Foundation of China under
Grant 51175535 and Grant 61274119, in part by the
Natural Science Foundation Project of CQ CSTC
under Grant CSTC2012jB40009.

References

[1]. L. I Iozan, M. Kirkko-Jaakkola, J. Collin, J. Takala,
C. Rusu, Using a MEMS gyroscope to measure the
Earth's rotation for gyrocompassing applications,

Measurement Science and Technology, Vol.23,
No. 2, 2012, pp. 1-8.
[2]. Li Ji, Zhang Qi, Chen Dixiang, Magnetic

interferential field compensation in geomagnetic
measurement, 7Transactions of the Institute of

248

[4].

[12].

[15].

[16].

[17].

. David Hestenes,

. W.-C. Lin, C.-X. Dai,

Measurement and Control, Vol. 36, Issue 2, 2014,
pp. 244-251.

Xie Mu-Jun, Li Li-Ting, Wang Zhi-Qian, Study and
application of variable period sampling in strap-down
north seeking system, Energy Procedia, Vol. 16,
Part C, 2012, pp. 2081-2086.

Lijun Zhang, Huabo Yang, Shifeng Zhang, Hong Cai,
Shan Qian, Strapdown stellar-inertial guidance
system for launch vehicle, Aerospace Science and
Technology, Vol. 33, 2014, pp. 122-134.

H. Zhang, W. Zheng, J. Wu, G. Tang, Investigation
on single-star stellar-inertial guidance principle using
equivalent formation compression theory, Science in
China, Series E: Technological Sciences, Vol. 52,
No. 10, 2009, pp. 2924-2929.

N. Barbalios, P. Tzionas, A robust approach for
multi-agent natural resource allocation based on
stochastic optimization algorithms, Applied Soft
Computing, Vol. 18, May 2014, pp. 12-24.

Claudia Comi, Alberto Corigliano, Aldo Ghisi, Sarah
Zerbini, A resonant micro accelerometer based on
electrostatic stiffness variation, Mechanica, Vol. 48,
2013, pp. 1893-1900.

Guofu Sun, Qitai Gu, Accelerometer based north
finding system, in Proceedings of the IEEE Position
Location and Navigation Symposium, San Diego,
CA, 13-16 March 2000, pp. 399-403.
Gaspard-Gustave de Coriolis, Sur les équations du
mouvement relatif des systémes de corps, Journal de
I’Ecole Polytechnique, cahier, XV, cahier XXIV,
1835, pp. 142-154.

New foundations for classical
mechanics, Kluwer Academic Publishers, The
Netherlands, 1990, pp. 312.

D.-L. Deng, K-S. Ou,
Performance evaluation of drift-free integration for
navigation and velocity feedback applications,
Journal of the Chinese Institute of Engineers,
Vol. 35, Issue 6, 2012, pp. 767-778.

S. A. Neild, P. D. McFadden, M. S. Williams, A
review of time-frequency methods for structural
vibration analysis, Engineering Structures, Vol. 25,
Issue (6), 2003, pp. 713-728.

. Pavle Boskoski, Pani Juri¢i¢, Fault detection of

mechanical drives under variable operating
conditions based on wavelet packet Rényi entropy
signatures, Mechanical ~ Systems and  Signal

Processing, Vol. 31, August 2012, pp. 369-381.

. Kexin Xing, Peipei Yang, Jian Huang, Yongji Wang,

Quanmin Zhu, A real-time EMG pattern recognition
method for virtual myoelectric hand control,
Neurocomputing, Vol. 136, 2014, pp. 345-355.

Tian He, Denghong Xiao, Qiang Pan, Analysis on
accuracy improvement of rotor-stator rubbing
localization based on acoustic emission beamforming
method, Ultrasonics, Vol. 54, Issue 1, January 2014,
pp. 318-329.

Pengfei Li, Yongying Jiang, Jiawei Xiang,
Experimental investigation for fault diagnosis based
on a hybrid approach using wavelet packet and
support vector classification, The Scientific World
Journal, Vol. 2014, 2014, Article ID 145807,
pp. 1-10.

Rugiang Yan, Robert X. Gao, Xuefeng Chen,
Wavelets for fault diagnosis of rotary machines: A
review with applications, Signal Processing, Vol. 96,
2014, pp. 1-15.

. R. R. Coifman, M. V. Wickerhauser, Entropy-based

algorithms for best basis selection, [EEE



Sensors & Transducers, Vol. 175, Issue 7, July 2014, pp. 244-249

Transactions on Information Theory, Vol. 38,
Issue 2, 1992, pp. 713-718.
[19]. G. F. Bin, J. J. Gao, X. J. Li, B. S. Dhillon, Early

fault diagnosis of rotating machinery based on

wavelet packets — Empirical mode decomposition
feature extraction and neural network, Mechanical
Systems and Signal Processing, Vol. 27, 2012, pp.
696-711.

2014 Copyright ©, International Frequency Sensor Association (IFSA) Publishing, S. L. All rights reserved.

(http://www.sensorsportal.com)

IEEE SENSORS 2014

Valenc.ia 'C

ference Centre ® Valencia, Spain ® November 2-5, 2014

CALL FOR PAPERS

IEEE SENSORS 2014 is intended to provide a forum for research
scientists, engineers, and practitioners throughout the world to
present their latest research findings, ideas, and applications in the
area of sensors and sensing technology. [EEE SENSORS 2014 will
include keynote addresses and invited presentations by eminent
scientists. The Conference solicits original state-of-the-art
contributions as well as review papers.

Topics of interest include but are not limited to:

Phenomena, Modeling, and Evaluation
Chemical and Gas Sensors

Biosensors

Optical Sensors

Mechanical and Physical Sensors
Sensor/Actuator Systems

Sensor Networks

Other Sensor Topics
- Materials, processes, circuits, signals and interfaces, etc.

Publication Plans

Presented papers will be included in the Proceedings of IEEE
SENSORS 2014 and in IEEE Xplore. Authors may submit extended
versions of their paper to the IEEE Sensors Journal.

Exhibition & Partnership Opportunities

The Conference exhibit area will provide your company or organiza-
tion with the opportunity to inform and display your latest products,
services, equipment, books, journals, and publications to attendees
from around the world.

For further information, contact:

Lauren Pasquarelli

Conference Catalysts, LLC

Phone: +1 352 872 5544
laurenp@conferencecatalysts.com

Conference Officials

General Co-Chairs
Candid Reig - University of Valencia, Spain

Lina Sarro - TUDelft, The Netherlands

Technical Program Chair
Ignacio R. Matias - Public University of Navarra, Spain

Tutorial Chair
Arnaldo D'Amico - URome, Italy

Special Sessions Chair
Alexander Fish - Bar-llan University, Israel

Publicity Chair
Edward Grant - North Carolina State University, USA

Liason with Industry and Administration Chair
Javier Calpe - Analog Devices, Spain

Local Chair
Jaime Lloret - Polytechnic University of Valencia, Spain

Treasurer
Mike McShane - Texas A&M University, USA

Important Dates

Special Session Proposal deadline: March 28, 2014

Tutorial Proposal Submission Deadline: March 28, 2014

Abstract Submission Deadline: April 11,2014

Author Notification: June 20,2014

Final Full Paper Submission (4 Pages): July 25, 2014

Presenting Author and Early-Bird Registration Deadline: July 25, 2014

All submissions shall be checked by means of CrossCheck to prevent plagiarism.

Conference web site: ieeesensors2014.org

249


http://ieeesensors2014.org

