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Abstract

Nowadays, navigation and guidance is widely applied in many different fields. The high accuracy is very
important and nccessary in most of applications, but it somctimes nceds to have a balance between cost and
performance of navigation system. Hence, there are many new algorithms, new integrated methods are
proposed to integrate or embed into low-cost INS/GPS integration systems to enhance accuracy, to reduce size
and have an acceptable cost. In the recent study of our group, we have succeeded in finding out a new
algorithm named Street Return Algorithm and embedding into a low-cost INS/GPS integration system.
Howevecr, that rescarch only obtains high accuracy when crrors determined by INS arc traverse of roads but in
remanent cases the accuracy could not be determined. In this paper, we have theoretically proposed to use a
compass sensor and a corresponding algorithm with this kind of sensor in order to overcome that limitation.

Keywords: MicroElectroMechanical Systems (MEMS), Global Positioning System (GPS), Inertial
Navigation System (INS), Street Return Algorithm (SRA), Compass Sensor.

1. Introduction

GPS is popularly applied in navigation and
guidance.  However, this system  works
ineffectively during signal blockage or outage.
Wherefore, GPS is often used to combine with
INS to form INS/GPS integration system.
Advantage of this integration system is to provide
continuously navigation information even when
GPS signal is lost. To have high accuracy, we have
to use high-cost INS/GPS integration system.
Expensive spending is serious problem in many
applications. So, low-cost INS/GPS intcgration
system is quite widely used, nowadays. However,
this system has limitation about accuracy when
GPS signal is lost. To overcome this problem we
consider below solutions.

In fact, navigation performance of low-cost
INS/GPS integration system degrades rapidly
when GPS outage, so there were some approaches
that use Kalman filter to aid for this system.
Kalman filter could improve above one by
predicting navigation crror. But, the prediction
error of Kalman filter has particular limitation.
Some new approaches have been proposed to
reduce the INS use only errors and they are
divided into: special error prediction techniques
and the use of auxiliary sensors. Neural networks,
adaptive neuron-fuzzy model, and fuzzy logic
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expert system have been proposed to estimate,
predict INS drift errors and have shown their
effectiveness on positional error reduction ([1],
[2], [3])- During training or learning process, the
neuron-fuzzy modeling or fuzzy reasoning
approaches is basically to predict positional crrors
based on an input and output pattern memorized.
In order to sustain good performance of the
neuron-fuzzy prediction, the training data need to
cover whole of the input and output data ranges
and the ncuron-fuzzy modecl should be retrained in
real-time to deal with minor changes in the
operating environmental conditions [4].

Beside above list approaches, other ones available
to reduce INS error drift are based on the
constraints of movement of objects. For cxamplc,
in [5] and [6], Zero velocity updates (ZUPTs) are
the most commonly used techniques to provide
effective INS error control when the stationary of
a vehicle is available. In addition, [7], [8] used
complementary motion detection characteristics of
accelerometers and gyroscopes to maintain the tilt
estimation limitation. The main purpose is to use
the accelerometer-derived tilt angle for the attitude
update while vehicle is static or moving linearly at
a constant speed. Among these methods, however,
only ZUPTs can provide direct error control of the
forward vclocity of the vehicle but they arc not
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frequently available sometimes. For low-cost
MEMS IMU with large instrument errors, the
control of INS crror using thesec mcthods is
insufficient for longer periods of GPS outage.

Odometers and magnctic compasscs arc auxiliary
sensors which have also been used to limit INS
error drift. Odometers can provide absolute
information about vclocity but they arc quite
difficult to link and combine other sensors [9]. As
the advances in electronic and manufacture
techniques, small-size and low-cost clectronic
compasses are available to aid INS by providing
absolute heading information ([10], [11]).

In spite of having a lot of different proposed
mcthods, algorithms and schemes arc used to
improve accuracy of navigation and guidance
systems including above presented solutions but
there are no solutions which can achicve absolute
accuracy.

In previous study of our group [12], we have
proposed an algorithm named “Street Return
Algorithm” in order to performance improve a
low-cost INS/GPS. When low-cost INS calculates
coordinate of land vehicle inaccurately in GPS
denied environment, then SRA will find out the
most suitable coordinate to replace that inaccurate
one. The results show that the output deviation of
this SRA system is about = 1 meter in the
transverse direction while the best GPS error of
about +5 meters. However, that system has
disadvantage as when land vchicle runs at an
unusual speed or changes direction continuously
or when the land vehicle runs on the areas of
complicated roads simultaneously the wrong
coordinates found out by INS are the special ones,
it is very difficult for Street Return algorithm to
determine which line segment in which vehicle is
running and then the nearest coordinate is very
difficult to determine.

So, in this paper we theoretically devote a new
proposed scheme which combines a low-cost
INS/GPS integration system with the Street Return
Algorithm, and a compass sensor and its
corresponding algorithm. This scheme can
overcome the above listed limitations.

The paper is organized as following: Section 2
present the fundamental principles of INS, GPS,
and the INS/GPS integration. The solutions in
cases of GPS outage are presented in Section 3
including the vehicle motion constraints, Kalman
prediction, SRA, compass sensor, and our
combined system. Simulation and results arc
mentioned in Section 4 and conclusion is given in
Section 5.

2. Fundamental principles
2.1 Inertial Navigation System INS

INS is a system that uses a self-contained
navigation technique. An INS usually refers to a
combination an IMU with an onboard computer
that can provide navigation solutions in the chosen
navigation frame directly in real-time and
compensated raw measurements.

Hecre, an IMU includcs three gyroscopes and three
accelerometers.  Three  gyroscopes  provide
measurements of vehicle turn rates about three
separate axes, while three accelerometers provide
the components of acceleration which the vehicle
expericnces along these axcs. For convenience and
accuracy, the three axes are usually conventional
to be mutually perpendicular.

In many applications, the axis set defined by the
sensitive axes of the inertial sensors is made
coincident with the axcs of the vchicle, or body, in
which the sensors are mounted, usually referred to
as the body axis set. The measurements provided
by the gyroscopes are used to determine the
attitude and heading of the body with respect to
the reference frame in which it is required to
navigate. Thereafter, the attitude and heading
information is utilized to resolve the accelerometer
mcasurcments  into thce reference frame. The
resolved accelerations can then be integrated twice
to obtain velocity and position in the reference
frame. Gyroscopes provide measurements of
changes in attitude of vehicle or its turn rate with
respect to inertial space. Accelerometers, however
may not separate the total acceleration of the
vehicle, the acceleration with respect to inertial
space, from that caused by the presence of a
gravitational field. In fact, these sensors provide
measurements of the difference between the true
acceleration in space and the acceleration due to

gravity [13].

2.2 Global Positioning System GPS

The Global Positioning System (GPS) is a
satellite-based navigation system made up of a
network of 24 satellites. GPS satellites circle the
carth twicc a day in a very precisc orbit and
transmit signal information to earth. GPS receivers
take this information and use triangulation to
calculatc the uscr's cxact location. Esscntially, the
GPS receiver compares the time a signal was
transmitted by a satellite with the time it was
received. The time difference tells that the GPS
receiver how far away the satellite is. Now, with
distancc mcasurements from a few morc satcellites,
the receiver can determine the user's position and
display it on the unit's electronic map. A GPS
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receiver must be locked on to the signal of at least
three satellites to calculate a two directions
position (latitudc and longitude) and track
movement. With four or more satellites in view,
the receiver can determine the user's three
dircctions  position (latitude, longitudc and
altitude). Once the wuser's position has been
determined, the GPS unit can calculate other
information, such as spccd, track, trip distance,
distance to destination, etc.

2.3 INS/GPS

With the advantages and disadvantages of INS and
GPS, they can be combined together to create
INS/GPS intcgration system. This intcgration
system can improve positioning performance
because it could bring into play advantages of
individual system as GPS permits to correct
inertial instrument biases and the INS can be used
to improve the tracking and rc-acquisition
performance of the GPS receiver. In addition,
INS/GPS integration system may use two error
calibration techniques: the feed forward (or open
loop) method and the feedback (or closed loop)
method as shown in Fig. 1 [14].

": Feedback aiding :
INS Feed forward aiding :
i
Navigation |
Processor
GPS/INS
GPS Data

Tig. 1 Two error correction lechniques in
INS/GPS integration system.

There are two basic integration methods: Loosely
coupled and tightly coupled. However, in this
paper we use the first integration method (see Fig.
2) [15].

TR PV, A
Navigation
—>
Processor
GPS receiver
Measurement || Navigation
Processor Processor | | Pype, Vs

Fig. 2 Loosely coupled GPS/INS integration
systen.
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In this intcgration systcm, a navigation proccssor
inside the GPS receiver calculates position (Pgps)
and velocity (Vgps) using GPS obscrvables only.
An external navigation filter computes position
(Pyns), velocity (Vins) and attitude (A;yg) from the
raw inertial scnsor measurcments and uscs the
GPS position and velocity to correct INS errors.
An advantage of a loosely coupled system is that
thc GPS rccciver can be treated as a black box.
The blended navigation filter will be simpler if
using GPS pre-processed position and velocity
measurements. However, if there is a GPS outage,
the GPS stops providing processed measurements
and thc incrtial scnsor calibration from the
GPS/INS filter stops as well.

3. Methods for GPS outage scenarios
3.1 Vehicle motion constraints

Within the framework of this study, the proposed
integration system needs to have some constraints
to minimize INS error accumulation. Firstly, the
moving trajectory of land vehicle is fixed roads,
because the street return algorithm is only applied
to kind of thosc roads. The ncxt constraints arc
velocity ones, these mean the vehicle does not slip
and jump of the ground. Then, velocities in
dircctions of axcs X, 7 in body framc (B) arc zcro:

Vi @)=0
VZB (t)=0

If eq. 1 is transformed to navigation frame, we
have:

M

Vy Ve
V. |=C) |V )
v, vy

The final constraint is height onc. The core reason
forms this constraint as the height does not change
much in land vehicular situation, especially in
short time periods. It not only improves the height
solution, but also the overall horizontal solution
accuracy during GPS signal is lost. However, a
realistic measurement uncertainty value must be
chosen for these measurements, because any errors
in the height solution will ultimately skew the
horizontal solution.

3.2 Kalman prediction

If the GPS signal is available, the state vector can
be updated and corrected as following:

X, = Ax,_,
%, =x, +K(z, — Hx,)

Where x; and x.; are the state vector at the time
indexes k and k-I; z; is the measurement vector

3)
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from GPS at the time index k; A4 and H the
transition and measurement matrices; and K is
Kalman gain.

However, when GPS signal is lost at the time
index £, the statc vector can be calculated as:

X = Ax,
)%Ir, =X + K(Za - ka)

Where -, is the nearest measurement vector when
GPS is still available.

In the case k>>a, the state vector can only
calculated by using the transition matrix.

*)

3.3 Street Return Algorithm

The work [12] has proposed an efficient algorithm
called Street Return Algorithm (SRA) in order to
reduce the position errors when GPS signal is lost.
In that study, we assumed that the land vehicle
only runs on certain roads whose location
information is stored in the digital map database.
To use digital map in order to select some joints
on trajectory of proposed roads. These joints were
always on the middle of the lane of moving
vehicle. After that, line segments are created from
these joints (see Fig. 3).

»
e

Long-Y

Joints

Line segments

»

Lat-X
Fig. 3 Determination of joints, line segments and
the nearest coordinate.

To suppose that the land vehicle is moving on line
segment KL. The core task of Street Return
Algorithm is to find out the nearest coordinate (the
most suitable coordinate) B(xg, yx) to replace the
incorrect coordinate .4(xz yr) determined by INS
when GPS outage as shown in Fig. 3. With a view
to determining the nearest coordinate of A(xz ye),
firstly a line drawn past K and L. This line has
equation:

X—Xg = Vi

K — .) .}A (5)
[T S S R e
Then, a line drawn perpendicular to KL. and past A
(sce ¢q.6)

(x—x,)+ L2 (y—y,)=0 (6)

X, =Xy

X

The ncarcst coordinatc B(xr, yr) arc the root of
equation system including (5) and (6).

3.4 Compass sensor

Nowadays, most of navigation systems use some
types of compass to determine heading direction.
Using the earth’s magnetic field, electronic
compasses based on magneto resistive (MR)
sensors can electrically resolve better than 0.1
degree rotation.

1l

E

/ I E
cable |(OX > Y| w
s

1.6mm ] \/ ¥

SOmm

Fig. 4 Image of a fluxgate sensor FLC3-70

There are some types of electronic compasses to
choose  from: fluxgate,  magnetoresistive,
magnctoinductive, ctc. A widely used type of
magnetic compass for navigation systems is the
fluxgate sensor. This sensor is combined by a set
of coils around a core and excitation circuitry that
is capable of measuring magnetic fields with less
than 1 milligauss resolution. These sensors provide
a low cost means of magnetic field detection; they
also tend to be bulky, somewhat fragile, and have
a slow responsc time. Somectimes, fluxgate sensors
in motion might have a reading response time
within 2-3 seconds. This reading delay may be
unacceptable when navigating a high speed
vehicle or an unmanned plane. Another type of
magnetic sensor is the magnetoresistive (MR)
sensor. This sensor is made up of thin strips of
perm alloy whose electrical resistance varies with
a change in applied magnetic field. These sensors
have a well-defined axis of sensitivity and are
mass produced as an integrated circuit. Recent MR
sensors show sensitivities below 0.1 milligauss,
comc in small solid statc packages, and have a
response time less than 1 microsecond. These MR
sensors allow reliable magnetic readings in
moving vchicles at rates up to 1,000 times a
second [16].

In this study, we theorctically devote a Fluxgate
sensor FLC3-70 with a view to improving the
performance of the built-in street return algorithm
INS/GPS integration system in the previous study

Ma bai: 59



284

in our group. Image of fluxgate sensor FLLC3-70 is
shown in Fig. 4. The magnetic field sensor FLC3-
70 is a triaxial miniaturc fluxgatc magnctometer
for the measurement of weak magnetic fields up to
200 uT. The FLC3-70 is a complete three axis
fluxgate magnctometer. Tt has three analog output
voltages that are proportional to the three
components X, Y and Z of the magnetic field. The
FLC3-70 scnsor can bc opcrated at tcmpcraturcs
up to 125° C [17].

3.5 Combination configuration

A ) ) Digital map database
If GPS signal is + Determine joints.
available? + Draw line segments

\'g N

h 4 h 4

Street Return Algorithm
Compass sensor

F 3

h 4

> INS/GPS integrated system ]

v

[ Navigation Parameters ]

Fig. 5 Scheme of the proposed integration system

In this study, hardware configuration includes a
computer, a GPS recciver, an IMU named the
MICRO-ISU  BP3010  consisting of three
ADXRS300 gyros and three heat compensated
ADXL210E accelerometers, and the magnetic
field sensor FLC3-70. These components are
connected together and data process is
implemented inside computer (as shown in Fig. 5).

To compare the scheme used in the previous study
[12] to this scheme, the Street Return Algorithm
block is replaced by Street Return Algorithm and
Compass Sensor (SRA-CS) block. The working
principle of this scheme as following: if GPS
signal is available, navigation parameters from
GPS (Pgps, Virs) are put into INS/GPS integrated
system block. Tn casc of GPS outage, INS
calculates and provides positioning information
(Pvs) to SRA-CS block. This block will combine
positioning information with data from digital map
database block to find out the most suitable
coordinatc (thc most suitable position) to replace
Pps (if Pps 1s not correct). Heading direction
provided by compass sensor is always compared
with the dircction of line segment via the moving
direction of vehicle and its corresponding
algorithm. From that, to be able to determine

VCM2012

Nguyen Van Thang, Chu Duc Trinh, Tran Duc Tan

which line segment in which the vehicle is
running, Then SRA will find out the most suitable
coordinatc (scc cxplanations in term 3.3). After
that this coordinate is put into INS/GPS integration
system block. Working principle of this bock is
shown in Fig. 1 and Fig. 2. Finally, navigation
parameters are output.

4. Simulation and results

In our experimental data, GPS signal was assumed
to be lost within 100 seconds while the land
vehicle was running on Hoang Quoc Viet Street
(see Fig. 6). In this figure, the continuous line is
crcated by GPS in open-sky condition (idcal GPS
trajectory); the broken line is created by low-cost
INS/GPS integration system without prediction of
Kalman filter. In that casc, the maximum valuc of
the positional drift is up to hundreds of meter.
When we use Kalman prediction (without SRA),
the value of positional drift is about 40 metres (see
Fig. 7). By embedding SRA into above integration
system, cxperimental result is shown in Fig. 7
(continuous line).

GPS outage

GPS
INS/GPS

Fig. 6 Performance of INS/GPS without prediction
mode compared with ideal GPS trajectory.

s

Fig. 7 Output positions of the INS system and the
SRA integrated svstem [12]
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Fig. 8 shows that thc continuous linc (trajectory of
GPS in ideal condition) coincided entirely with the
broken referential line (line segments) created by
57 joints selected from digital map database. The
results show that the output deviation of this SRA
system is about + 1 mcter in the transversc
direction while the best GPS error of about +5

meters.

Fig. 8 Navigation map, line segments based
trajectory, and GPS based trajectory [12]

Long-Y

Lat-X

Fig. 9 The vehicle runs on the areas of
complicated roads

In some particular cases, for example when the
land vchicle runs on the arca of complicated roads
(see Fig. 9); when the vehicle runs at an unusual
speed (see Fig. 10) or when the vehicle changes
direction continuously. The wrong coordinates
simultaneously found out by INS are the special
ones (as shown in three above figures). Thanks to
compass sensor; its corresponding algorithm, and
information about direction of line segments, this
system will determine which line segment in
which vehicle is running via moving direction of
the vehicle. The next step, street return algorithm
will find out the most suitable coordinate to
replace the wrong one.

Long-Y
=
—
f

=
=2

LatX

Fig. 10 The vehicle runs at an unusual speed

Long-Y

Lat-X
Fig. 11 The vehicle changes direction continuously

5. Conclusion

A low-cost INS/GPS integration system using
Street Return Algorithm proposed by our previous
research offered a high correction in vehicle’s
navigation. However, in some special cases, the
system using SRA still provides wrong location
information. In this paper, the proposed system
can resolve this disadvantage easily thanks to a
compass sensor and a corresponding algorithm
based on this sensor. The combined system has
utilized the advantages of all components such as
INS, GPS, compass sensor and these smart
algorithms. In the future work, our group will
implement an cxperimental test to cstimate this
proposed system.
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Abstract

Land vehicle navigation system technology is a fastest growing section of focus for research recently due to
its potential for both consumer and business vehicle markets. Global Positioning System (GPS) is a
conventional choice in such systems. However, GPS alonc is incapable of providing continuous and rcliable
positioning, because of its inherent dependency on external signals. The availability of low cost MEMS inertial
sensors is now making it feasible to use Inertial Navigation System (INS) in conjunction with GPS to fulfill
the demands of such systems. This paper therefore proposes an INS/GPS scheme which uses two Kalman
Filters to filter and cstimatc the navigation paramcters. The simulation bascd on cxperiment data and
performance analysis are also present to show the positioning capability of the GPS/INS integrated systems for
land vehicle navigation system and investigates on methods to improve its performance.

Tém tit

Cong nghé dinh vi cho c4c hé thdng giao thdng dudng bd dang tré thanh chi d¢ phat trién ndng tr ong thoi
gian trd lai ddy phuc vu cho cac muc dich cua ngudi dung cling nhu doanh nghlcp Trong céc hé thong nay
GPS thuong dugc lwa chon, tuy nhién giai phap nay gép nhiéu han ché trong viéc xac dinh vi tri lién tyc va
hi¢u qud, do phai phu thudc vao cac nguon tin hi¢u ngoai. Con c6 1 giai phap khac la ket hop thiét bj GPS
truyén théng véi hé dinh vi quan tinh INS dé ning cao hiéu qua, ddp tmg dugc cdc yéu ciu déi voi he thdng.
Do viy, ndi dung cta bai bdo 1a mdt hé théng tinh hop INS/GPS, sir dung hai bd loc Kalman dé loc va udc
hrong céc tham sb dinh vi. Cac két qua md phong dya trén dir liéu thire nghiém duoc thye hién dé chimg minh
hiéu qua ctia hé théng tich hop GPS/INS va nghién ctru phuong phap ndng cao hidu qua ctia hé thong.

Abbreviated letters GPS  system, dircctly dctermine  absolute
GPS Global positioning system coordinates of an unknown position using
INS Inertial navigation system measurements to fix reference point without taking
IMU Inertial measurement unit into account previous position, thus the error
KF Kalman Filter doesn't increase with time, but related to the
MEMS Micro Elcctro Mcchanical System mcasurcment crrors and the gcometry of the fixed
AHRS Attitude and Heading Reference reference points relative to the user. Since the

System different positioning methods have different error
TOA Time of Arrival characteristics, the intcgrated of two system, such
SINS Strapdown INS as INS/GPS will achieve more accurate and

1. Introduction

For land vehicle navigation, many position and
location method can be used; two of them are dead
reckoning and wireless location. Dead reckoning
technology, include INS navigation system as the
typical example, calculate position through
continuously adding relative position changes to a
known initial position in a navigation frame, thus
the subsequent position always rely on the
previous point's information. As a result, the
position error increases with time. In contrast to
dead reckoning, the wireless technology, include

VCM2012

reliable navigation performance [2-5].

In this paper, we developed an efficient scheme of
an INS/GPS integration system for land vehicles
which meet both the real-time performance due to
compact resource and accurate navigation
parameters. The heart of this system is the two
Kalman filters which work in parallel mode. The
first Kalman filter provides the filtered positions
and filtered velocities. Moreover, several
navigation errors can be estimated using this KF.
The attitude of thc vchicle can be obtained by the
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second KF. This KF works as an Attitude and
Heading Reference System (AHRS).

2. Working principles

2.1 Global Positioning System (GPS)

GPS is a satellite-based navigation system
developed by the United States Department of
Dcfensce to provide accurate position, velocity and
time estimates worldwide under all-weather
condition base on the range from known position
of satcllitcs in space to unknown position on land,
at sea, in air and space [1]. Its consists of 3
segments: the Space Segment consist of 24
satellites distributed in six orbital planes, the
Control Segment monitor the operation of satellite
and maintains system functionalities., and the User
Segment consists of GPS receivers and user
communities.

GPS determines the receiver position based on the
time-of arrival (TOA) principle which relies upon
measuring the propagation time of a radio
frequency signal broadcast from a GPS satellite
with a known position to a rccciver. Each satellite
sends radio signals containing 3 components: a
radio frequency carrier, a unique binary pseudo-
random noisc (PRN) codc and a binary navigation
message. At receiver, this message is decoded to
obtain the data of thc satcllite position and
velocity.

Errors in the GPS are the combination of the
following factors:

e Ionosphere Error: Due to the presence of free
electron in the atmosphere, the propagation of
microware signals which pass through the layer is
influenced

e Multipath Error: occur when a signal reaches
an antenna via two or more paths, due to the
reflection and diffraction with the collision object
e Error at receiver clock: due to the inaccuracy of
the quartz crystal oscillator in receiver clock
compare with the atomic clock in GPS satellites.

2.2 Inertial Navigation System (INS)

INS is a dead-reckoning navigation system which
cstimates the position, attitude and velocity of
object using self-contained navigation technique.
The concept of an IMU is shown in Fig. H.1:

lAcc elerometters l

[ ]

Initial alignment

i
Alignment phasea
|

QUT PUT

2 .

Gravity, Attitude | Attituce
Non-gravitational Computing »

acceleration correction Velosity
f—

Pasition

Coordinate
- system

H.1 [nertial navigation system

integration integration

Navigational Phase

A  common INS model contains three
accclerometers and three gyroscopes providing the
raw measurement of relative velocity and rotation
rate in inertial reference frame. Along with the
accclerometers and gyroscopces, an algorithm is
implemented to derive the current attitude,
velocity and position [6]. Given the knowledge of
initial position and vclocity, this algorithm could
transform the measurement information from
sensors to the chosen coordinate systems and then
determine the trajectory and orientation of object.
With development of MEMS, the inertial sensors
arc uscd popular in IMUs. However, these kinds of
sensors suffer from many kinds of disadvantage
that leads to incremental errors in navigation.
Thus, the integration of INS and GPS can utilize
both advantages of both systems and reduce their
disadvantages.

2.2 INS/GPS Integration System

The combination of GPS and INS not only
increase the accuracy but also enhances the
reliability of the system. Due to the distinction
error characteristic of the two systems, they can be
integrated to compensate for the limitation of cach
one: GPS can reduce the INS drift error and the
INS can enhance the tracking and reliability of the
GPS rccciver. The integrated system can further
estimate the position and velocity when GPS is
outage or assist GPS operation when the external
signal is interfere or fade out. The most important
thing is the performance of the solution is beyond
cither single device, and with the availability of
low cost MEMS inertial sensors, INS/GPS
integrated solution is shown to be efficient and
economic reality.

Typically, 2 common strategies are used for
INS/GPS integration: loose integration and tight
integration. Both of them can be implemented by
two separated method: the open loop (or feed
forward) and the close loop (feedback) method. In
this paper, we use the loose integration, since this
intcgration provides flexible transitions between
feedback aiding method and feed forward aiding

method. The concept of the integration is
described in Fig. H.2:
Feed Back Aiding
INS Feed Forward Aiding ‘

Navigation
Processor

H.2 Feed forward and feedback modes in the

INS/GPS integration system.
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Inside the navigation processor, we use two
Kalman filters to cstimate the INS crror based on
the positioning information from both of INS and
GPS. This INS is then used to compensate with the
initial INS valuc to corrcct INS crror. The block
diagram of the estimation algorithm is depicted in
Fig. H.3. Positioning information from INS, such
as vclocitics, positions and attitudc arc proccsscd
by SINS algorithm [6]. After that, the received
position and velocity paramcters, denoted by Xins
and Vs, are compared with GPS’s information to
get the position and velocity deviations. These
deviations arc fetched to the cestimation block, in
which the Modified Kalman Filter is applied. The
output of the estimation block contains the
following parameter: position and velocity errors.

IMU

b  Ayp b Oxp

Y

G)yh Ozb

0,7.w
Kops(0)

»  SINS Algorithm

GPS

Gb_xy
Qout

Estimation block

Filltering |Prediction

dXmws | dVins

h J
Correction of
position, velocity and
attitude

XLV

Diagram of the INS/GPS integration system

H.3

Prediction mode: Assume when GPS signal is lost
due to harsh environment, or the update interval of
GPS is lcss than INS’s. Since there is no presence
of GPS information, the estimator enable
prediction mode which use the last corrected value
fecedback to SINS algorithm. When GPS has its
signal back, the feedback is removed, and SINS
algorithm continues to use GPS information as
usual. Figure H.4 shows the detail of the
configuration utilizing two KFs.
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H.4 INS/GPS integration system using two
Kalman filters

For the 1% Kalman filter, the velocity and
positioning error is estimated from the error model
of INS, consist of the following equation:

ds =av,
dN =dN,
dVE = aNfUp —gfy +agm; +Bg

dVy =gf; —agfi, +agm + By

1)
. dav. (
fy = Rh+W;‘

~ \Y .

2 =—?“+wg

Wy = w’ cos H+ w cosH

b

Wy =—w sinH 4w, cosH

Base on the set of equations, Kalman filtering
process is operated as following steps:

1. Construct the state vector
xl =[dE,dN, v, dV,,f. .,

Up»

Gbx, Ghv]"  (2)

2. Calculate the transition matrix

1 0 0 0 0 0 0 1] 0
A 0 Q 0 0 1] 0 0
0 0 o 0 0 0 =g an 0
0 0 0 0i W 00 —pe 0 0
A4=1pg 0 0o -YR 0O 0 0 cos(H) sin(H) 3)
0 0 1R o0 o0 0 0 —sin(H) cos(H)
0 0 0 0. 0 0 0 0 0
00 0 0 0 o0 0 ~-heta O
00 0 0 0 o o0 0 —beta

where H is the heading angle paramcter.

3. Calculate the measurement vector, from
position and velocity difference between INS

and GPS:
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ZU_ gMS _ gOrS _ gpiNS _ gpars
72 — NS _ NGPS _ gnTINS _ gATGPS
75— Vh/:\s _ VISTI’S —y h{Ns _ VHG/’S

4 __ qrINS _q,GPS g INS g GPS
ARS LN / N - VN V\

4

Wh ere 5EGPS, W}PS, WE(;PS, 6VV(:‘PS are
measurement errors of GPS. The matrix
representation of these parameters:
EINS/GI’S — EINS _5E1NS
NINS/GPS — NINS' _5NINS
JINSIGPS _ 7 INS _ SpINS ®)
E —TE E
VINS/GPS _ VI.VS _5[}!}\'.8‘
N - 7N N
4. Deduce the measurement matrix:
1 00 0 0 0000
e 1 0 6 0 0 09 0
Hl=lo 00100000 0 (6)
0 0 0 1 8 00 8 0

After cstimating the positioning and  velocity
errors, these parameters are compensated for the
initial parameter of INS.

E[l\'S/GPS — E[NS -5 E[N.Y
NVSIGPS - ATINS _5NIMS
VéNS/GPS — V;VS _ 51}:\5
V]JNS/GPS — V}é.vs _ 5?}\{1\1@

where:
TNS/GPS INS/GPS
E , N

(7)

arc dircction from the East and
the North, respectively.

SV, .6V are estimated positioning errors of
INS.

SN™ SE™ are estimated velocity errors of
INS.

The 2™ Kalman filter can estimated 8 states of

system

x2 =[1In, Te, VN, VE, Vd, Gbx, Gby, Gbz]' (8)
where:

Tn, Te: angle errors in positioning coordinates
(rad)

8Vy, 8V, 8Vy velocity errors in positioning
coordinatcs.

Ghx, Gby, Gbhz: drift parameters caused by MU
scnsors (rad/s).

The transition matrix of the 2™ Kalman filter is:
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0 0 00 0 AC, hC, hyC,]
0 0 0 0 0 hyCy hyCy hCy
0 —Avd 0 0 0 0 0 0
s Ad 0 000 0 0 0
hast 0 0 000 0 0 0 )
0 0 000 —-nB O 0
0 0 000 0 —h,fB O
Lo 0 000 0 0 —hyp]

where Avd is the velocity increment in the vertical
dircction; /&y  sampling interval of INS; B
parameter of the correlation function; and C,, is
the transition matrix from the coordinate system
attached to the object to the local level coordinate
system.

The measurement matrix of the 2" Kalman filter:
00 1 0 0 0 0 0
H=0 0 0 1 0 0 0 0
00 0 0 1 0 0 0

(10)

3. Simulated results

In this section, we developed a simulation model
using SIMULINK in Matlab cnvironment (scc Fig.
H.5). The data used in this simulation has been
obtaincd from raw data in Ref [7].

H.5

The SIMULINK model of the proposed
system.

In the simulation process, the simulation result
contains the information of GPS and INS/GPS
system about: position, velocity and angle. With
the number of output from 3 to 9 states, the
accuracy of integration is considerably improved.
Figures H.6 and H.7 illustrate the tracing ability of
GPS and integrated system. It can be seen from the
figure that the performance of the integrated
system is reached to the same level of GPS alone
system.,
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H.6 The trajectory obtained from GPS
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H.7 The trajectory obtained from the INS/GPS

system

For the accuracy evaluation, figure H.8 show the
distance deviation of two systems, with the
maximum value is 7,74m and the average of
1.11m.

Digtance (m)
b=
T

samples win?

The distance difference between GPS and
INS/GPS

H.8

Figure H.9 shows the estimatations of the
gyroscopes in X and Y directions. Three
paramcters @, O, and Oyp arc shown in Fig. H.
10.
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H.9 Estimation of the drift of gyroscopes X and
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H.10 Estimation of ®@r, Py, and Dyp

Figure H.11 shows pitch and roll obtained by
using Kalman filters of the proposed system.
These results are acceptable for the car while
running in the street.

Pitch (Degree)

100 200 300 400 500 600 700 800
Timal(s)

Roll (Degree)

i P R i i i
0 100 200 300 400 500 GO0 700 OO
Time (s)

H.11 Estimation of pitch and roll

Figures H.12 and H.13 are the velocities and the
difference between the single GPS and the
intcgration INS/GPS system.
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H.12 East velocities obtain by INS/GPS and GPS
system, the difference between the two

systems has also been shown.
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H. 13 North velocities obtain by INS/GPS and
GPS system, the difference between the two
systems has also been shown.

4. Conclusion

This paper has successed in proposing an effective
scheme for an INS/GPS integration system. It can
meet the requirements of the real-time conditon
that works in references [2-5] could not due to
their complexity. This system not only offers the
filtered navigation parameters of the position and
velocity of the land vehicle but also the estimated
attitude by using Kalman filters. Moreover, the
information of the drifts caused by the inertial
sensors and the navigation errors @, Oy, and Oyp
have also been predicted. These paramceters would
be very useful for improving the system’s
performance in our future research works.

Acknowledgment
This work is supported by the VNU program QG-
B-11.31.

References

[1] Hofmann-Wellenhof B. Lichtengegger H. and
Collins J., GPS Theory and Practice, 2001.

[2] Aboelmagd Noureldina, Ahmed El-Shafieb,
Mohamed Bayoumic, GPS/INS integration ulilizing
dynamic neuralnetworks for vehicular navigation,

Information Fusion, Vol. 12(1), pp. 48-57, 2011.

[3] El-Sheimy N., A-H. Walid and G. Lachapelle, An
adaptive neuro-fuzzy model for bridging GPS
outages in MEMS-IMU/GPS land vehicle navigation,
Proceedings of ION GNSS 2004, 21-24 September,
Long Beach, CA, USA, pp. 1088-1095, 2004.

[4] Wang J-H., The aiding of a low-cost MEMS INS
for land vehicle navigation using fuzzy logic expert
system, Proceedings of ION GNSS, California,
USA, pp. 718-728, 2004.

[5] Seong Yun Cho, Byung Doo Kim, Adaptive
HIR/FIR fusion filter and its application to the
INS/GPS integrated system, Automatica, Vol. 44(8),
pp. 2040-2047, 2008.

[6] Salychev O., Inertial Systems in Navigation and
Geophysics. Bauman MSTU Press, 1998.

[7] T. D. Tan, L. M. Ha, N. T. Long, N. D. Duc, N.
P. Thuy, Integration of Inertial Navigation System
and  Global Positioning  System: Performance
analysis and  measurements, International
Conference on Intelligence and Advance Systems,
Kuala Lumpur, Malaysia, pp.1047-1050, 2007.

Vu Van Ninh was born in
1984. He received his B.Sc.
degrees in 2007 at the
University of Science (HUS),
Vietnam National University
Hanoi, Vietnam (VNUH). He
is currently completing his
M.sc thesis at University of
Engineering and Technology, VNUH

Tran Duc Tan was born in
1980. He received his B.Sc.,
M.Sc., and Ph.D. degrees
respectively in 2002, 2005, and
2010 at the University of
Engineering and Technology
(UET), Vietnam National
University Hanoi, Vietnam
(VNUH), where he has been a lecturer since 2006.
He is the author and coauthor of several papers on
MEMS based sensors and their application. His
present rescarch intercest is in DSP applications.

Nguyen Duc Anh was born in
1989. He received his B.Sc.
degrees in 2010 at the University

= = of Engineering and Technology
= | (UET), Vietnam National
- University  Hanoi, Vietnam
(VNUH). He is currently

continuing his M.sc bachclor at
Péle Universitaire Francais (PuF) in Hanoi.

M# bai: 122



NHA XUAT BAN PAI HQC QUOC GIA HA NOI
Dia chi: 16 Hang Chudi, Quan Hai Ba Trung, Ha Néi
Dién thoai: (04) 39714899

Fax: (04) 39714899

Email: nxbdhgghn@yahoo.com.vn

Website: http://publisher.vnu.edu.vn

Chiu trach nhiém xuit ban:

Gidm déc: Pham Thij Tram
Tong bién 1dp: Pham Thi Trim
Bién tdp ky thudt: Phan Thi Cim Ly
Trinh bay bia: Phan Thi Cdm Ly

TUYEN TAP CONG TRINH KHOA HOC

HOQI NGHI CO PIEN TU TOAN QUOC LAN THU 6 (VCM2012)
ISBN:978-604-62-0753-5

S6 lugng in: 400 CD (bdn tram dia CD).

Déi tac lién két xuat ban: Trudong DPHCN - PHQGHN

Co s¢ in: Xi nghiép in II, Nha in Khoa hoc va Céng ngh¢.

Sé dang ky KHXB: 1357 - 2012/CXB/01 - 223/DPHQGHN.

Gidy xac nhan dang ky KHXB s6 333 LK-TN/ QD-NXB DPHQGHN
In xong va ndp luu chiéu thang 12 nam 2012



