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Abstract

This paper analyzes and compares on-line
and off-line calibration methods applied to an

integrated navigation system. The influences
in the global performances of using both

methods separately or combined are shown.
Ground data, collected in dynamic and static
environments, is processed and incorporated
using various Global Positioning System (GPS)
observables to demonstrate the improved
performances combining both calibration

topologies.

1. Introduction

Terrestrial, maritime and aerial navigation
applications respectively requiring centimeter,
millimeter per second, and tenths of radian
error level in position, velocity, and attitude
have increased in the last few years and are
no longer difficult to find. The challenging
objective was to completely design and develop
an integrated navigation system that achieves
these performances.

The navigation system development started
in the Fall 2002. The first results obtained by
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simulations (see [1]) proved that it was possible
to achieve the desired precisions. The design
and implementation of the complete hardware
and software is described in [2]. The first
successful flight and ground tests are also
presented in [2] and [3].

The present status of the navigation system
is well illustrated by Fig. 1 in terms of software
and hardware through the flowchart and pic-
tures of the several components, respectively.
The hardware main components are an Inertial
Measurement Unit (IMU) composed of three
fiber optic gyroscopes, three accelerometers
and temperature sensors, a high-end Global
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Fig. 1. Present status of the integrated navigation system.
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Positioning System (GPS) receiver, and a The third part describes the on-line calibration
three axis fluxgate magnetometer. A software results using both static and dynamic data. The
application that uses an Extended Kalman observability of the IMU error model parame-
Filter (EKF) or an lterative EKF (IEKF) as ters will also be addressed in this section. The
the main integration filter was implemented. conclusions section finalizes this paper.
These types of filters were selected due to its
superior performance in similar applications,
as demonstrated in [4]. The flexible software
application allows different combinations of
unprocessed and processed GPS outputs to beThe integration filter was implemented in a soft-
used as measurements in the IEKF. Depending ware application that facilitates the selection,
on the type of GPS observables used, two main just to mention some, of the integration topol-
integration topologies are possible: Loosely ogy, initial settings, measurements, and states.
Coupled (LC) and Tightly Coupled (TC). The The states can be position and velocity coor-
first topology uses the estimated position and dinates, attitude angles, sensors temperatures,
velocity outputs of the GPS receiver, while the and the parameters from the sensors mathemat-
second can use C/A and P code pseudoranges,cal error models. The LC and TC integration
pseudorange rates (carrier Doppler), and carrier topologies can use the same mathematical mod-
phase double differences of both L1 and L2 els for the IMU, which are used as inputs in the
frequencies. The filter's GPS measurements |EKF.
are tightly complemented by the three axis raw Typically, the differential equations of mo-
outputs of the magnetometer. tion are written in the Navigation reference
The development of an integrated nav- frame (North-East-Down, NED), see [5]. In
igation system always includes calibration this work all the equations of the system dy-
procedures of the sensors, in our case the namics, also called kinematics equations, and
accelerometers, gyroscopes, and magnetome-the measurements equations were written in the
ter. The primary question is what type of Earth-Centered Earth-Fixed (ECEF) reference
calibration will improve more the performance frame. The reasons for this choice are the
of the integrated navigation system: the off-line convenience in writing the GPS measurements
calibration — usually in the polynomial form  equations, in the TC integration topology, and
and commonly supplied by the components to avoid computational problems sometimes ex-
manufacturer; the on-line calibration where  perienced with the later conversion from NED
the calibration parameters are states of the to ECEF.
integration EKF; or the combination of both
calibration types. Focusing on the calibration 2.1. Input Equations

of inertial and magnetic sensors, only the LC _ _ _
topology was used because no GPS compu- The inputs of the IEKF filter are obtained from
tations are done inside the integration filter, the strap-down inertial sensors. Measurements

Therefore, the influences of the GPS algorithms from three accelerometers and three rate gyro-
are eliminated. scopes are used. These measurements can have

The remaining part of the paper is divided ©r"ors originated by biases, scale factors, mis-
in four main sections. The first one describes alignments, non-linearities and measurement
the integration filter and its input equations. NOIS€s. The general mathematical error model
The second part discusses the off-line cali- used to represent the inertial sensors is simi-

bration of the inertial and magnetic sensors. lar for both accelerometers and rate gyroscopes.
For the three specific forces measured by the ac-

2. The Integration Filter
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celerometers the model is:

Qym | = | by |+ | wy | + (1)
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where ay,,, a,n, and a,, are the specific
forces measured by the accelerometers in
the body reference framei,, a,, anda, are
the real values of the specific forces also in
body reference frames,, s,, ands, are the
scale factorsp,, b,, andb, are the biases (the
accelerometer bias derivative is equal to the
drift); may, Mes, My, Myz, Muy, and my,
are the axis misalignments; and,, w,, and

w, are the three body axes specific forces

measurements noise. Since the accelerometers
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to +40°C' were applied. The cycle repetitions
were done to detect the temperature dependent
hysteresis of the components. Fig. 2 shows the
changes in the outputs of thieaxis accelerom-
eter andr gyroscope with temperature varia-
tions. For the accelerometers and gyroscopes
a third and first order polynomial were used, re-
spectively, to model the temperature influences.

The second part of the inertial calibration
was done by using a tilt table to determine
the accelerometers calibration polynomial co-
efficients for accelerations inferior to the grav-
ity. This test consists in changing the attitude
of the IMU box between exactly known posi-
tions imposing different accelerations to the ac-
celerometers. The attitude angles imposed to
the IMU can be known with an accuracy of
0.25 arc minute.

The used error model for th& axis ac-

measurements are given in the body reference celerometer is:

frame and all the other used equations were
written in the ECEF reference frame, a coor-
dinates transformation matrix from body to

ECEF is necessary. The navigation system

Az real = Co+ Crag + 0261920 + 03&2 + 04611
+Csay + Coag + Cra. + CgaZ+
09aa:ay + Croaza, + Cllayazu

(2)

besides the position, velocity, and attitude, the
described parameters from the error models of
the inertial sensors. The estimation of these
parameters is obviously dependent in their
observability which is discussed in Section 4.

3. Off-Line Calibration

The goal of the off-line calibration is to find the
coefficients of the polynomial that relates the
raw output of the sensors measured in Volt-

to the respective physical values. The next sub-
sections describe the implemented off-line cali-
bration procedures to the inertial and magnetic
sensors.

3.1. Inertial

The inertial off-line calibration was initiated
by placing the inertial sensors in a tempera-
ture controlled environment and several consec-
utive temperature cycles ranging fromi0°C'

coefficientsC; are determined using the least-
squares method. The models for thieand 7
axis accelerometers are similar. The residuals
between the true and the calibrated output are
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Fig. 2. Z accelerometer and gyroscope temperature
dependencies.
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shown in Fig. 3. We can also see that our cali-
bration outperforms the one supplied by the ac-

the true and the calibrated output are shown in
Fig. 4. We can also see that our calibration out-

celerometers manufacturer. This was expected performs the simple one supplied by the gyro-

because our calibration takes into account the
axis misalignments and Analog-Digital Con-

verter (ADC) card cross-coupling and change
injection phenomenons. These two phenome-
nas are mainly caused by the ADC card minia-
turization and the fact that a single ADC has to
be multiplexed for the sixteen available chan-
nels.

The third calibration step of the inertial
sensor was the calibration of the gyroscopes
using a turn table. The used table can rotate
around its vertical axis in both clockwise and
counter-clockwise direction. The rotation speed
can be adjusted frofh01°/s to 1200°/s.

The calibration procedure consisted in ro-
tating the IMU around its three axes in both
directions from0°/s to 300°/s. The collected
data was processed and a polynomial calibra-
tion was applied to the three gyroscopes. The
usedp gyroscope the error model is:

Preat = Co + C1p + Cop? + C3p?® + Csq

3
C7r + Copq + Cropr + Chigr, ®)

wherep, ¢, andr are the gyroscopes outputs and
coefficientsC; are determined using the least-
squares method. The models for theandr
gyroscopes are similar. The residuals between
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Fig. 3. Accelerometers calibration residuals.

scopes manufacturer including only scale fac-
tors. This was expected because of misalign-
ments estimation and ADC problems described
previously.

3.2. Magnetic

Further improvements of the navigation system
performance were achieved by applying the
off-line magnetic calibration method described
in [6]. This method does not require any
external reference. Furthermore, unlike the
usual calibration methods, it performs the
calibration in the magnetic field domain and
not in the heading domain. The results of the
magnetic calibration are presented in Fig.5.
The system was rotated at constant a altitude.
Therefore, the two horizontal components of
the measured magnetic field and Y, have

a sinusoidal behavior. When one of them is
approximately zero, the other should point
north and measure approximatelp018 nT,
which is the horizontal intensity of the Earth’s
magnetic field at the tests location using the
International Geomagnetic Reference Field
model. The vertical axisZ and the norm
of the magnetic filed should have a constant
value. The norm of the total magnetic field was
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Fig. 4. Gyroscopes calibration residuals.
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Fig. 5. MeasuredY, Y, and Earth magnetic field norm
with and without our calibration.

approximately48723 nT. The improvements
achieved with the implemented calibration
method are well visible in the top of the two
plots of Fig. 5 showing the two horizontal axes.
As expected, in these plots the sinusoid is
centered around zero after the calibration. In
the bottom plot, a constant magnetic field norm
was achieved.

4. On-Line Calibration

In on-line calibration the inputs’ error models
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heading angle under certain conditions. The
misalignments only became observable when
some maneuvers producing sufficient accelera-
tions in all axes were performed. Furthermore,
the mechanical misalignments of the system are
constant, so once known they are always the
same. Their inclusion as filter states would only
add complexity to the filter and more computa-
tional power would be needed. Similar reasons
led us also to exclude accelerometers and gyro-
scopes scale factors from the filter states. Ad-
ditionally, as seen in the off-line calibration, a
simple scale factor would not be sufficient for
both type of sensors. Therefore, the polyno-
mial coefficients from the inertial sensors error
model (see Eq. 2) would also have to be added,
raising new observability problems.

4.2. Static case
A LC filter was set up with 18 states: 3 position
and 3 velocity coordinates, 3 attitude angles, 3
accelerometer and 3 gyroscopes biases, and 3
accelerometer temperatures. This configuration
was used to process the data collected in
the static and dynamic (see next subsection)
environments.

The static test consisted in placing the
navigation system with different attitudes. The

parameters of the accelerometer and gyroscopesgeg|ected roll and pitch angles were approxi-

(see Eg.1) are included as states in the EKF.

mately 0° and 0° , —30° and 0° , and(0° and

states, an observability analysis was done.

4.1. States Observability

The summary of the observability analysis us-
ing the so-called Grammian matrix is presented
in Table 1. This matrix is defined as:

N
G=> o"(k+10)H" (k)H(k)®(k + 10)
k=0

(4)

where® is the system transition matrix ard

the observation matrix. The system is com-
pletely observable if the matri%s is positive
definite, or in other words, if all singular val-
ues are positive (non-zero) real values. The in-
clusion of the magnetometer was necessary to
make observable the gyroscope bias and the

presented in Fig. 6. As can be seen in all cases,
the introduction of the off-line calibrations
improved the quality of the final results. As
seen in Fig.7, the off-line calibrations not
only influence position, velocity, and attitude
estimation, but also the on-line calibration
parameters, accelerometer and gyroscope

Table 1. Gyroscopes and accelerometers observable pa-
rameters from the input error models.

Is observable?  Gyroscopes Accelerometers
Biases Yes Yes

Scale Factors Yes Yes
Misalignments  Not Always Not Always
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Fig. 6. Estimated roll and pitch in different situations.

003 < 3
L
N e o
£ 002 : & e
- P
g 8
a ool S 1
$ s
L 0 G Qb
< a
-0.01 -1
0 50 100 0 50 100 0 50 100 0 50 100
x10°
0.02 4
% @
E 0 N S
g ?Vm%) g 2
o o
& -002 RIS 2 J S L
g v// 5 0 S OO
< o0 <)
0.06 -2
0 50 100 0 50 100 0 50 100 0 50 100
x10°
015 6
o —— Before Calibration ”
¥ 01f — After Calibration &Ly
P - & L
£ o005 o 2
°
g R SO SO N & of
g o = & o -
z N
2
0

0 50 100 0

Time, s

50 100

Fig. 7. Accelerometers and gyroscopes biases.

biases. The EKF includes in these biases
the imprecisions and non-linearities of the
used models, for instance, the Earth’s gravity
and magnetic models. Therefore, it was ex-
pected that after the calibration these states had
a smaller value, but still are different from zero.

4.3. Dynamic case

A set of ground tests were done to collect
data in a dynamic environment. The GPS
antenna was placed on the top of a van, the
magnetometer on the tip of @m aluminum
boom sticking out of the van back, and the
remaining components in the interior. These
dynamic tests consisted in driving the van to
an open field through a series of rectilinear

6

trajectories and perform circular maneuvers.
The altitude changes were always inferior to
5m during the complete runs. The GPS board
estimated heading angle angle between body
center line and true nortk- for one of the
several completed runs can be seen in the top
of Fig. 8.

The ground tests have the advantage of
being done in a more controllable environment
when compared to flight tests. Vertical and
lateral body velocities are almost non existent,
and the track angle- angle between ground
speed and true north is coincident with the
van heading angle. The van velocity vector
is coincident with the ground velocity vec-
tor.Therefore, the estimated heading angle of
the LC filter can be compared with the track
angle estimated by the GPS board, as it is also
shown in Fig. 8. As expected, the moments the
van is stopped the GPS board does not estimate
correctly the heading angle. This can be seenin
the top plot of Fig. 8 where the estimated GPS
heading varied randomly betwe&hand360°.

The comparison of the GPS and LC
estimated heading angles in the bottom plot
of Fig.8 show al0° bias correction when
the off-line magnetic calibration procedure is
implemented.

The estimated pitch and roll attitude
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Fig. 8. GPS and LC using two different calibrations es-
timated van heading angle (top). The residuals between
the GPS and LC heading for a shorter period (bottom).
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Fig. 9. EKF roll and pitch angle estimates.

angles, shown in Fig.9, should be approxi-
mately constant for all the run because it was
performed in almost flat terrain with minor
changes of altitude. No other source was
available for comparison. Arountl6406 s the

break pedal was pushed hard, sudden changes

of pitch and roll were registered. At the end of
the run, the van was parked for some seconds

in a small ramp, as can be seen by the increase(2]

in the pitch angle.

5. Conclusions

Enhances in overall performance of the
integrated navigation system, through the
employment of on-line and off-line calibration

methods to the inertial and magnetic compo-
nents were shown. The implemented off-line
calibrations outperformed largely the ones sup-

plied by the manufacturers because accounted 4]

for misalignments and ADC related problems.
The biggest improvement was the correction
of a 10° bias in the heading angle estimation
due to poor magnetic calibration. Further
improvements through off-line calibration will
be achieved using the turn table and a metal
arm, to extend the rotation radius, to excite the
system with centrifugal accelerations superior
to the gravity.

The best obtained configuration estimated
the magnetic and inertial sensors biases, mis-
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alignments and scale factors using off-line
calibration methods, and an extra bias state
in the EKF for each of the accelerometers
and gyroscopes. This extra states improved
the filter performance because imprecisions
and non-linearities of the used models were
'looked’ as a bias by the EKF.
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