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ABSTRACT

The estimation accuracy of a conventional Kalman filter is ultimately limited by
imperfect mathematical modeling of the input noise and this issue has become a barrier to
improving estimation performance for some applications. In contrast, the wave estimation
method, which describes the dynamic system in a deterministic way over a short period,
has the advantages of providing higher estimation accuracy in a situation where the input
disturbances are of low frequency, slowly varying in nature, and rely on relatively weak
observables. In the thesis, a wave estimator has been developed to integrate differential
GPS (DGPS) with a medium accuracy IMU, for land positioning with the emphasis on
accuracies at the metre level. A loosely coupled integration approach has been developed,
which uses carrier phase-smoothed C/A-code-based DGPS positions and velocities as

updates to the IMU.

Two data sets are used to assess the GPS/INS integration results. The first data set is from
the CastNav 4000 GPS/INS simulator. This data set contains simulated inertial and GPS
measurements with synchronized time tag. The simulator also provides a reference
trajectory simultaneously as the data was logged. Another data set is from a field test near
Calgary, using a Honeywell HG1700 IMU and two NovAtel OEM-4 GPS receivers. A
reference trajectory for the field data was obtained by using the carrier phase kinematic

positioning technique.

The above mentioned datasets were processed using a conventional Kalman filter as well
as a wave estimator. For the field data set, the positioning accuracy has a RMS less than
0.5 m horizontally; the velocity estimation accuracy has a RMS value less than 3.5 cm/s
when using a Kalman filter. In case of using a wave estimator, the position accuracy has a
same RMS value with that of using a Kalman filter; and the velocity accuracy has an
RMS value no greater than 1.26 cm/s. Both the Kalman filtering and the wave estimator
case satisfied the metre-level positioning requirements. INS prediction results are also
examined. For full GPS outage situation with no vehicle manoeuvring, the INS prediction
accuracy is from 0.25m to 1.26m during 5 seconds and 10seconds simulated GPS data

il



gaps respectively. For full GPS outage situation with vehicle manoeuvring, the INS
prediction accuracy varies from 3.15m to 12m during 5 seconds and 10 seconds GPS data
gaps. For the simulation data set, when using a Kalman filter, a similar accuracy was
achieved compared with the field data results. When using a wave estimator, the
estimation results to the weakly observed state vectors achieved improved results
compared with that of the Kalman filter. The horizontal misalignment angle estimation

improved about 4 times.
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CHAPTER 1

INTRODUCTION

1.1 Background and Objectives

The integration of the Global Positioning System (GPS) and an Inertial Navigation
System (INS) has been an important development in modern navigation. GPS is a system
that provides consistently accurate navigation solutions, which are generally independent
of time, location and weather. GPS, by itself, is sometimes affected by signal blockage
and attenuation in mountainous areas, dense forests, and areas with high-rise buildings.
An INS is an autonomous, all-weather navigation system, which can provide position,
velocity and attitude information in real-time. However, its navigation performance
deteriorates with time due to the inertial sensor’s performance. Researchers have found
an efficient way to limit INS navigation errors by updating the INS velocity and position
with external measurements, which have consistent accuracy over time. GPS is often
used to provide these external measurements through a GPS/INS integrated system. In
this case, the INS becomes an error-bounded navigator when GPS data is available. The
advantages of GPS/INS integration are more than an improvement of accuracy. For
example, the INS solutions can be used to identify and correct GPS carrier phase cycle
slips (Cannon, 1991). Improved receiver reacquisition time by using INS to bridge GPS
gaps in a tightly coupled GPS/INS Real Time Kinematic (RTK) robust positioning
system has been achieved (Scherzinger, 2000). Gustafson et al. (1996) has achieved
significant improvement in GPS receiver anti-jam capability by using a deeply integrated
signal processing technique. Finally, positioning availability can be increased greatly

(e.g. Greenspan, 1996).

The integration of GPS and INS has been successfully used in practice during the past
decades. However, much of the work has focused on the use of a high accuracy Inertial
Measurement Unit (IMU), which is an inertial sensors’ block without navigation

solutions output. These IMUs provide good accuracy measurements during GPS data
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gaps, but their high cost places a severe restriction on applications (Petovello, 2001). For
high accuracy positioning using GPS, carrier phase measurements are usually selected,
but the carrier phase measurements are ambiguous due to an initially unknown number of
cycles between the receiver and the satellite. High accuracy positioning is possible only if
these ambiguities can be reliably resolved to their integer values (Kaplan, 1996). Another
drawback of carrier phase processing is the relative difficulty in maintaining phase lock
as compared to code lock. If a cycle slip can be detected and corrected, the associated
ambiguity can be estimated as an integer value and determined by algorithms such as
FASF (Chen, 1994), or LAMBDA (Teunissen and Tiberius, 1994). Although the above
algorithms provide rapid ambiguity resolution capabilities, they are still limited by the

error sources affecting the carrier phase measurements.

The pseudorange measurement is the time difference (in equivalent metres) between the
Doppler-shifted received pseudo-random noise (PRN) code and the receiver-generated
code. Since the measurement is not a true geometric range between the satellite and the
receiver, but instead is significantly biased by several error sources, it is consequently
denoted as a pseudorange. Differential GPS (DGPS) can cancel or reduce most of the
common errors. Metre-level positioning can be achieved by DGPS using pseudorange
measurements with a relatively simple carrier smoothing algorithm. One objective of this
thesis is to use pseudorange-derived DGPS positions and velocities to update a medium
accuracy IMU in order to achieve metre-level positioning accuracies by using a

conventional Kalman filter.

Kalman filtering provides a powerful tool to create synergism between two navigation
sensors - GPS receivers and INS - since it is able to take advantage of both systems’
characteristics to provide a common, integrated navigation implementation with a
performance superior to either of the sensor subsystems (Grewal and Weill, 2001). It
gives optimal estimation as measured by the minimum mean square error (MMSE).
However, it is optimal only if the system and measurement noise values are accurately
modeled, and in addition, the estimation quality is only as good as the underlying model

(Ray et al., 1999). Furthermore, the estimation transition state for a Kalman filter is a
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sequential convergence process, which depends on the “degree of observability’” of the
state variables. The weakly observed states need a longer time to converge and thus
estimation during this period yields poorer results (Salychev, 2001). Reliable Kalman
filtering results rely on the correct definition of both the mathematical and stochastic
models used in the filtering process. At steady state, the estimation accuracy is limited by
the input noise (Wang and Stewart, 2000). In recent years, some new estimation methods
have been developed and wave estimation is one of them. In the wave estimation method,
input disturbances are described by pseudo-deterministic models that are valid over a
short time interval. This has been successfully used in navigation for the past decade;
Salychev (1991) applied wave estimation approaches to an inertial surveying system
(I-42) while Liu (1992) applied it to real-time azimuth estimation for a LTN 90-100
Strapdown INS initial alignment process. Ray et al. (1999) applied a modified wave
estimation method to a real-time GPS/GLONASS-INS (LT-90-100) integration system.
In all of the above applications, which involved a navigation-grade INS, the estimation
accuracy improved significantly. The second objective of this thesis is to use a wave
estimator to integrate DGPS with a medium accuracy IMU, and to compare the results

with those from the conventional Kalman filter.

The design and implementation of Kalman filter and wave estimator will be assessed by
using both simulation and field data. A six-hour land vehicle simulation data set from
CastNav 4000 GPS/INS simulator, will be used to assess the integration results. A one-
hour land vehicle field test data using the Honeywell HG1700 IMU and two NovAtel
OEM4 GPS receivers is then used to assess the properties of a Kalman filter and wave

estimator using real data.

1.2 Thesis Outline

In Chapter 2, both GPS and INS fundamentals are reviewed. GPS measurements and
error sources are discussed. The DGPS technique to reduce these errors is also reviewed.
Fundamentals of inertial navigation systems and their structures are also discussed as
well as error sources, their propagation properties and error modeling. IMU raw data

from both the field test and GPS/INS simulator are analyzed in order to investigate their
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error properties. A stochastic model for both the gyroscope and the accelerometer are
established. Finally, different integration strategies and filter architectures are discussed,

and their advantages and disadvantages are briefly summarized.

Chapter 3 reviews basic estimation methodologies, i.e. conventional Kalman filtering,
innovation-based adaptive Kalman filtering, as well as the wave estimation method.
Properties and estimation accuracies of these methods are discussed. A loosely coupled
integrated approach is selected to achieve the metre-level positioning results. The
mathematical models for Kalman filtering, adaptive Kalman filtering as well as wave
estimation are established. These models will be used in the next two chapters to process

both the simulated and field test data sets.

Chapter 4 gives the analysis of the simulated data set from the CastNav 4000 GPS/INS
simulator. This equipment creates a GPS RF and inertial environment for developing,
testing, and integrating loosely-coupled GPS/INS systems. Kalman filtering and wave
estimation methods are used to process this data set. Both sets of results are compared
with the reference trajectory provided by the simulator. Advantages and disadvantages of

both estimation methods are then discussed.

Chapter 5 focuses on the field data analysis. A test run was carried out in Calgary,
Alberta, on August 16, 1999. Both DGPS and IMU data were logged simultaneously. The
IMU used in this field test was a medium accuracy Honeywell HG1700 whereas the GPS
receivers were NovAtel OEM4 units. Utilizing the loosely coupled model developed in
Chapter 3, Kalman filtering results are first accessed. One of the advantages of GPS/INS
integration is the IMU prediction during a GPS outage. Both full and partial GPS outages
are simulated (as there are no outages occurring during this field test) and prediction
accuracy is discussed. As an alternative of the Kalman filter, wave estimators are also
used to process the data. Results from both the Kalman filter and the wave estimator are

analyzed.



Chapter 6 contains conclusions and recommendations formed through this thesis as well

as the topics that need further research and development.



CHAPTER 2

FUNDAMENTALS OF GPS AND INS

2.1 Global Positioning System

The GPS is a satellite navigation system maintained by the U.S. Department of Defense
(DoD), and jointly managed by the DoD and the Department of Transportation. The
current ~GPS  constellation consists of 28 Block II/IIA/IIR  satellites

(www.navcen.uscg.gov/Ftp/gps/status.txt), occupying six orbital planes inclined with a

55-degree angle with respect to the equator. GPS satellites broadcast navigation messages
and provide a global, 24-hour, all-weather navigation service (Department of Defense,

2001).

GPS satellites orbit 20,200 km above the Earth’s surface with a period of about 12 hours.
They transmit signals on two frequencies; L1 at 1575.42 MHz and L2 at 1227.6 MHz.
These signals are bi-phase modulated by one or two PRN codes; the Coarse/Acquisition,
C/A-code, and the Precise, P-code. The L1 carrier is modulated by both the C/A- and the
P-codes while the L2 carrier is only modulated by the P-code. The C/A-code is
transmitted at 1/10 of the fundamental GPS frequency (10.23 MHz) and is repeated every
one millisecond. In contrast, the P-code is transmitted at the fundamental frequency and
is only repeated every 267 days. The navigation message, containing broadcast ephemeris
and health information, is modulated on both frequencies at 50 bits per second (Spilker,

1996).

The C/A-code is unrestricted and is used for the Standard Positioning Service (SPS)
where single point positioning accuracies of 13 metres horizontally and 22 metres
vertically can be achieved at a 95% confidence interval (Department of Defense, 2001).
Recent field test at the University of Calgary shows a better result. The RMS values are
on the order of 2.0 m horizontally and 4.0 to 5.0 m vertically (Skone et al., 2003). The
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more accurate P-code which provides the Precise Positioning Service (PPS) to authorized
users only. Unauthorized users are restricted from the P-code by the DoD. This restriction
is accomplished by means of Anti-Spoofing (A-S), where the P-code is translated (to give
the encrypted Y-code) except to authorized users (Hofmann-Wellenhof et al., 2001).

2.1.1 Observables and Error Sources

There are three types of GPS observables, namely, pseudorange, carrier phase and
Doppler, whereby the pseudorange and carrier phase measurements are generally
considered the two basic observables. Pseudorange measurements are made by
comparing a receiver-replicated PRN code with the incoming signal from a particular
satellite to determine the time shift needed to correlate the two signals. This time shift is
the pseudorange and it represents the difference in time between signal transmission and
reception, the so-called transmit time. It is called pseudorange rather than range since the
receiver and satellite clocks are not synchronized, therefore, the pseudorange contains
clock biases as well as other error sources. The carrier phase measurement is made by
differencing the incoming carrier signal with a receiver-generated carrier signal. The
resulting beat phase is therefore the difference in phase between the satellite and receiver
signals at the time of measurement. Differencing of the carrier signals is much more
accurate than the measurement of time in the case of the pseudorange, therefore the

carrier phase has lower noise characteristics (Cannon, 1991).

The signal travels through inhomogeneous space, which has varying effects on the code
(p) and carrier (®) measurements. The code and carrier phase observables can be

expressed as (Lachapelle, 1998)

p: p+c(dt-dT)+dr +dtrop+dion+dmult/p+‘9p (2'1)
where p is the geometric range (m)

c is the speed of light (m/s)



®dmult

o)

is the satellite clock error (s)
is the receiver clock error (s)

is the orbital error (m)

is the ionosphere delay (m)

is the troposphere delay (m)

is the pseudorange multipath effect (m)

is the pseudorange measurement noise (m)

is the wavelength of GPS carrier (m)
0.19m for L1 and 0.24m for L2
is the integer ambiguity (cycles)

is the carrier phase multipath effect (m), and

is the carrier phase measurement noise (m).

The carrier phase measurement generated from the receiver contains only the fractional

part of the geometric range, so it is ambiguous. The ambiguity, N, is an integer value

which represents the difference between the true range and measured phase. The

ambiguity is constant over a measurement time span provided there are no cycle slips in

the carrier phase data. Cycle slips are caused in situations such as satellite shading,

extreme vehicle dynamics, intense ionosphere activity, etc., and results in loss of phase

lock between the receiver and the satellite.

The Doppler frequency is the third observable and it represents the rate of change of the

carrier phase observable. It reflects the relative velocity between the receiver and the GPS

satellite. This information can be used for velocity derivation and cycle slip detection.

This observable can be expressed as (Lachapelle, 2001):



® = p+c(df—dT)+dy +dirop — dion +dmuit /o + éo (2-3)

where o) is the Doppler (m/s)

Yo, is the range rate between the receiver and the satellite (m/s), and
()  denotes a time derivative.

It should be noticed that the ambiguity term is gone after time derivation calculus.

lonospheric Error

The ionosphere is a region of the atmosphere extending roughly from 50 to 1,500 km,
and it is characterized by a significant number of free electrons (with negative charge)
and positively charged ions (Leick, 1995). Free electrons affect the propagation of radio
waves, so they are of interest to GPS users. The ionosphere can cause a group delay of
the modulated signal, a carrier phase advance and scintillations, which are the small-scale
irregularities in the electron content of the ionosphere, with spatial extents from a few
metres to a few kilometres. It can produce both refraction and diffraction effects on
received GPS signals (Wanninger, 1993). It should be noted that the effects on the code

and carrier phase have the same value but opposite sign.

The ionospheric error can be of the order of 2-50 m in single point positioning mode and
it can be reduced by DGPS processing. The improvement depends on the baseline length
between the reference station and the remote receiver, as the ionosphere decorrelates
spatially. The residual error is approximately 2 parts per million (ppm) with differential
corrections, but it may reach 20 ppm or more under extreme high ionospheric conditions
(e.g. Lachapelle, 2001), since the activity of the ionosphere is strongly affected by the
number of the sunspots, which are dark patches on the Sun. The number of sunspots on
the Sun at any given time varies in an 11-year cycle as does the number and severity of
disturbances in space weather (Bugoslavskaya, 1962). Figure 2-1 shows the sunspot
numbers in the last solar cycle (solar maximum occurred in the middle of 2000).

(http://science.msfc.nasa.gov/ssl/pad/solar/images/ssn_predict_l.gif). Figure 2-2 shows
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the evolution of the Earth’s mean TEC in the same period

(http://www.aiub.unibe.ch/ionosphere/meantec.gif). They are consistent largely.

Cycle 23 Sunspot Number Prediction {May 2003)
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Figure 2-2 Earth’s Mean TEC and the Periodic Behaviors
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In addition to varying with the solar cycle, the TEC presents the following type of
variations (Skone, 1999):

1 Daily: Maximum around 2:00 pm local time in the equatorial region.

2 Seasonal: Lowest TEC in the summer (of the Northern Hemisphere); minima close to
the equinoxes (March and September) and in the winter. These characteristics follow
the months of the year, not the season, which means that they are opposite for the

Southern Hemisphere, i.e. lowest in the winter and maximum in the summer.

3 Geographic: Two maxima at £10° from the magnetic equator, in the region under the

so-called equatorial anomaly.

Tropospheric Delay

The troposphere is the lower part of the Earth’s atmosphere where temperature decrease
with an increase in altitude. The thickness of the troposphere is not the same everywhere.
It extends to a height of less than 9 km over the poles and in excess of 16 km over the
equator (Lutgens and Tarbuck, 1989). The troposphere is electrically neutral and non-
dispersive for frequencies as high as about 15 GHz. Within this medium, group and phase
velocities of the GPS signal on both the L1 and L2 frequencies are equally reduced. The
influences of the troposphere on the GPS measurement can be expressed by wet and dry
components. The wet component depends on the distribution of the water vapour in the
atmosphere and is harder to model. However, it is responsible for only 10% to 20% of the
total troposphere refraction. The dry component can be precisely described by models
(Seeber, 1993). Mendes (1999) presents a detailed description and analysis of several
models. The resulting delay is a function of atmospheric temperature, pressure, and
moisture content. Without appropriate compensation, tropospheric delay will induce
pseudorange and carrier-phase errors from about 2 metres for a satellite at the zenith to
more than 20 metres for a low-elevation satellite (Spilker, 1996). The residual

tropospheric error is about 1 ppm in differential mode (Lachapelle, 1998).
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Orbital Error

To use GPS for positioning, it is generally assumed that the satellite coordinates are
known. These orbits are expressed in terms of an ephemeris, which is a mathematical
description of where a satellite is at a given time (Roulston et al., 2000). The satellite

coordinates are then developed from these ephemerides.

Three types of data are available to determine position and velocity vectors of the
satellites in a terrestrial reference frame at any instant: almanac, broadcast ephemerides,
and precise ephemerides (Hofmann-Wellenhof et al., 2001). These data types differ in
accuracy. The broadcast orbit RMS accuracy currently is about 2 m (Beutler, 1997). The
GPS Accuracy Improvement Initiative (AIl) focuses on enhancing the quality of the
clock and ephemeris parameter values embedded within the broadcast navigation
message (Hay, 2000). Once operational in 2005, All is expected to reduce the signal-in-
space range error (SISER) to 1.3 m RMS (ibid).

In order to derive more precise orbits needed for scientific and engineering applications,
several groups started to compute what is known as precise ephemerides (Fortes, 2002).
Among them are the official precise orbits computed by the Navel Surface Warfare
Center together with National Imagery and Mapping Agency (NIMA), available upon
request about 4-8 weeks after the observations (Buetler et al., 1998), and the orbit
computed by the International GPS Service (IGS) (IGS, 2001). IGS products are
currently used by a large user community because of their user-friendly properties. The
accuracy of the real-time IGS Ultra-Rapid (Predicted) orbit product is about 0.25 m and
updated twice per day. The accuracy of the IGS Rapid orbit product is about 0.05 m,
updated daily with a latency of 17 hours. The accuracy of IGS final orbit product is better
than 0.05 m, updated weekly with a latency of 13 to 20 days (IGS ACC, 2001). In this

thesis the broadcast ephemeredes are used.
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Satellite Clock Error

GPS satellites use two types of atomic clocks: rubidium and caesium. Satellite clock error
is referred to as the difference between the satellite clock and the GPS system time
(reference clock). This is monitored by the Master Control Station (MCS) and the errors
are transmitted as coefficients of a polynomial as a part of the navigation message.

Satellite clock errors can be effectively eliminated through DGPS (Lachapelle, 2001).

Receiver Clock Error

Receiver clock error is the offset between the receiver clock and the GPS system time.
The error magnitude is a function of the receiver’s internal firmware. It can vary between

200 ps to a few ms. Receiver clock error changes with time due to the clock-drift.

Receiver clock error can be established along with station coordinates, or it can be

completely removed by single differencing between satellites (Cannon, 1999).

Multipath and Noise Errors

The above discussed errors can be minimized or removed by DGPS corrections;

however, multipath and receiver noise cannot be compensated by using DGPS.

Multipath is the corruption of the direct GPS signal by one or more signals reflected from
the local surroundings. These reflections affect both pseudorange and carrier-based
measurements in a GPS receiver. As shown in Figure 2-3, the reflector of
electromagnetic signals could be buildings, metal surfaces, water bodies, and the ground
(Nayak, 2000). Pseudorange multipath is limited by the chipping rate. The higher the
chipping rate, the lower the maximum multipath (Leick, 1995). The maximum C/A-code
multipath can reach a magnitude of about 0.5 of a code chip (150 m), and generally there
is no effect from reflectors that are more than 150 m from the antenna (Lachapelle,
2001). The maximum carrier-phase multipath can reach 0.25 A, which means that it will

not exceed 4.75 cm for L1 (Ray, 2000).
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Measurement noise is any noise that is generated by the receiver itself in the process of
taking the pseudorange or the phase measurement. It is considered to be white noise, and
the receiver noise level is dependent on a number of factors (Raquet, 1998). For instance,
it is usually a function of the code correlation method, receiver dynamics and antenna
gain pattern. With narrow correlation techniques, the measurement noise is at a level
ranging from 0.1 % to 1 % of the measurement wavelength (Nayak, 2000). The noise on
the pseudorange is at a level of 5 to 10 centimetres for high elevation satellites; it may

increase to tens of centimetres for lower elevation satellite; while only several millimetres

on the carrier phase observable (Raquet, 1998). The receiver noise increases by V2 when

differential correction is applied.

Reflected
Signals

Direct
Signals

Figure 2-3 Multipath Environment Example (from Nayak, 2000)

2.2 Inertial Navigation Systems (INS)

The basic principle of an INS is based on the integration of accelerations observed by the
accelerometers on board the moving platform. The system will accomplish this task
through appropriate processing of the data obtained from the specific force and angular

velocity measurements. Thus, an appropriately initialized inertial navigation system is
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capable of continuous determination of vehicle position, velocity and attitude without the

use of the external information (Britting, 1971).

2.2.1 Hardware Configurations

There are three types of INS, namely space-stabilized systems (SSINS), local-level
systems (LLINS), and strapdown systems (SINS) (Salychev, 1995).

Space-Stabilized System

The space-stabilized system keeps its sensor axes coinciding with an inertial frame. It
requires the system to establish its orientation with respect to the inertial frame and to
torque the platform back by the amount of rotation it senses, as shown in Figure 2-4. The
rectangular box represents the platform; the frame axis with a subscript | refers to the
local level frame, and the inertial frame axis is subscripted with an i. At the starting point
A, it is assumed that the local level frame and the inertial frame coincide. When the
SSINS moves from point A to point C, the local level frame rotates an angle relative to
inertial space; however, the platform frame tracks the inertial frame so, it still coincides
with inertial frame. The integration of the raw data is performed in the inertial frame as
well. The result can then be transformed to the local level frame. The main disadvantage

of this system is that the gyros and accelerometers are put into a varying gravity field.

Local-Level System

A local-level system aligns its sensor axis with the local level frame. The platform is
constantly torqued in order to coincide with the local level frame; the navigation
solutions will be obtained in this frame as well. The advantage of a local level system is
that no coordinate transformation is needed so the navigation calculation is relatively
simple. The problem is that when the system works in the polar region, the control torque
becomes very large, so the local level system usually transfers to a wandering mode when
it works in high latitude areas (Lei, 1978). Figure 2-5 shows how the LLINS works.
When the LLINS t moves from point A to point C, the local level frame rotates an angle
with respect to the inertial space, and the platform tracks the rotation of the local level

frame. The platform frame axis still coincides with the local level frame.
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Figure 2-4 Space Stabilized Inertial Navigation System
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Figure 2-5 Local Level Inertial Navigation Systems
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Strapdown Inertial Navigation System

Both above mentioned systems have a mechanical platform, which is torqued to track the
navigation frame. Therefore, they are called gimballed systems. The third system is the
strapdown inertial navigation system (SINS). In a SINS, the gyroscope and the
accelerometer triads are directly mounted on the moving vehicle; therefore, the sensors
are not mounted on a stabilized platform as in the case of a gimballed system. In an
SINS, a mathematical platform is established in the computer. The sensors measure the
rotation rates and the specific forces along the axes of the body frame. If the initial Euler
angles and velocities of the system are known, the rotation rate of the system due to the
Earth’s rotation and system velocity can be removed from the measured rate in order to
obtain the attitude rate. The Euler angle increment can be achieved by integrating the
attitude rate, so the systems Euler angle can be determined. Once the Euler angle is
known, the measured specific force can be transformed to a local level or wandering

frame; therefore, the navigation solution will be achieved as that in the local level system.

An IMU and the navigation mechanization algorithms form an INS. The IMU is a single
unit, which collects angular velocity and linear acceleration data and then sends it to the
onboard microprocessor. The IMU housing actually contains two separate sensor triads.
The first one is the accelerometer triad. The signal it generates represents the
accelerations along each of its axes produced by, and acting on, the vehicle. The second
sensor triad is the gyroscope triad; the signals it outputs describe the vehicle angular rate
about each of the sensor axes. Even though the IMU is not located at the vehicle centre of
mass, the angular rate measurements are not affected by linear or angular accelerations.
Navigation mechanization equations are the computer implementation of the INS
equations based on the computed and measured variables (Farrel and Barth, 1999).
Mechanization equations can be established in different frames according to the
application tasks. The inertial sensor used in this research is a Honeywell HG1700
strapdown IMU, which is a medium accuracy unit using Ring Laser Gyroscope (RLG)

technology (Honeywell Inc.). Compared to its mechanical gyroscope counterpart, system



18

reliability is increased since an RLG does not have any moving parts. In addition, the
costs of RLGs are also lower than mechanical gyros. However, except for very high-end
products, the noise level of RLGs is higher than mechanical gyros. Therefore, it is very
important to establish proper error models and apply gyro drift testing and compensations
before the system can be switched to navigation mode. This will be discussed in Section

2.2.4.

2.2.2 Mechanization Equations

Measurements from the gyros and the accelerometers are the angular velocities and
specific forces about and along the three axes of the body frame (b-frame), which is a
3-D coordinate system coinciding with the output axes of the sensor block, as shown in
Figure 2-6. The navigation frame is where the data integration is performed. Users can
select any coordinate system as the navigation frame depending on the application
requirements. The local level frame is often selected as the navigation frame because of

its computational efficiency and convenience (Lei, 1978).

Zs
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Figure 2-6 Definition of Body Frame

Sensors errors involved in the raw measurements must be compensated before they are
sent to the mechanization equations to calculate the navigation solutions. These sensor
errors contain deterministic and random components. Error properties and modeling will

be discussed in detail in Section 2.2.3.
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After the sensor error compensation of the raw measurements sensed in the body frame,

the angular velocities are integrated to update the transformation matrix from the body
frame to the navigation frame, i.e., R}, by using the quaternion method (Salychev,

1998). The linear accelerations along the body frame axes obtained from the specific
force measurements are transformed to the navigation frame, and are integrated to obtain

the velocity and position in the navigation frame.

In inertial space, Newton’s second law of motion can be expressed as follows:
i =f+G' (2-4)

where (i) refers to the inertia