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Abstract

This paper describes a prototype of an inertial navigation
system for use in mobile land vehicles, such as cars or maobile
robots. The complete system is composed by sensors, their
mechanical mount and cabling, these connect to a PC card with
local processing and memory, based on a Intel 80C196KC micro-
controller.

The sensors used were a piezoelectric vibrating gyroscope, two
silicon accelerometers, two clinometers and also a magnetic flux-
gate compass acting as an independent source for drift
compensation. The working principle of the various sensors are
presented.

The experimental setup used for testing is based on a robot arm
controlled in real time to move the sensors along a known
trajectory (velocity control).

1. Introduction

From inertial measurements we can determine an estimate for
linear accelerations and angular velocities. By integrating these
guantities we determine the velocity vector and the body attitude.
Position can be calculated by integration of the velocity vector.
Inertial navigation is thus based on the dead-reckoning principle.

Inertial navigation systems have been widely used in aerospace
applications but are only now being seriously exploited in robotics
applications where they have considerable potential. Recent
development in solid-state accelerometers and gyrometers has
lead to some new low-price sensors. These sensors, though not
suitable for high performance inertial systems, can provide a
reasonable system suitable for some applications. Unlike the
typically high-cost systems developed for aerospace, these new
systems are much more price-competetive and thus suitable for a
wider range of applications. The needs of the automotive industry
has made these systems increasingly commercially available. They
lack the high accuracy of their aerospace counterparts, but by
appropriate modelling of the system they can provide useful
positioning information for many applications.

A theoretical system using three accelerometers and three
gyroscopes was presented in [1]. Methods of extracting the
motion and orientation of the system from inertial information are

derived theoretically but not directly implemented in a real
system. In [2] a vibrating beam gyroscope was used for short
range orientation estimation for outdoor vehicles, enabling wider
spacing of navigation beacons. In [3] an optical fiber gyroscope
was used for position estimation, by combining the gyro data with
the wheel encoders data. In [4] a calibration method is proposed
for gyrometers, based on the use of a redundant one.

In this work we developed a prototype of an inertial navigation
system for use in mobile land vehicles, such as cars or mobile
robots. We hope to take advantage of the vehicles limited
movements to build a simplified inertial system. Unlike some
systems that rely on outdoor environments to obtain additional
information, like GPS NavSat [5], or on a knowledge of the
vehicle's moving space [6], we intend to build a system that is
capable of working either indoors or outdoors in an unstructured
environment. We assume however that g is a constant uniform 3-
D vector field.

The following sections describe the proposed system, the
sensors used and their working principle, how the system was put
together and the experimental setup used to test it.

2. Proposed Inertial Navigation System

The complete system is composed of the sensors, their
mechanical mount and cabling, the data acquisition hardware and
the controlling software.

2.1. TheHardware

The sensors used were a piezoelectric vibrating gyroscope, two
silicon accelerometers, two clinometers and also a magnetic flux-
gate compass acting as an independent source for drift
compensation.

2.1.1. Gyrometer

In order to keep track of rotation on the z-axis a Gyrostar ENV-
011D, built by Murata, was used. The device is a sensor for
angular velocity. Therefore the orientation must be calculated by
integration of the angular velocity over time. The device's output



is a voltage proportional to the angular velocity and relative to a
reference.

The principle of the sensor is outlined in Fig. 1. Inside the
device there is an equilateral triangle prism made from elastic
invariable metal, which is fixed at two points. Three piezoelectric
ceramic elements are attached to the faces of prism, one on each
side. The prism is forced to vibrate at about 7 kHz by one of the
piezoel ectric elements, whilst the other two are used for detection.
When there is no rotation they detect equally large signals. When
the prism is turned it gets twisted, so the detectors receive
different signals. The difference between the signals is processed
by the internal analog circuits to provide an output voltage
proportional to the angular velocity [7].
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Fig.1. Block diagram of the piezoelectric vibrating
gyroscope.

The Gyrostar ENV-011D has a high precision compared to
other vibration gyroscopes. It is linear to within +0.5% of
maximum angular velocity. Has an angular velocity range of £90
deg/sec and no hysteresis. The output DC voltage is proportional
to angular rate by a 22.2+0.65 mV/deg/sec scale factor and
ranges from 0.5 V to 4.5 V. Simpler models of the gyroscope built
by Murata are known to have self-heating problems that cause
offset drift [4]. Tests carried out with the ENV-011D showed it
wasn't significantly affected by this problem. The drift is only
noticeable when integrated over long periods of time. To
overcome this problem, external references have to be used, such
as the fluxgate compass included in our system and described in
following section.

2.1.2. Accelerometers

Two piezoresistive accelerometers were used to measure
accelerations along the x and y axis. The device used, 3145-002
model from ICSensors, is a double cantilever silicon
accelerometer. The full scale output is £2 volts about a 2.5 volt
offset. The sensors used had a range of +2g.

Silicon sensor development has enabled the batch-fabrication of
this integrated accel erometer. It incorporates amplification, signal
conditioning, temperature compensation and internal voltage
regulation, al in a small package. Piezoresistors are diffused onto
the flexures of the bridge supporting the sensing mass. The
resultant electrical structure is a Wheatstone bridge where two

resistors increase with downward acceleration and two decrease
with the same force. This provides a true DC response, unlike the
piezoelectric accel erometers that only have AC response. The full
bridge design substantially reduces off-axis sensitivity. Since
sideways accelerations cause symmetric disturbances on each side
of the double cantilever structure, their effect is cancelled out,
provided the piezoresistors are well matched. A typical frequency
response of the sensor is shown in Fig. 2.
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Fig.2. Accelerometer frequency response
(from 1CSensors calibration data).

As can be seen from the frequency response, the sensors used
were dightly under-damped. When designing the acquisition
filters this was taken into account, so as to avoid output saturation
and distortion.

2.1.3. Clinometers

To measure tilt about the x and y axis two AccuStar electronic
clinometers, built by Lucas Sensing Systems, were used. The
device has alinear range of +45 deg. Cross-axisinclinations up to
45 deg introduce an error of less than 1%. The concept of the
sensor is based on a dielectric fluid with an air bubble inside a
capacitive sensor. When you tilt the sensor, the bubble, moving
under the force of gravity, changes the capacitance of the sensor
elements. The resulting differential generates an output signal
which reflects the relative tilt in the sensing axis as shown in Fig.
3.

The clinometers have a delayed response with a time constant of
0.3 seconds. This is not a problem if taken into account in the
calculations. Care should also be taken when accelerations other
than gravity are present, since thetilt will be measured relative to
the resultant vector. In our system we
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Fig.3. Block diagram of the capacitive clinometer.



assume that, from time to time, we know that the vehicleis at rest,
and can therefore keep track of the vertical.

2.1.4. The Fluxgate Compass

The compass used is a C100 model from KVH Industries. The
fluxgate sensor element is a saturable ring core, free floating in an
inert fluid within a cylindrical lexan housing. The purpose of the
floating ring core is to keep the sensing element horizontal with
respect to the earth. Hard mounted cores experience significant
errors when not perfectly horizontal (often more than three
degrees of error for each degree of tilt). The lexan housing is
surrounded by windings which electrically drive the coil into
saturation [8].

Fig.4. Flux-gate sensor element.

Pulses, whose amplitude is proportional to the sensed horizontal
component of the earth's magnetic filed, are detected by two
secondary windings that are at right angles, as can be seen in Fig.
4. These provide data on the x and y horizontal components of the
earth's magnetic field. These signals are converted to a DC level,
digitized and then sent to a microprocessor that calculates the
azimuth angle as

@ =tan” }(-X) &
Vy
See [8] for more details.

The C100 compass can compensate only for moderate magnetic
interferences. It is convenient to keep a distance of at least 12
inches [9] from iron, steel, magnets, motors, and other magnetic
material. As this was incompatible with our application, especially
the Pumab60 used in experimental setup, a magnetic house shield
was built. The material, the shape and the dimensions of the shield
had to be studied. As the compass was cylindrical, that was the
chosen geometry for the shield. A large sphere would be
theoretically ideal, but the cylinder proved to be a good solution.

We wanted a material that had a good shield effectiveness for
all magnetic interferences, but permeable to the earth magnetic
field. The fact that the lower frequencies are harder to shield
means that, in the end, the earth field gets through the shield.
Several shielding effectiveness tables were consulted [10] [11].
These analysed the performance of various materiads with
different frequencies and source locations. Steel was found to be
the more appropriate material since it has a good behaviour over a
wide range of frequencies. From the different steels we selected
SAE 1045 (AISI standard), or CK45 (DIN standard), for its
excellent properties (1, = 1000 and o, = 0.1), for its availability
and low cost.

The dimensions of the shielding material had to be smal
enough so as not to make the piece bulky and heavy, but big
enough to provide reasonable shielding. The effectiveness of the
shield is determined by tree factors, the absorption loss A, the

reflection loss R and the thin shield correction parameter B (for
multiple reflection of magnetic fields). Being t the thickness of the
shielding material and f the magnetic field frequency we have S
=A+R+B,ie

2
S= [3,34 x 25,4tm] + {14.6 + 10Iog(]c 9
U

2)

For low frequencies, where the shield effectivenessis lower, the
correction parameter B and the reflection loss of the selected steel
are negligible, making the shield effectiveness determined only
by the absorption loss. This is directly proportional to the
thickness of the selected material, and consequently to its skin
depth §, given by

)}B [dB] (

r

— 66,04
o= D [mm] (©)
For t = 55 the magnetic field reduces to

e/ |BJ=0,67%|B|. So for a 6 mm thick steel and an
outside magnetic field of say 30Hz, the magnetic interference
inside the shield is 149 times lower. The cylinder apertures
drastically reduce the shield effectiveness. To avoid this the
cylinder tops have an L cross-section at the point of contact, and
the passage aperture for the compass wires follows the same
criteria.

The built shield was a 80mm high hollow cylinder with 6mm
walls and 40mm radius. The compass was placed inside, in a way
that the geometric centres of the two components matched.

The shield performed well in the carried out tests. The pointed
north by the fluxgate compass changes, as we expected, because
the shield is made of a ferromagnetic material that causes a
constant interference in the compass, but the azimuths in respect
to the new north are well computed. The tests also showed that the
magnetic interference of the surrounding environment had
reduced much, even for very small distances. So, we could have
more confidence in the values obtained by the fluxgate compass.

The C100 compass has its own electronics controller board.
Several output modes are available. A serial port is also present to
perform compass configuration. The RS-232 port can also provide
heading information.

For monitoring angular motion along the z axis the system
aready has a gyroscope. But since the gyro readings are prone to
drift, the compass is called upon periodically to correct the drift.
The analog and digital direct outputs provided by the compass are
faster, but for our application, the serial port did just fine.

2.1.5. Getting all sensorstogether

The sensors had to be assembled so as to be properly aligned
relative to each other and easily attached to the vehicle, or in the
case of the test apparatus, the PumaS60 robot arm. They were
therefore mounted inside a cube with a suitable geometry for
extracting the relevant data as can be seen in Fig. 5. It is made of
8mm thick acrylic, having 120 mm inner side. The acrylic
material was light enough to be attached to the end of the
Puma560 robot arm, and rigid enough for holding the sensors at
appropriate locations.
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Fig.5. Flattened layout of the cube.

Since the sensors sensing point couldn't all coincide, they had to
be placed at convenient locations. The gyroscope, provided it is
correctly aligned with the z-body-axis, will aways measure the
correct angular speed. But the accelerometers, being away from
the center of the cube, will be subject to centrifugal acceleration.
This can be compensated for, provided the sensor is correctly
aligned and the distance to the center is known.

The cube provided a modular and compact way of protecting
the sensors, as well as housing al the connecting cables, while at
the same time placing the sensors along the desired axis. The
fluxgate compass was placed inside it's magnetic shielding
cylinder and attached to the bottom of the cube, as can be seenin
Fig. 8. The compass el ectronics board was placed inside the cube.
The cube is connected by a multicore cable to the controller
pcboard and by a RS-232 cable to the personal computer serial
port.

2.1.6. The processing hardware

To handle the data acquisition, and aso enable some
processing, a micro-controller based card was built. The card is
designed to work in a personal computer and has an EISA bus
interface. The 16-bit 80C196KC micro-controller was chosen,
since it provided the necessary control functions as well as
reasonably fast data processing to implement the algorithms. The
board provides power to the sensors and acquires the relevant
data, with appropriate filtering and sampling. Figure 6 shows its
architecture.
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Fig.6. Architecture of the controller pcboard.

The sensors output are aready in a convenient format, needing
only anti-aliasing analog filters. An external A/D converter was
used, enabling faster and higher precision sampling than the
80C196KC internal A/D, which was left for measuring less
demanding signals.

The micro-controllers address space is only 64KB, in order to
expand it, a windowing scheme was used. The EPROM stores the
onboard software. To communicate with the PC two FIFOs were
used. This alowed the onboard processing to continue without
having to wait for the personal computer. In development stages
the software can be downloaded from the personal computer to
the onboard memory, using the EPROM to store only a simple
monitoring program.

Although not part of the current system, an encoder interface
was included in the design. This was done to extend the range of
applications were the board could be used.

The fluxgate compass has its own electronics board with a
RS-232 port that directly connects to the PC, as shown in Fig. 7.
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Fig.7. Layout of the system.

2.2 Positioning Algorithms

The system is till under development, and the first algorithm
tried out is a simple solution for 2D navigation. A preliminary
calibration is done by placing the cube at a levelled plane. The
sensors  offsets are then measured, providing a zero-point
reference for future readings.

Initially the cubeis at rest and the clinometers give the direction
of Jrelaive to the body. With ay and ay being the sensed
angles by the x and y-axis clinometers, we have



sin0/y
= -sina, 4
2 e
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given in abody frame of reference.

Provided that all future movements, until the next system reset,
are done along a 2D plane, we can estimate the body's position
with the data given by the accel erometers and the gyroscope.

The accelerometer will pick up some centrifugal acceleration
due to the rotation ¢ about the body z-axis. This can be
compensated for, since & and the radius r are known. This
combination is given by

By = Bnee t ro’ (5)

for both x and y-axis accelerometers.
To keep track of the rotation around the z-axis, the angular
velocity v sensed by the gyroscope must be integrated. Defining

92 as the current z-axis angle relative to the original orientation
we have

i
6, = jo w, dt ©6)

Our current system only deals with rotations about the body z
axis. Theinitia direction of gisknown from (4). To keep track of

it, we must update it to the rotated body frame of reference.
Assuming arotation angle &, ,

_ |cosfd, -sing, O sina,
%: sing, cosd, O -sina, )
lal 0 0 1 —\/1—sin2aX -sin’a,

The acceleration experienced by the body will be the sum of
gravity with the true accelerations, i.e.

étrue = ésen%d _g (8)
As long as no x or y-axis rotations occur (limited to a 2D
plane), we can separate the two, since the direction of § isknown

from (7) and ||Q|| is constant (g = ||Q|| [09.81m/s%) . The true
body accelerations are then given by

=a, . -g(s na,cosd, +sina, s nBZ)

Vow = By -g(si na,sing, -sina, cos@z)
a, =0 (assumed) 9

true

To convert to the navigation frame, defined by the body's initial
attitude and position (last reset), we need to rotate the true

acceleration vector by —6, .

cos(-8,) -sin(-8,) 0 a, .
8, =|sn(-6,) cos-6,) O|a, (10)
0 0 1 O

To obtain body position we only need to integrate (10).
Assuming initial rest conditions,

R = [ [} Bl
with a,, =[0 0 0 ad v, =[0 0 0. (11)

We will therefore have the final position and attitude of the
body given by

%o = (X, y) ad 8, (12)

relative to initial position.
For movements along planes close to the level plane, the
fluxgate compass can be used to compensate the accumulated drift

in @, .When the difference between the two estimates exceeds a

preset value, the compass reading is taken as the correct one. But
if the compass reading shows an abrupt change, we keep the value
given by the gyroscope integration, since the fluxgate can be
affected by bumpy accelerations. An absolute reset on the
accumulated drift error is therefore provided.

2.3 Experimental Setup

The cube was attached to the end of a Puma560 robot arm (see.
Fig. 8), enabling the movement of the sensors along a known
trajectory (velocity control).

A software package was made to provide a set of tools for
development and testing of the inertial navigation system. The
software (INERworkbench) processes data off-line, that is, the
trajectory control and data acquisition is done in real time but the
algorithms are tested off-line, using the known trajectory to
evaluate their accuracy. The INERworkbench allows the
generation of composed trajectories, specifying the parameters for
each path section, and their triggering and control in real time.

Fig.8. Experimental setup.

The Puma560 control was done using the real-time alter mode
[12]. A pcboard performs low level communication protocol with



the puma controller. A RS-232/RS-422 interface interconnects the
two.

The acquired data can be viewed, stored and retrieved, and
algorithms tested by adding modules to the INERworkbench
written in the ».m matlab format.

3. Conclusions

The article presented an inertial system for land vehicles. The
sensors, their mechanical mount and the processing pcboard were
described. The characteristics and the functionality of each sensor
were analyzed. Particular emphasis was given to the design of a
magnetic shield for the fluxgate compass.

The algorithm, under testing, was designed for use in vehicles
moving in a 2D plane. This kind of navigation is well adapted for
mobile platforms.

Future improvements are planned for the system, such as the
study of its errors and the improvement of the navigation
algorithm using kalman filtering techniques.
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