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Samenvatting

In het door Philips ontwikkelde autonavigatie systeem CARiN, wordt gebruik gemaakt van verschillende
sensoren welke informatie verschaffen betreffende de afgelegde weg door en de richting van de auto. Voor
de bepaling van de richting van de auto wordt gebruik gemaakt van wielsensoren en een kompas. Door
verstoringen van het magnetische veld van de aarde wordt het kompas nog al eens verstoord, wat leidt tot
een fout van het CARiN systeem. Om deze fouten te verrnijden wordt getracht het kompas te vervangen
door een geschikte gyroscoop.

In dit verslag wordt de systeem identificatie en implementatie van een rate-integrating gyroscope in het
CARiN systeem besproken. Daartoe wordt eerst de basis gyroscoop theorie besproken, welke leidt tot cen
wit model van een gyroscoop. Na een beknopte behandeling van systeem identificatie methoden, wordt er
dieper ingegaan op de configuratie en eigenschappen van de te onderzoeken gyroscoop, genaamd
GyroEngine.

Hierna wordt een meetopstelling besproken welke het mogelijk maakt om gyroscopen te onderzoeken op hun
gedrag. Deze meetopstelling maakt gebruik van een draaitafel welke door een computer kan worden
bestuurd. Met dezelfde computer kan de sensor informatie, welke eerst door een dedicated interface geschikt
is gemaakt, worden opgeslagen.

Met behulp van de meetopstelling, is gekeken naar het gedrag van de sensor in typische auto
omstandigheden. Daar een auto, onder normale omstandigheden, maar een maximale hoeksnelheid van 70
graden per seconde haalt, is er voornamelijk onderzoek gedaan naar bewegingen binnen dit snelheids gebied.
Ook andere belangrijke eisen waaraan een auto sensor moct voldoen, zoals temperatuursafhankelijkheid en
voedingsspannings gevoeligheid zijn onderzocht.

Met behulp van de vergaarde kennis van de sensor is eeo sensor model geschat met behulp van matlab, een
rekenkundig software pakket. Dit sensor model beschrijft het gedrag van de sensor. Daar het verkrijgen van
een dataset welke voldoende informatie bevat om het systeem kompleet te besehrijven onmogelijk was door
onder andere een te onnauwkeurige draaitafel, zaI het geschatte systeemmodel mogelijkerwijs enige
afwijking hebben van het echte sensor systeem.

De gyroscoop bleek nogal gevoelig te zijn voor langdurige bewegingen in een en dezelfde riehting, wat
resulteerde in foute hoek informatie. Deze bewegingen kunnen in auto toepassing geregeld voorkomen,
bijvoorbeeld bij het rijden over een rondweg. Voor toepasbaarheid van de sensor binnen het CARiN
systeem, moosten de fouten die ontstonden gedurende deze bewegingen gecorrigeerd kunncn worden. De
fabrikant van de sensor, Gyration, had hiervoor al een correetie algoritme ontworpen, maar omdat het een
tangens-functie bevat is het niet erg sne!. Wederom is een model geschat, eehter nu een model om de fout
van de sensor te voorspellen. Dit correctie model bleek dezelfde prestaties te kunnen leveren als het door de
fahrikant ontworpen correctie algoritme, maar in een beduidend kortere rekentijd.

Ter vergelijking van de kwaliteit van een navigatie systeem uitgevoerd met een kompas en een navigatie
systeem uitgevoerd met een gyroscoop, zijn verschillende testritten gemaakt. Vit de resultaten van deze
testritten is gebleken dat toepassing van een gyroscoop in het CARiN systeem tot een verbetering kan lciden
van de positie bepaling. Ofde onderzoehte sensor daarvoor de meest geschikte gyroscoop is kan pas gezegd
worden als voor gyroscopen van andere fabrikanten een soort gelijk onderzoek is gedaao.



Summary

In the by Philips developed car navigation system CARiN, use is made of several sensors that give
information about the travelled distance and heading of the car. For determining the heading of the car, use
is made of wheel sensors and a compass. Due to disturbances of earth's magnetic field, the compass is often
producing errors in the CARiN system. To avoid these errors, the compass may be replaced by a proper
gyroscope.

In this report the system identification and implementation of a rate integrating gyroscope within the CARiN
system is discussed. First the basic gyroscope theory is evaluated, leading to a white model of a gyroscope.
After a short presentation of system identification techniques, the configuration of the gyroscope, named
GyroEngine, is discussed.

Hereafter, a test set-up is presented, that makes it possible to evaluate the behaviour of gyroscopes. This
test set-up makes use of a tum table, that can be controlled by a computer. This computer also stores the
sensor data, that is converted by a dedicated interface in a suitable signal.

With use of this test set-up, the behaviour of the sensor is observed for typical car situations. Because a car
makes turns with a maximal angular velocity of 70 degrees per second, the evaluation of rotations has been
done within this angular velocity range. Other important qualifications for incar application of a sensor,
such as temperature dependency and supply voltage sensitivity, are examined.

With use of the knowledge of the sensor, a sensor model is estimated within Matlab, a mathematical
software tool. This sensor model describes the behaviour of the sensor. The estimated sensor system model
may not be equal to the real sensor system, because of the accuracy of the tum-table it was impossible to
get a data-set that had enough information in it to describe the complete sensor system.

The gyroscope seemed to be very sensible for long-time one directional rotations, resulting in an error in the
heading information. In cars these rotations occur lots oftimes, for instance on a bypass road. So for
application of the sensor within the CARiN system, the heading-errors have to be corrected. Gyration, the
manufacturer of the sensor, had already developed a correction algorithm but because of a tangent operation
the algorithm is not very fast. Again a model is estimated, but now a model to predict the error of the
sensor. This correction algorithm have the same performance of the Gyration algorithm but less calculation
time is necessary.

To compare the performance of a navigation system that uses a compass with that of a navigation system
that uses a gyroscope some test drives has been done. From the results can be concluded that a gyroscope
can improve the determining of the position of the car within the CARiN system. After other types of
gyroscopes have been tested, can be concluded if the evaluated sensor performs the best.
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Introduction

1 Introduction

In these modem times, information and data communication become more and more important. With use of
a computer, information and data from around the world can be consulted and used for own purposes.
Because of the minimisation of electrical products, these information and data sources can also be consulted
and used in other places than homes and offices.

A place where information and data is very useful, is inside a car. Although everybody can find his or her
way using maps, road signs and numerous highways, these aids become to little in strange city's, especially
when it is dark and rainy. In such case, a co-pilot with knowledge of all roads, hotels, gas-stations, etc.. ,
becomes extremely helpful.

At Philips Car Systems, they have tried to find a solution for the co-pilot wish, and developed a fully
integrated car navigation and information system named CARiN. The system continuously determines the
position of the car and plans a route to the desired destination. It indicates how to drive using audible and
visible advises and anticipates to every situation in which the car finds itself.

The CARiN system makes use of ancient, and the most modem techniques to determine its position. It uses
satellites and wheelsensors, but also maps and a compass. With use of these information sources an
accurate position can be obtained. Although the CARiN system is already operational and navigating very
accurate, it is still possible to improve its performance by optimisation of the sensors.

The compass that is used, is easily influenced by disturbances of earth's magnetic field caused by the car
itself and environmental circumstances. In such a situation the CARiN system may produce errors for a
short time. It would be better to have a 'compass' that does not use a external reference, but a reference that
is generated by the sensor itself. Such 'compasses' are called gyroscopes, and they are fixed by inertia by a
internal spinning wheel.

This report evaluates one gyroscope, called GyroEngine, that may be implemented in the CARiN system in
the future.
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2 CARiN

CARiN stands for Car Infonnation and Navigation. Infonnation on the car is gathered, and with use of this
infonnation the driver can navigate its way to his destination. The possible infonnation sources are the
wheel sensors, compass, GPS (Global Positioning System) and map infonnation. With the use of these
infonnation sources the location of the car can be determined. In this chapter the CARiN system will be
described with the use of a general block diagram. The infonnation sources will be described and dead
reckoning, the process of detennining the position relative to a previous position, will be explained.

2.1 Generalbwckdwgram

display

Car radio

Compact Disc

I---JMap
1_

GPS Compass

( J
y

sensor
wheel sensors processing

Board

0
Computer

( J

Figure 2.1. General CARiN block diagram

All infonnation sources deliver their infonnation to the sensor processing block, which delivers infonnation
to the board computer. On a compact disc all road information is stored and this infonnation is used to
detennine the position of the car which can be showed on the display. The board computer can navigate the
driver to a predetennined destination by means of advises. These advises are pronounced via a speaker and
can be shown on the display as well.

2.2 Information sources

Global Positionin~ System (OPS)

GPS uses satellites to detenninc a position. In space a network of satellites provides a OPS receiver with
infonnation from which the receiver can determine its position in geographical co-ordinates. The position

9



CARiN

detennined by GPS can be erroneous. The error ranges from several meters to several hundreds of meters.
Because this unreliability it is impossible for a land vehicle to navigate only with the use of GPS, so other
information sources are indispensable.

Electronic compass -

From the compass a heading is retrieved, which is the heading relative to earth's magnetic north. The
electronic compass measures the strength of the terrestrial magnetic field. These measurements are very
easily influenced by disturbances ofthis magnetic field caused by the car itself and passing cars. Also there
are numerous environmental disturbances which can have large influence on the heading indicated by the
compass.

Database

The Compact disc contains a large database with road information. With the use of all sensors a position
can be detennined on this map. With use of map-matching, this position can be fitted on a road, in case the
sensors gave a wrong position.

Wheel sensors

The wheel sensors determine the travelled distance of the left wheel and right wheel. With the use of the
information of both wheels, the travelled distance of the car can be determined together with the wheel
heading.

2.3 Dead Reckoning

The determination of the position of a car depends on the travelled distance and the direction in which this
distance is travelled. When at every time instant this information is available, the position can be determined
relative to a previous time instant. The process of determining the position, relative to a previous position is
called dead reckoning.

The heading of the car is defined as the direction in which the car is driving. This heading can be determined
with use of several sensors: compass, GPS and wheel sensors. The first two deliver a heading relative to the
fixed earth co-ordinate system, they are absolute headings. The heading that can be received from the
wheels is a relative one; it determines the heading relative to a start heading.

In the present system a new dead reckoning position is determined when at least one meter is travelled. At
the moment tr at which a new dead reckoned position is determined the dead reckoned x- and y-co-ordinates
x(tr) and y(tr), which are further referred to as x[r] and y[r], are detennined with the use of the previous
dead reckoned co-ordinates x[r-l] and y[r-l], the travelled distance since the last dead reckoned moment,
ds[r] and the average of the headings at tr and tr-I, hd(tr) and hd(ttol) or hd[r] and hd[r-l]. The travelled
distance s[r] at the moment a new dead reckoned position is determined, is used to determine ds[r] as,

ds[r] = 51r] - 51r -1]

x[r] and y[r] are determined according to,

10
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(hd[r]+hd[r-l])
x[r] =x[r - 1] + ds[r ] *si \ 2

(2.2)

(hd[r] + hd[r -1])
y[r]=y[r-1]+ds[r]*co\ 2

The position is detennined at successive time instances relative to a previous position. This implies that at
every update an error accumulates in a position error. When for example the heading is disturbed
temporarily, this will result in a disturbed position, which will persist although the heading will become
correct again.

Because of this error sensitivity in the position, the aim is to retrieve a heading and travelled distance which
is as accurate as possible.

11



Gyroscope Theory

3 Spin gyroscope Theory

The gyroscope is a sensor that is sensible for rotations of the outer world. It is a kind of
compass, that chooses it's own reference point at start-up. In the last decade, the gyroscope
has become a very important navigation sensor, because of its relative non sensibility
for local electromagnetic fields in comparison with a compass.

The spin gyroscope makes use of a phenomenon referred to as the conservation of angular momentum in the
absence of torque. If we can manage to keep a spinning body free of torque, we can use its angular
momentum vector as a directional reference with respect to an inertial space.

3.1 Basic principles

The spin gyroscope consist of a wheel that is rotating at high speed. The behaviour of this spinning wheel
under certain circumstances is determined by mechanical laws.

3.1.1 Conservation ofmomentum

Consider a symmetric body, with moment of inertia I [kgrn2], that is rotating around a axis with angular
velocity ro [deg/sec], and is free from torque. The angular momentum vector L [kgm2deg/sec],

L = /w

with ro a vector in the direction of the axis, will be constant until a torque occurs. In formula,

- dL dw
T =-=/- [Nm]

dt dt

(3.1)

(3.2)

While T, L and <D are vectors, not only their size but also their direction is of importance. So without
applying a torque on the spinning wheel, it will keep its direction.

3.1.2 Nutation

Consider the symmetrical spinning wheel ( II=h; 13>11) of figure 3.1. The angular momentum vector is 13 <Do

, assuming that <D 1==<D2==O; <D3==CJ)O.

12



Gyroscope Theory

L

':#3lGf
(,)0

2 2

Figure 3.1. Nutation

By applying a force F in direction axis 2, during t seconds, it is possible to change the movement of the
spinning wheel. The force adds an extra angular momentum of

(3.3)

to the angular momentum vector hmo. Thus Lnew=L+L\L. The spinning wheel will now rotate through the
axis of the new vector Lnew , while the symmetrical axis of the wheel is moving on the surface of a cone. So
the new rotation is a result of an external force, and will remain although the force has disappeared. This
phenomenon is called nutation.

3.1.3 Precession

Precession is the term used to describe the orthogonal movement of the axis of a gyroscope under the
influence of an external force. If a force is applied to the spin axis of a gyroscope, this force will move the
spin-axis, figure 3.2.

z,,,,

-8Ly

y

,.
"

.'

X

Figure 3.2. Precession
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Gyroscope Theory

The moving of the spin-axis will apply a vector d.Ly, which hasn't been forced by a torque. According to
equation. 2 this vector d.Ly must be compensated by a vector -dLy . Tlus vector can be
generated by the system through a force Fp, that moves the spin-axis in the vertical plane.

Although nutation and precession are described separately, they do interact. So precession can be seen in
figure 3.1, and nutation in figure 3.2.

3.1.4 Drift and Tilt

Drift and tilt are two common used terms in gyroscope theory. They represents the movement of the spin
axis out of its actual reference direction in an orthogonal system, see figure 3.3 .

.0 Drift

•.. ~T;1t

%
"~1

..••... ··i

Figure 3.3 Drift and tilt

The spin axis is fixed by inertia to a reference point in outcr space. There are two possibilities that drift and
tilt can occur. First, the spin axis is fixed to an other point in outer space, for instance by precession, and
the original system keeps its orientation with respect to a point in outer spacc. Second, the orthogonal
system's orientation with respect to a point in outer space is changing and the spin axis keeps fixed to a
point in outer space.

Because the earth rotates from west to east at a rate of 15 degrees per hour, the orthogonal system's
orientation changes, and therefor a drift and or tilt is introduced. If, for instance, a spinning wheel is placed
at the north pole, with its spin axis horizontal to the earth's surface, an apparent clockwise movement of the
wheel occurs, see figure 3.4a. Tilt occurs if, for instance, the mechanism is placed with its spin axis
horizontal to the equator, see figure 3.4b. At other places on earth a combination of drift and tilt occurs.
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Drift and tilt by earth's rotation

3.4b

3.2

3.2.1

Different spin gyroscopes

Rate-integrating gyroscope

Thc simplest gyro configuration is the two-axis-position gyro shown in figure 3.5a. It can measure rotation
about two perpendicular axes. A rotating flywheel provides angular momentum to define a reference axis.
The flywheel is mounted in the inner gimbal, which in tum , is mounted in the outer gimbal. This assembly
is then enclosed in a frame.

motor

outer gimbal

3.5a

Figure 3.5

~a.

..-J
kt'" inner gimbal

Ferror

Spin axis

Vehicle frame

Two- and single axis gyro
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Gyroscope Theory

A disadvantage of this kind ofgyro is the interaction effect between the two angular motions. Assume that
the spin axis starts rotating as a result of a force Ferror, with an angular velocity of or [deg/sec1. Due to this
rotating, precession occurs, and the spin axis will tilt upwards with an angular velocity of u [deg/sec]. Till
the moment that the spin axis stops rotating with speed 't around the vertical axis, the rotation with speed u
around the horizontal axis will continue. Because this rotation around the horizontal axis, measurement of a
displacement of the outside word with respect to the inner gimbal will be disturbed.

To avoid this unpleasant interaction effect, rotation along one axis, assume the horizontal a'tis, of the gyro
will be opposed by, for instance, a spring, see figure 3.5b. The spring will stop the spin-axis from
orthogonal rotating with speed u, produced by precession due to a rotation with speed "t of the spin-axis,
because after certain degrees of rotation, the spring-force is forcing the spin-axis back to its original
position.

Because of the spring, the gyro becomes unsuited for measuring a displacement of the outside word with
respect to the inner gimbal, since the spring forces the spin axis to rotate in the same direction as the outside
world. So, in this configuration there is only one axis left for accurate measuring the displacement of the
outside world, this gyro is called single-axis gyro. In stead of a spring, sometimes the total axis is removed,
or when the gyroscope is used for measuring rotation in the horizontal plane of earth, use can be made of
gravity to generate a force that moves the spin axis back into its horizontal plane. By connecting a little
weight, called pendulum, on the inner gimbal, a force occurs when the spin axis tilts up or down.

The main advantage of a pendulum or spring against removing the axis, is the information that still is
available from that axis. With this information it is possible to design correction
algorithm or it can be used for a indication of the rotation around that axis.

3.2.2 rate gyro

The rate-integrating gyro measures absolute angular displacement and thus is used as a fixed reference. The
rate gyro measures absolute angular velocity.

There is only one tum-axis, orthogonal on the input axis, the axis where the rotation of the outside word
that has to be measured takes place. An input rotation with angle velocity ofe [deg/sec], will force the spin
axis to rotate around the input axis with the same angular velocity e. Because of this, precession around the
output axis will occur opposed by a spring-force, see figure 3.6.

input axis

~)
8 '.

output axis

Figure 3.6. Rate gyroscope
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Gyroscope Theory

Just after the start of the rotation with speed a, the precession force will be larger than the spring force,
resulting in a rotation of the spin axis around the output axis. At the moment that the precession force and
the spring force are equal, the rotation around the output axis stops. As the precession force is proportional
to the angular velocity a, the angle that the spin axis has rotated around the output axis is will also be
proportional to this angular velocity a.

3.3 Interaction transferfunction

While a general analysis ofgyroscopes is exceedingly complex, useful results for many purposes may be
obtained relatively simply by considering small angles only. This assumption is satisfied in many practical
systems. Figure 3.7 shows a spinning-wheel ofa gyro whose angular momentum vector is displaced
through small angles a [deg] and $ [deg]. The spinning wheel is mounted in gimbals like in figure 3.5.

:y

/..
". I

// I

......~/r( IIII

. : 4J l /
: I

Z.. : /~
:/ e
.....................

x

Figure 3.7. Transfer function analysis

Apply the angular momentum to its x and y axis components. The angular momentum is made up of two
parts, one part due to the spinning wheel, and another part, due to the motion of the wheel, case, gimbals,
etc., which would even exist if the wheel was not spinning. The latter part depends on, for the x-as, the
angular velocity d$/dt and the moment of inertia Ix of everything that rotates when the inner gimbal turns in
its bearing. For the y axis the latter depends on da/dt and the moment of inertia Iy of everything that rotates
when the outer gimbal turns in its bearing. The applied external torques Tx and Ty are included to provide
for the possibility of bearing friction. The inertia's Ix and Iy, which are about space-fixed axes, actually
change when a and $ change, but this effect is negligible for small angles. With the above qualifications, B
[Nm sec/deg] as viscous constant and K [Nm/deg] as spring constant, for the x-axis can be written

T - B d¢ _ K AI = !!:...-(L sinO + I d¢)
x x dt xV' dt spm x dt

and for the y axis

17

(3.4)



dO d dO
~ - By - - K/J = -d(-LsPin sin ¢J cosO + Iy-d)

dt t t

Gyroscope Theory

(3.5)

Asswne Ls is a constant, and for small angles cosS::::: I, sinS:::::S and sin4>:::::4> to get the following liner model,

(3.6)

These two equations are linear differential equations with constant coefficients relating the two inputs Tx

and Ty to the two outputs eand 4>. With use of Laplace transformation equations become

(3.7)

Assuming that torque Tx is zero, the following transfer function is obtained

¢J(S) _ LsPins
o(s) - -I S2 - B S - Kx x x

Assuming that torque Ty is zero, the following transfer function is obtained

_¢J_(s_) _ Iys
2 + Bys+ Ky

O(s) Lspins

(3.8)

(3.9)

Since 4> and S depend on both Tx and Ty, transfer functions may be obtained by considering each input
separately and then using superposition.

Letting Ty=O, gives

(3.10)

and letting Tx=O gives

(3.11 )
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Similar analysis for egives

(3.12)

and

(3.13)

This leads to the block diagram of figure 3.8.

Tx(s)

G1(s)
+

A
Y

+

---t G2(s)

- .... G3(s)

+

Ty(s)
G4(s)

<!>(s

8(s

Figure 3.8. Gyro block diagram

The behaviour of the gyroscope can now be explained and predicted with use of the following transfer
function matrix:

(3.14)

TIle above results are of quite general applicability to gyro systems of various configurations as long as the
small-angle requirement is met. For single axis rate and rate integrating gyroscopes considerable
simplification of the above results is possible.
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3.3.1 rate gyroscope

Gyroscope Theory

Assume an input rotation with angular velocity d8/dt [deglsec] and an output angle of lj> [deg],see figure 3.6.
There is only one spring in the system on the output axis, so Ky=O. The torque Tx is (almost) zero because
bearing friction is almost avoided. By is zero, because the spin axis is forced to rotate with the outside
world.

The desired 8-4> and 8-lj>-Ty relations become

rjJ (s) _ LsPins

B(s) - -1 S2 - B s- Kr x x

(3.15)

For a rate gyro we then have the second order response between input angular velocity d8/dt rdeglsecl and
output angle lj> [deg] of,

(3.16)

where

deg/ (deg/ sec)

deg/ sec (3.17)

A high sensitivity is achieved by large angular momentum Lspm and soft spring Kx, although low Kx gives a

low ron.

3.3.2. Rate integrating gyroscope

The rate integrating gyroscope may have one spring or pendulum. The influence of a pendulum for small
angles, is almost the same as the influence of a spring constant, because the pendulum influence goes with
sin(lj». Therefor both possible influences are taken into account by a spring constant. The bearing friction
around axis X may be neglected, so Tx=O.

The desired 8-4> and 8-4>-Ty relations become
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¢(s) LsPins
---
(J (S) - -1 S2 - B s - K

x x x

(3.18)

For a rate gyro we then have the second order response betwcen spin axis angular velocity d8/dt [deg/sec]
around the input axis and output angle cf> [deg] of,

(3.19)

where

deg/ (deg/ sec)

deg/ sec (3.20)

A high sensitivity is achieved by large angular momentum Lspin and soft spring Kx, although low Kx gives a
low O)n.

Note: The difference between the rate and rate integrating gyroscope is the fact that d8/dt is applied by the
outsidc world in case of a rate gyro, while d8/dt in case of a rate integrating gyroscope is a result of bearing
friction.
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4 System Identification Theory

In paragraph 3.3 the derivation ofa gyromodel was described from physical knowledge. This type of
modelling assumes complete knowledge of the process, and is therefore also called 'white-box modelling'.
Although this is a very useful approach, it is not realistic to assume complete knowledge of a process.

For a more general model a structure can be used, in which the parameters must all be estimated from
measurements of inputs and outputs, using a estimation procedure. This is called 'black-box modelling',
reflecting the fact that no knowledge of the process is used. This chapter deals with black-box modelling.

Figure 4.1. General black-box model

The basic input-output configuration is depicted in figure 4.1. It contains a deterministic part, G(q)u(k),
and a stochastic part, H(q)e(k). The output y(k) becomes

y(k) =G(q)u(k) +H(q)e(k)

where q is the shift operator and G(q)u(k) is short for

co

G(q)u(k) = 2:g(k)u(k - n)
n=l

where

co

G(q) =2:g(k)q-k
k=1

q-1u(k) = u(k -1).
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4.2. Statistics and stochastics

System Identification Theory

The statistical properties of a signal describe the amplitude distribution of the signal: how often does a
certain amplitude occur? It does not matter in what order the values of the signal occur. The stochastic
properties of a signal describe the distribution of frequencies in the signal: does there exist a dependency
between the amplitude at this moment, and the amplitude at the next time instant? Several definitions and
remarks of statistical and stochastic properties are given in Appendix G.

4.3 Nonparametric identification

In this paragraph the estimation ofthe parameters of nonparametric models is discussed. Identification
methods are provided, with which the parameters of the impulse response and the frequency function can be
estimated. First a time-domain method, based on correlation analysis, is presented. Then three methods of
identification of the frequency function are discussed.

4.3.1 Time-domain identification by correlation analysis

An estimate of the impulse response of a process can be obtained by correlation analysis. The basic idea is
to suppress the noise term by correlating the data with appropriate signals. Consider a linear time-invariant
system that can be described by the following model:

00

y(k) = Lgo(l)u(k -I) + v(k)
1=1

with go the impulse response of the 'real' model.

Suppose that the input u is a stationary process with zero mean, and that u is uncorrelated with the
disturbance v. Then we have

00

Ryu(r) =E{y(k)u(k - r)} = Lgo (I)Ru(r -I)
1=1

(4.4)

(4.5)

This is an infinite set of equations for 'tE[l,oo). However, if the system has a finite impulse response, the
impulse weights ~(l) will be zero for I>M, for some positive constant M. Ifboth Ru('t) and Ryu('t) are
known, a natural estimate g of the impulse response ~ is in iriatrix form for 'tE [I,M]:

(4.6)

The matrix RuM must be invertible. Invertibility requires persistence of excitation (PE) ofthc signal u. This
means that the input u(k) has to be 'rich' enough to excite all required parameters of the process such that
their values are reflected in he output y(k).
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4.3.2 Frequency response analyses

System Identification Theory

A computationally simple method to obtain an estimate of the frequency function is frequency response
analyses or sine-wave testing. The idea is to apply a sine-wave with a specific frequency to the system, and
measure the amplitude and the phase shift of the resulting output signal with respect to the input. By
applying several input signals with different frequencies, and repeating the calculation steps, information
about the system frequency response over a frequency range is obtained.

A disadvantage of this method is the fact that it is very noise sensitive, and it is not always allowed to apply
purely sinusoidal input signals to obtain experimental data.

4.3.3 Frequency response analysis by the correlation method

In the time domain the noise is suppressed by correlation analysis. This procedure can be used in the
frequency domain as well. Since the interesting component of the output y(k), with an input u(k)=Acos(coo),
is a cosine with known frequency, correlation with a signal with the same frequency COo will preserve the
cosine, but will eliminate the noise term.

The procedure works in the following way. Correlation of y(k) with a cosine yields

(4.7)

and with a sine

(4.8)

Applying the above equations to a system with frequency function Go(eiW
), the following equation can be

found:

(4.9)

The results of this method will be better than with the frequency response analysis method, described in the
previous paragraph, since the noise is suppressed. However, the other disadvantages of frequency response
analysis still apply: many industrial processes do not allow sinusoidal inputs in normal operation, steady
state has to be awaited, and the experiments must be repeated a number of times.

4.3.4 The Empirical Transfer Function Estimate

Two frequency-domain identification techniques have been described, that both have the disadvantage of
long experiment periods, and requiring sinusoidal inputs. The method discussed in this paragraph avoids
these disadvantages. The method is based on (discrete) Fourier analysis of input and output signals. The
resulting estimate of the frequency function is called the Empirical Transfer Function Estimate (ETFE). The
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ETFE will appear to be rather rough estimate of the frequency function, and therefor techniques are
presented to smooth the estimate.

4.3.4.1 Fourier analysis

The definitions of the Discrete Fourier Transformation (DFT) and the inverse Discrete Fourier
Transformation (10FT) are of importance for the ETFE. Therefore they are given below.

Definition 4 1 Discrete Fourier Transformation (DFT)

Consider the finite sequence of inputs u(k), k= 1,2, .... ,N. The Discrete Fourier Transformation maps u(k)
into UN(ro) according to

1 N
U (w) = -="'"u(k)e-/(J),k

N / IN L.
" k=]

1= I, .... ,N (4.10)

The signal u(k) can be recovered by the Inverse Discrete Fourier Transformation (10FT) as follows.

D~linjtion 4 2 Inverse Discrete Fourier Transformation (IDFT)

Given UN(ro), as in 4.10. The Inverse Discrete Fourier Transformation maps UN(ro) into u(k) according to

4.3.4.2 Empirical Transfer Function Estimate

2Td
w =/ N (4.11)

Using the fourier transformations, an estimate of the transfer function can be made for multifrequency
signals. The estimate is called the Empirical Transfer Function Estimate, and can be calculated by

(4.12)

with YNand UN the Discrete Fourier Transforms ofy and u, respectively. The double hat denotes that the
ETFE is a very rough estimate of the transfer function. This can be explained from the fact that a series of
N input and N output samples is reduced to N/2 complex numbers (because of the double summation in
definition 4.1). This means that there is a relative small data reduction.

The ETFE can be improved by making use of the possible uncorrelatedness of the observations at different
frequencies. A possible way to do this is by taking expectation over a number of observations.
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4.4 Parametric identification

System Identification Theory

Parametric identification is concerned with the identification of parametric models. Parametric models can
be used for process analysis, for simulation and for control design.

In this paragraph, five parametric time-domain model representations are presented, and parametric
identification methods are described.

4.4.1 Prediction error methods

Obtaining a model is never a goal itself. There is always a purpose in obtaining a model. In process
analysis, the goal is to predict the process behaviour in certain circumstances. In control design, a controller
has to be designed. In both cases the model must be able to predict the behaviour of the process. Therefore a
very logical criterion for model quality is its prediction capacity. If the error between real and predicted
output is small in some sense, the model can be considered good. Methods that are based on this principle
are called Prediction Error Methods (PEMs), since the prediction error is used as a measure of quality.

To formalise the concept, some notation is introduced. Suppose y(k) denotes the real process output at
instant t=k. Suppose that there is a complete knowledge of the past at t=k, and that the process has to be
predicted at t=k+ I. The predicted process output is then denoted by y(k+ Ilk), which is called the 'one-step
ahead prediction' ofy.

At time instant k+ I the value of y(k+ I) is measured. Comparing the predicted process output y(k+ Ilk)
with the real process output y(k+ I), the prediction error E (k+ Ilk) is obtained.

A
E (k + 11k) =y(k + 1) - y(k + Ilk) (4.13)

According to the philosophy described above, a model is good if it has a small prediction error. But for the
same model, the prediction error can be small at one time instant, and large at another. Therefore a much
better measure would be to look at a sequence of prediction errors. To prevent positive and negative
prediction errors from cancelling out, the square can be taken. Then an appropriate measure for model
quality is the following loss function I N : A model has good prediction capabilities, if the loss function is
small. The 'best' model is thus the model that minimises the loss function.

(4.14)

A model has good prediction capabilities, if the loss function is small. The 'best' model is thus the model
that minimises the loss function.

A parametric model consists ofa model structure, a set of integers (dead time, polynomial order), and a
number of parameters. Suppose that these parameters are collected in the parameter vect9( 8. Then the
optimal model within the selected model structure is the model with the parameter vector 8N,that minimises:

(4.15)
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with

1 N

.IN (B) = N ~E2 (klk -1,B)

The set OM is the set of possible parameter vectors.

4.4.2 One-step ahead prediction

(4.16)

Prediction Error Methods are based on the one-step ahead prediction of the process output. How can the
one-step ahead prediction y(k+ Ilk) be calculated ?

To answer this question, the standard model of figure 4.1 and equation (4.1) are of importance.

Assume that y(l) and u(l) ofequation (4.1) are known for l=k-l,k-2, .... , from measurements. Suppose that
G(q) and H(q) are known as well. Then also v(l) is known for l=k-l,k-2, ... , according to

vel) = y(l) - G(q)u(l)

The one-step ahead prediction of y is given by

l=k-l,k-2, .... (4.17)

y(klk -1) =G(q)u(k) +'V(klk -1) (4.18)

A
To solve the prediction problem, first the problem of obtaining v (klk-I) must be treated. To make the
problem soluble, the noise filter H(q) must satisfy three conditions:

• H(q) is stable
• H(q) is inversely stable, i.e., R1(q)=I/H(q) is stable
• H(q) is monic, i.e., the first element ofH(q) equals I

The best prediction of v(k) is:

~(klk -1) = H(q) -I v(k)
H(q)

With this prediction and equation 4.1, the prediction ofy(k) becomes:

~(klk -I) = H-J(q)G(q)u(k) + [1- H-1(q)]y(k)

Now the prediction error can be written as

(4.19)

(4.20)

E (klk - 1) = y(k) - y(klk - 1) = -H-1(q)G(q)u(k) + H- 1(q)y(k) (4.21)

This is valid for any model structure that can be written as equation (4.1). Therefore (4.20) is a very general
expression for the one-step ahead prediction of y.
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4.4.3 Parametric time-domain model representations

In this paragraph, five model representations are presented, that are all special cases of the following
general model:

B(q) C(q)
A(q)y(k) =F(q) u(k) + D(q) e(k)

where A(q), B(q), C(q), D(q) and F(q) are polynomials in the shift operator q, defined as

(4.22)

A(q)=
B(q)=
C(q)=
D(q)=
F(q)=

By making certain choices for these polynomials, the different model representations are obtained.

With use of the one-step ahead prediction equations, a prediction model is generated, for each model
structure.

Note: The general model of (4.22) is the same model as (4.1), but with another notation.

4.4.3.1 Finite Impulse Response model

This model can be obtained from the general model by choosing A(q)=C(q)=D(q)=F(q)=I, and B(q) an
arbitrary polynomial of order M. This gives the standard FIR model:

y(k) =B(q)u(k)+e(k) (4.23)

The polynomial B(q) has parameters {bl, .... ,bnb}. For easy reference these parameters are collected in a
parameter vector 8, where 8=(b1 b2 ... bnb)T. The one-step ahead prediction ofa FIR model becomes, with
use (4.11):

y(kIB) = B(q)u(k)

and is called a FIR prediction model.

(4.24)

4.4.3.2 Auto-Regressive with eXogenous input model

The Auto-Regressive with eXogenous input (ARX) model is of the class of equation error models. The
equation error is modelled as a white noise sequence. The AR-part comes from the fact that the output is a
function of its past values. The input u is the exogenous (or extra) input.
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The model can be written as:

A(q)y(k) == B(q)u(k) + e(k)

The ARX prediction model can be written as:

y(kIB) =B(q)u(k) +[1- A(q)]y(k)

(4.25)

(4.26)

4.4.3.3 Auto-Regressive Moving Average with eXogenous input model

The Auto-Regressive Moving Average with eXogenous input (ARMAX) model can be derived from the
general model by choosing D(q)=F(q)=I, and A(q), B(q) and C(q) arbitrary polynomials,

A(q)y(k) == B(q)u(k) + C(q)e(k)

The ARMAX prediction model can be written as

"'(kIB) = B(q) u(k) +lr1- A(q) lV(k)
y C(q) C(q)J

(4.27)

(4.28)

4.4.3.4 Output Error model

The Output Error (OE) model can be derived from the general model by choosing A(q)=C(q)=D(q)=I, and
H(q) and F(q) arbitrary polynomials. In this case the noise is supposed to be additive to the output.

B(q)
y(k) =-u(k) +e(k)

F(q)
(4.29)

Note that the plant model, G(q)=B(q)/F(q), and the noise model, H(q)=l, have no parameters in common.
Therefore they are said to be 'independently parametrized'.

The OE prediction model can be written as:

4.4.3.5

A(kIB) = B(q) (k)
y F(q) u

Box-Jenkins model

(4.30)

The Box-Jenkins (BJ) model can be derived by choosing A(q)=l, and the other polynomials arbitrarily

B(q) C(q)
y(k) = F(q) u(k) + D(q) e(k)
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4.4.4 Parameter estimation

System Identification Theory

The parametric identification methods that are considered, belong to the family of Prediction Error Methods
(PEM). These methods are based on the minimisation of a cost function, which is the sum of the squared
prediction errors. To solve this minimisation problem, use is made of mathematical techniques.

For all model structures the criterion becomes:

(4.32)

In the optimal solution, the gradient of I N(8) with respect to 8 is zero:

(4.33)

To solve this Least Squares problem, use can be made of mathematical software tools as Matlab.
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5 GyroEngine

GyroEngine, see Appendix A for specifications, is a rate-integrating spin gyroscope, shown schematically in
figure 5.1. A rotating flywheel provides angular momentum to define a reference axis. The flywheel is
mounted in the inner gimbal, which in tum, is mounted in the outer gimbal. This assembly is then enclosed
in a frame. A pendulous mass placed on the inner gimbal maintains the spin axis nominally level
(horizontal) with respect to the local gravity vector. Changes in the positions of the gimbals are reported by
an optical sensing system that uses Gyration's optical encoders.

Outer gimbal aXIs

Frnm.~
Inner gimbal axis

Outer gimbal

Flywheel

Spin axis

Inner gimbal

Inner gimbal encoder

Pendulum

'------___ Outer gimbal encoder

Figure 5.1. Directional GyroEngine

5.1 Optical encoder

The optical encoder works in conjunction with LEDs, photoelectric sensors, lenses and light guides, all
integrated into the plastic housing. A LED shines light through a ring perpendicular to the spin axis of the
wheel. On the ring are lines for optical sensing. In a hole at the gimbal bearing perpendicular to that axis is
another grid with radical lines that the light also passes. The interference or Moire pattern created by the
two grids changes characteristically when the housing is rotated along either axis. A quadrature photosensor
picks up the changing pattern. This eliminates the need for analogue-to-digital converters and the complex
circuitry they require. The signal processing can be handled by a quadrature decoder.

5.2 GyroEngine Phase Quadrature Output

GyroEngine communicates angular position data via standard phase quadrature output. Phase quadrature is
the term given to a pair of digital signals that appear as square waves 90° out of phase with each other. A
single gimbal in the GyroEngine generates one pair of these signals. The Directional GyroEngine measures
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yaw (on the outer gimbal) and the tilt angle of the spin axis with respect to the horizon (on the inner gimbal)
as shown in figure 5.2.

Directional

GyroEngme

Figure 5.2

'-------"A _n I Lf'L l
"'------------BJLTULJ

--+: : +-- Pha.e Difference

Phase quadrature signals

Angle between
Spin Axis and

Outer Gimbal

Angle between
Outer Glm bal and

Frame

The tilt angle of the spin axis does not necessarily measure the pitch and roll of the GyroEngine case, but it
may measure pitch, roll, or some combination of the two, depending on the heading of the spin axis. The
two signals in each pair are referred to as Channel A and Channel B (or Phase A and Phase B). Each pair
provides two kinds of information -rotation and direction- for a single degree of rotational freedom, or an
gular movement on a single axis:

• By checking the number of pulses on a given signal (Channel A or B), the rotation, in mechanical
degrees, that the gimbal has moved can be determined.

• By checking which of the two signals goes first, the direction the gimbal is turning can be
determined.

The GyroEngine's phase quadrature signals are generated by a rotary optical encoder. The "optical period" ,
figure 5.3, constitutes one full cycle of the encoder and can also be expressed as 360°. The photodetector
outputs are in "quadrature", which means that Phase B has a 90° phase shift relative to Phase A. One
optical period contains relationships of Channel A to Channel B (A is high, B is high; A low, B high; A low,
B low; A high, Blow).

One period
of Optical
Encoder

•A .

~~~n~

90° of Optical Period=
Resolution of GyroEngine

Figure 5.3. Optical period and resolution

32



GyroEngine

Every 900 of the optical period represents one of the four states. (Note that the references to degrees
pertaining to phase quadrature signals are electrical degrees. Electrical degrees should not be confused with
mechanical degrees, which are used to express the position of the gimbals relative to free space). The sign
of the phase shift depends on the rotation direction: _900 for elockwise, +900 for counterclockwise. The gap
between the two dotted lines represents the "phase" difference, i.e. one channel makes a transition before the
other.

By sampling the channels and monitoring the changes in quadrature state, the encoder position may be
accurately tracked. The sampling rate determines the fastest encoder movement that can be tracked.

The four possible quadrature states are represented by figure 5.4. As the rotary encoder turns, the output
signals passes through the four quadrature states in sequence, counting either up (2, 3, 4, 1,2, ... ) or down
(3,2, 1,4,3, ...) to indicate either counter-elockwise or clockwise motion of the gimbal being measured.

A

B

CD 00

~Ol
o

11

Figure 5.4. Quadrature states

Each quadrature state is represented by a pair of digits, each digit being a 1 or O. The first digit indicates
whether Channel A is high or low. A 1 indicates that the channel is high, and a 0 indicates it is low. Note
that a given quadrature state can only change to one of the two adjacent quadrature states. For example,
state 1 can only change to state 2 or state 3, but it cannot change directly to state 4.

Note that the signals shown in figure 5.2 represent GyroEngine phase quadrature under ideal conditions.
However, during slow movement of the gimbals, the spin axis mechanical vibration will be apparent on the
quadrature encoders. The signals appear as shown in figure 5.5, because the encoders are accurately
representing the angular motion of the gimbals. As each channel changes state (high to low, or low to high),
the vibration will appear as a brief oscillation between two states before the channel settles in the next state.
This should not impair a quadrature sampling and counting microprocessor because the vibration is valid
movement.
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---+: :+-- 4-:_------.;

. .. .

~J~"_______I_run~L J~

Figure 5.5. Motor mechanical period

-+, ._ Motor mechanical
Period

5.3 Interfacing Quadrature

Any algorithm for quadrature decoding must sample the gimbals faster than TMAX in order to catch every
state change. This time is dependent on both the number of motor vibration transitions on the digital signals
and the angular speed of gimbal rotation. The relationship between maximum detectable gimbal rotation
rate (0), encoder resolution (R=0.2°), and quadrature sampling period (T) is:

R
T<--

- (0)(3.3)

R
0=-

T(3.3)
(5.l)

Where the factor of 3.3 has been allowed for encoder phase errors (± 54° ) and motor vibration transitions
of± 15°.

5.4 Accuracy

The decoder is able to decode an angular movement of 0.2°. This movement is a transition of one state to
the other. There are four states, thus one period (of four states) is equal to an angular movement of 0.8°.

So 10 complete periods represent 8° of movement, or five quadrature logic states per degree.

5.5 Interference from e.xternallight sources

The GyroEngine should be completely shielded from external light sources during operation. Due to the
transparency of the housing material and the use of light-sensitive photodiode in the optical sensing system,
exposure to external light will degrade the GyroEngine's performance.

5.6 Starting position and precession

Start the GyroEngine with the outer gimbal axis as vertical as possible. If the GyroEngine is started with the
outer gimbal axis non-vertical, the spin axis will snap to a non-horizontal orientation. This will result in a
drift proportional to the tangent of the angle between the spin axis and the horizon.
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5.7 Using GyroEngine near its limits

GyroEngine

The mechanical range of the GyroEngine is 360° on the outer gimbal and ± 80° on the inner gimbal. If a
directional gyroscope reaches its limit, the spin axis may precess away from its horizontal orientation. This
will cause a large precession of the gyroscope. A directional gyroscope works best when the outer gimbal
axis is near vertical.
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6 Test set-up for GyroEngine

To investigate the behaviour of the GyroEngine, use has to be made of a test equipment that is able to
excitate and measure the gyro simultaneously. By comparing the excitation and response, it is possible to
identify the system behaviour of the gyroscope.

The GyroEngine is placed on a turntable, that is build out of a stepper motor with a round plate on it. The
motor can be controlled by a servo drive system. The sensor signals can be measured with use of a data
acquisition PC-board, called OAS 16, that also controls the servo drive system. A computer program, called
MACS, passes the data from and to the PC-board.

6.1 Excitating the turn table

The Macs-program passes the excitation data to the OfA converters on the 0 AS 16 board. The analogue
data is level shifted by a level converter circuit, see Appendix B. The voltage range of the data is now 
3VOIt<VOATA<3Volt, where 0 Volt means no rotation.

The servo system converts the voltage into a rotation of the turntable, with a heading rate 8[deg/sec] as
function of the input voltage Vset [Volt] of;

e'~ 80· Vser (6.1)

The servo system can be pushed in high speed mode, where the heading rate is multiplied by a factor 10.

6.2 Measuring the sensor data

The analogue sensor data are converted by the AID converters on the OAS 16 board. The MACS-program
samples the data of the OASl6 board, and records them in a Matlab file format.

The GyroEngine was delivered with a special software utility, for data acquisition. This utility was a part of
a development toolkid, manufactured by Gyration. The toolkid also contains a test box. This box converts
the output of the GyroEngine into a Microsoft type M mouse format, so the gyro can be connected to the
computer very easily.

6.3 Test set-up with use ofa reference gyro and the Gyration testbox

The test set-up that was already in use, made use of a reference gyroscope, type Smiths Industries 950
RGSI (see Appendix C), to determine the exact rotation of the tum table. Logically the same set-up was
used for identification of the GyroEngine, that was measured with use of the testbox, converting the
quadrature signals, and the software utility for the data-acquisition. To avoid a rewriting of this software
utility and the MACS-program, an extra computer was needed, see figure 6.1.
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o
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1)
2)
3)
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NMS 9100 IAT286
DECpc 333sxLP
Test box
PE 1542 DC Power supply

PHlllPS
digital
Gyration
No. 29933
No. 23917
No. 30313

5) Photo-sensor
6) Gyroscopes
7) Servo control
8) Stepable motor

Figure 6.1. Test set-up with reference gyro and Gyration testbox

Data acquisition of the reference gyroscope was done by the digital PC386 with DAS 16 interface. The
Gyration was connected by the testbox with the Philips PC286.

6.3.1 Synchronisation ofthe computers

Both computers had to have the same time axis, which is required for measuring time-delays. To adjust the
time-axis of both computers the signal of the photo sensor is used. The information of the Smith-gyro was
accompanied by this photo sensor signal, while the sampling of the GyroEngine started at a pulse generated
by the photo sensor.
To make the Gyration sample software start at a pulse a DOS-routine is written, called 'sp~rab', that
diverts a keyboard interrupt. Instead of the normal sample start of pressing a key, the start is delayed after
pressing the spacebar until a pulse is detected at the parallel port. The two generated sample-files can be
time-matched using Matlab. A routine searches for the rise flank of a pulse in the photosensor data and by
detection uses that sample number as a start for the reference gyro data. While the GyroEngine data also
starts at that rise flank, the data is matched.
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Test set-up for GyroEngine

The reference signal of the Smith-gyro is analogue. A negative or positive value indicates whether the Smith
is rotating c1ock- or counter-clockwise. The reference signal is converted by the OAS 16 NO converter, that
is operating in bipolar mode, into a 4096-level digital signal. Level 0 indicates a -1 OV input, and level 4095
indicates a +10V input. As a result of this conversion, an offset is introduced of2047.5. This is not a
physical level, so it can produce errors. On the other hand a scaling is introduced.

The Smith-gyro has an output which represents a <p', so integration has to be done to convert it into <po After
this integration it can be compared with the GyroEngine output very easily. The integration algorithm has to
be corrected for the offset and scaling errors, so a calibration has to be done.

Calibration can be done by using a permanent reference point that indicates an absolute 00 point, and so a
3600 -tum point while rotating in one direction. The photo-sensor is an ideal reference point, because it is
permanent, and gives an electrical signal when it is passed. Comparing the sensor-data with the photo
sensor data gives good opportunity to calibrate the reference data.

6. 3. 2.1 Offset

To compensate the algorithm for unwanted offset, two principles are used.

First the value belonging to a non-rotating of the Smith-gyro is determined by calculating the mean value of
a large number of non-turning data. This mean-value is used as a first indicator for the algorithm.

Secondly, a sinusoidal movement is dictated to the sensor table. The sensor data is used for calculation by
the algorithm. One period of the signal must return the table into it's starting point. The scaling-factor
doesn't influence the data because there is always a positive, negative or none movement.

Using the above described principles gave an offset of2046.5. The results of implementing such a offset
factor can be seen in Appendix O.

6.3.2.2 Scaling

Scaling can be done by applying a one-directional movement of more than 3600
. The algorithm should

indicate a 3600 movement when the photosensor is passed for the second time. In theory a factor of 0.060
[Volt sec/deg] was mentioned, but in practice this factor seemed to be 0.0594 [Volt sec/deg], possible as a
result of the local room-temperature. In Appendix E the results of such a scale factor are presented. It also
shows that not all the measured data is equal accurate.

6.3.2.3 Error-sensible

The reference signal have to be very accurate, otherwise system identification cannot be done. Because the
Smith gyro has it's own dynamic behaviour too, attention has to be paid to the relationship between the
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accuracy of the Smith and the GyroEngine. If the two gyro's are quit the same in accuracy and dynamic
behaviour, the system identification of the GyroEngine would contain the behaviour of the Smith too.

A Matlab routine searches for the rise flank of the photosensor start pulse. To investigate this rise flank
accurate, the sample frequency of the acquisition computer had to be high. Because of this high frequency,
there are a lot of sample-values to be integrated. So a little systematic fault can have a lot of impact.

An one-directional rotation can result in a Smith-output signal that becomes continuously between two
quantisation levels. Therefore every sample-value has the same little error that becomes larger and larger
when the number of samples increases. The maximum error in a single sample that can result becomes:

8 ~ {0.5(20 / 4096)} x (11 0.594) [deg/ sec] (6.2)

where the factor 20/4096 indicates the voltage difference between two quatisation levels. The factor 0.5
deals with the fact that the error can be maximal a half quantisation level, and the factor (1/0.0594) is for
scaling.

6.3.3 Try out tests

Before the actual identification can begin, some try-out tests have to be done. These tests give a good
indication if the measurement circuit is functioning well.

6.3.3.1 Old type GyroEngine

This was the first GyroEngine delivered by Gyration, and it occurred to be very sensible for slow constant
one-directional movement. At this rotation the relative vertical movement v, with

verticalmovement /
v = / horizontalmovement (6.3)

became extremely high and it was even possible to reach the tilt limit of the GyroEngine if the rotation took
place long enough. In table 1, this behaviour is presented. It shows the horizontal and vertical movement of
the GyroEngine in addition of the factor v, for a motor Voltage of 14Volt.
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Table 1. Slow one-directional movement
~ri: ' . .... .'..'al'". ".' "':': . ..... . ReI' .'cal .• .:.•. : . yerltcnt(;}yemeIlt· atlve verti .:.•.

tis :c I ....:... •••. '..' ..•.. [beg/secJ> .':..' :..•' movementiv

0.05 -0.26 -5.2

0.1 -0.45 -4.5

0.6 -I -1.67

0.74 -0.67 -0.9

-0.87 -0.87

2 -0.47 -0.23

2.67 -0.42 -0.156

4.67 -0.83 -0.18

6.46 -1.25 -0.19

11.67 -1.67 -0.14

In figure 6.2 the data of table I is presented graphically. For slow one-directional movement of the tum
table the relative vertical movement of the spin axis becomes larger than one. At these rotations the
GyroEngine has reached its limit of 800

, before the table has turned 800
.
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Figure 6.2. Relative vertical movement

Cars make a lot off slow turns on, for instance, bypass roads. During this slow turns the GyroEngine would
constantly reaches its limit, which makes this GyroEngine useless for in-car applications.

6.3.3.2. New type GyroEngine

Aware of the problems with the before mentioned GyroEngine, Gyration improved the performance of the
GyroEngine. The problems encountered were caused by friction, interfering with the motion of inner and
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outer gimbals. This friction primarily resulted from contamination and bearing-pivot misalignments.
Because of the friction a large precession force occurred, tilting the spin axis. In the new type GyroEngine,
this friction, and so precession is less resulting in a balance between the precession and pendulum influence.

The improved GyroEngine has been tested on its relative vertical movement for slow motions of the tum
table, at a motor voltage of 14Volt. Without an improved perfonnance, system identification of the
GyroEngine was not interesting anymore. The results of these test are presented in table 2.

Table 2. Slow one-directional movement
·b8fizontlll.ffi(.)vement.•.· verHcaItnoveIllertt··.
[~se¢l· ···················>[~g{~~li······

0.0125 -0.09
0.084 -0.075
0.086 -0.084
0.12 -0.075
0.13 -0.060
0.175 -0.044
0.417 -0.036
1.27 -0.067
3.2 -0.083
4.67 -0.061

.·:Refati"\.'evertical··· ...
.. .·...moveruent, v

-7.2
-0.893
-0.977
-0.625
-0.46
-0.251
-0.086
-0.053
-0.0259
-0.013

In figure 6.3, the data of table 2 is presented graphically. The curve of figure 6.2 is also added for
comparing the perfonnance.
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Improved performance

It is clear that the new GyroEngine perfonns a lot better than the old one. There is still a relatively large
vertical movement at very slow one-directional movements of the table, but, in car applications, these
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movements are predicted to be disturbed by larger movement, because a car cannot been driven with that
accuracy.

6.3.3.3 Accuracy ofthe test set-up

During tests it became clear that the data of the reference gyro was not accurate enough.
There are two possible reasons for this. First, the algorithm is not accurate enough. Second, the sensor is
not sensible enough, see figure 6.4.
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Figure 6.4 Accuracy ofthe reference signal

Figure 6.4 shows the data of the two sensors. The first 15 seconds, both sensor gave the same heading rate,
but after 15 seconds the Smith detects a change in the heading rate. The GyroEngine does not detect this
heading rate change. What is the true heading rate?

Because of the uncertainties in the sensor data, a good identification of the GyroEngine system behaviour is
impossible. Therefore, the test set-up has to be improved.

6.3.4 Conclusion

As mentioned in paragraph 6.3.2.3 the reference gyro has to be very accurate, and must have a better
performance than the GyroEngine. The GyroEngine seems to be a very accurate sensor, especially at higher
heading rates. So, little differences between the two gyroscopes can have large influences in the system
identification. The test set-up with use of the reference gyro is not that accurate as it has to be because of
some unpleasant circumstances:

• The time synchronisation of the two computers makes determination of GyroEngine delays impossible
because of the errors that are introduced by the Matlab algorithm. It also ties a high sample frequency.

• The Gyration testbox also introduces delay-errors because it only has a baudrate of 1200 bps.
• The data of the reference gyro has to be integrated. This introduces systematic errors.
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• Despite a calibration of the reference gyro, the data of this sensor does not represents the exact rotation
of the tum table. It is not clear if the reference gyro or the algorithms are responsible for this behaviour.
It seems that the GyroEngine is in the same accuracy as the reference gyro. So, system identification
with this test set-up will also contains the behaviour of the reference gyro.
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6.4 Test set-up with use ofa optical decoder

To overcome the problems with the before mentioned test set-up, the Smith gyroscope is replaced by a
optical encoder. lbis encoder consists of a disk with notches, that are detected by a photosensor. The
resolution of the encoder is 20000 states per 360°. To detect these 'quadrature' states, a digital circuit is
designed. lbis circuit is also used for the detection of the GyroEngine quadrature signals, so the Gyration
testbox is not necessary anymore. The digital circuit is connected with the DAS 16 PC-board and therefore
only one computer is needed.

6.4.1 The quadrature converter circuit

The quadrature signals of the encoder and the GyroEngine have to be converted into analogue signals, that
can be presented to the DAS16 board. In Appendix F the circuit is presented and in the following
paragraphs the principles are discussed.

6.4.1.1 quadrature detection

The quadrature signals of the GyroEngine are disturbed by mechanical vibrations. Therefore the circuit has
to be able to detect the ideal quadrature states out of the disturbed signal. Using the same detection on the
ideal quadrature signals of the encoder will not give any problems.

In figure 6.5 the detection is schematically shown. All states are counted and the direction of the rotation
decides if the states are counted up or down.

increment

increment

increment

increment

11lJl__111lJ lJUlL----1-----------'~ ~ .

MiMI
MiMi ..········.... ············.········

lf1Jl__~ IlJ I~Jl,--------_~ I
Figure 6.5 detecting the quadrature states

In hardware the detection part is designed in a Field Programmable Logic Array. This EPLD samples the
quadrature signals and detects their logic states transitions by a transition table, see table 3.
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0 0 0 0 (0) No change in position
0 0 0 1 (1) Increment
0 0 1 0 (2) Decrement
0 0 1 1 (3) No change in position
0 1 0 0 (4) Decrement
0 1 0 1 (5) No change in position
0 1 1 0 (6) No change in position
0 1 1 1 (7) Increment
1 0 0 0 (8) Increment
1 0 0 1 (9) No change in position
1 0 1 0 (10) No change in position
1 0 1 1 (11 ) Decrement
1 1 0 0 (l2) No change in position
1 1 0 1 (13) Decrement
1 1 1 0 (14) Increment
1 1 1 1 (l5) No chan e in osition

Each state transition represents a certain number of degrees. In case of the GyroEngine it represents 0.2°,
but for the encoder it represents 360°/20000=0.018°. The number of bits of the counters decides the
number of degrees that can be counted before the counter makes a transition of

2

number of bits
x resolution of one state. (6.4)

The transition can be detected afterwards by a up-down criteria, that corrects the data for the transitions.
The number of bits of the encoder-counter and the GyroEngine horizontal-counter are chosen 10 bits. The
number of bits of the GyroEngine vertical-counter is chosen 8 bits. This because the vertical movement will
be much smaller.

6.4.1.2. Digital to analogue conversion

The digital counter values have to be converted into analogue signals to present them to the DAS 16 board.
lbis conversion is done with use of three digital to analogue current converters. The output of the
converters are converted into a voltage by current-voltage converters. These voltages are sampled by the
DAS16 board.

6.4.2 Test set-up with use ofthe quadrature converter circuit and the optical encoder

The test set-up with use of the quadrature converter circuit and the optical encoder is presented in figure
6.6.
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6) Servo control
7) Stepable motor

Figure 6.6. Test set-up with use ofthe quadrature detection circuit and
optical encoder

The optical encoder needs a reference point. This is done by connecting the encoder with earth.

6.4.3 Calibration ofthe optical encoder and GyroEngine

The output signals of the quadrature detection circuit are converted by the DAS 16 AID converters, that are
operating in unipolar mode, into a 4096-level digital signal. Level 0 indicates a OVoit input, and level 4095
indicates a +1OVoit input. As a result of the unipolar mode no offset is introduced.

In the quadrature detection circuit two buttons are added. One button resets all the counters of the EPLD,
and so generates the zero-signal. The other button sets all the counter bits to 1, and so the maximum-signal
is generated. As expected the zero-signal is converted in to level 0 of the DAS 16 board, but the maximum
signal is not converted into level 4095. It is converted into the level value 'max'.

Calibration of the encoder and gyroscope can be done very easily. In figure 6.7 the principle and the
calibration factors are presented. They are illustrated for a one-directional constant rotation.
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6.4.4. Up-down criteria and maximum detectable heading rate

Test set-up for GyroEngine

As mentioned in paragraph 6.4. 1.1 a up-down criteria is used for detecting the transition of the counters.
When a change of level value in one sample period of more than 1700 is detected, the up-down criteria
algorithm assumes that a counter transition took place. The following levels arc compensated by introducing
an offset. This offset depends on a positive or negative transition, where a positive transition is a change of
more than +1700 levels and a negative of less than -1700 levels. Assume a level value of 4000 at TI and a
level value of 100 at T2, then a offset is introduced of (4096-4000)+ I00.

Because of this criteria a maximum heading rate is introduced. It is not allowed to cxcitate the tum table
with a heading rate of more than 1700 levels per sample period, because otherwise the up-down criteria
assumes that a counter transition took place. The 1700 levels range means for the optical encoder a rotation
of

18.432° 1 1
---x 1700x--= 7.65°x-- [Deg/sec]

4096 ~ample ~ample
(6.5)

For a minimum Tsample of 2 ms, the maximal heading rate of the tum table becomes 3825°/sec. This heading
rate is far beyond the limit of the GyroEngine of 1000o/sec, according to the specifications.

Making use an up-down criteria, makes the use of an aliasing filter in hardware impossible. Such a filter
would not follow the fast transactions of the counters, and therefor would introduce errors.
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7 System Identification

In this chapter the identification of the GyroEngine system is discussed. With use of several tests, the
behaviour of the G)'ToEngine is determined. The test were typical for automotive applications, so suitability
of the GyroEngine for in-car operation can be concluded. It should be noted that the tum-table could only
turn in a horizontal plane, so it was not suited for complex combinations of vertical and horizontal
movement.

The maximal angular velocity of a car is assumed to be 70 [deg/sec]. So, the range of angular velocities that
will be used for investigation is -70 to 70 [deg/sec].

7.1 Drift and Tilt

For the GyroEngine, drift is expected as a result of the rotation of earth. This drift should be constant with
several degrees per hour. Knowing this drift, gives the opportunity to compensate the GyroEngine data for
it. That is also the reason why drift is determined first. All of the following tests can be compensated for
drift, that makes the results more representative. Drift is measured by a non-rotating GyroEngine.

In Appendix H can been seen that there does not occur any drift or tilt. That there isn't any tilt can be
explained by the fact that the vertical encoder is also rotating. So, no difference between the position of the
vertical encoder and the spin axis occurs. That there isn't any drift can only be explained by the fact that the
transfer function between the vertical and the horizontal movement has a zero near the ro=O axis.

Looking at GyroEngine's vertical movement during drift measurement, different behaviour can be seen. In
test 1, the data is very raw, and in test 2 and 3 the data is very smooth. This can be explained by the fact
that the position of the spin-axis after start-up is never the same. In test 1 the spin-axis was positioned near
a cross-point of the encoder between two states. Therefor the encoder was 'hopping' between two states,
that produces the raw data.

Although the motor-voltage of the GyroEngine was lowered in test 3, the drift-behaviour did not change. So,
at automotive motor-voltage of 10 Volt, the GyroEngine can be considered totally drift free.

7.2 Starting up and stopping the GyroEngine, and breaking the supply voltage

The GyroEngine provides heading information from start up till the time it is stopped. The start-up
information is of importance because the GyroEngine is a rate integrating gyroscope. This integrating
behaviour introduces a memory operation.

The behaviour of the GyroEngine after disconnecting the supply voltage is of importance because it
determines the time before the GyroEngine can be start again. It is also of interest because it is possible that
the optical encoders are still operating for a few seconds due to some capacitors. The information from the
stopped GyroEngine is then still handled.

The behaviour of the GyroEngine during a break of the supply-voltage is of major interest in an automotive
application. A short breakdown may not influence the behaviour of the GyroEngine.
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Before the GyroEngine is started up, the spin axis has a certain position. This position is undefined, but,
because of the pendulum, it is assumed to be in earth's horizontal plane. This does not mean that it is also in
the GyroEngine's horizontal plane, because the GyroEngine can be out of earth's horizontal plane. After
supplying a voltage, the motor of the GyroEngine will build up an angular momentum vector. The spin axis
will move a few degrees from its initial position, but it will be about its initial position, see Appendix I tests
1,2 and 3. So the initial position before start-up is of major interest.

The initial position of the spin axis is of importance because it dictates the initial plane of the inner gimbal.
Vertical rotations of the outside world in this plane cannot be measured by the optical encoders of the
GyroEngine.

The initial position of the spin axis is also important because it dictates the sign of initial angle between the
spin axis and the horizontal plane of the GyroEngine. Assume the GyroEngine is started up with an angle of
200 according to earth's horizontal plane. the initial angle will be +200 if the spin-axis is pointing above the
horizontal plane of the GyroEngine, and -200 if the spin-axis is pointing below GyroEngine's horizontal
plane, see figure 7.1.

GyroEngine's horizontal plane

\.

Figure 7.1 Initial angle sign

If the GyroEngine is placed in earth's horizontal plane again, a tilt will occur, produced by the influence of
the pendulum. This tilt will be upwards or downwards depending on the sign of the initial angle. So because
the initial position is undefined, the tilt-direction is undefined, and therefor the precession direction.

7.2.2 Stopping the GyroEngine

The behaviour of the GyroEngine at stopping is again dictated by the position of the spin axis. If the spin
axis is about to be in earth's horizontal plane, the GyroEngine will stop with a little movement (after a
certain delay) of that spin axis, see Appendix I tests 4 and 5.

But, if the spin axis is out ofearth's horizontal plane with several degrees at the time the GyroEngine is
stopped, the influence of the pendulum will become bigger if the angular momentum becomes smaller. So
when the motor has almost stopped rotating, the pendulum will force the spin axis into earth's horizontal
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plane. Because of the little angular momentum that is still left, a precession will occur. The outer gimbal
starts spinning, till it is stopped by friction. The optical sensors does not report the spinning movement,
because the power for building up the quadrature signals is gone, see Appendix I test 6.

7.2.3 Breaking the supply voltage

In automotive applications, the GyroEngine have to overcome a supply voltage break without producing
erroneous quadrature signals. In Appendix I test 7, the data from the GyroEngine is presented during a
break of the supply voltage.

Comparing to normal stops or starts, it can be seen that the behaviour of the GyroEngine is quit the same.
After stopping, the spin axis will be tilting (after some delay) before it will be drifting. If the re-start takes
place soon enough, there will almost be no disturbance in the heading information.

7.3 Temperature dependency

Temperature dependency of a sensor is of major interest in automotive applications, because the
temperature in a car can change a lot. Knowing the dependency, it may be possible to correct the sensor
data for temperature changes. Determining the temperature dependency of the GyroEngine has only been
done for drift, stopping- and starting up , because the turn-table could not be installed in a furnace.

In Appendix J the results of the temperature tests can be seen. The random movement-data of the
GyroEngine at start-up and stopping is still present, but there can be assumed to be a difference between the
70°C and the - 10°C tests. At 70°C, the GyroEngine data seems to be more smooth than the data at -10°C.
This may be a result of a difference in viscous constant at both temperatures.

During a temperature sweep, the drift is still zero. This means that the drift is not a function oftemperature.
This is a positive characteristic of the GyroEngine.

7.4 Dynamic behaviour

In Appendix K, dynamic tests are presented. In these plots, also the error of the GyroEngine is presented. It
can be seen that there is a relatively small error in the horizontal rotation data of the GyroEngine during
tests with large angular velocity. So, the transfer between the real and measured heading information of the
turn table by the GyroEngine, seems to be almost one for dynamic rotations. It also can be seen that the
influence of the tum table motion on the vertical rotation data is small. This indicates that the amplitude
transfer between the real rotation of the tum table and the vertical rotation of GyroEngine's spin axis is
almost zero for large angular velocities. Only if the large angular velocity takes place long enough, a little
non-zero output can be detected. Because of the wires from the sensors, the large angular velocity could not
take place any longer in order to obtain a larger vertical rotation output ofthe GyroEngine.

It should be noted that the GyroEngine resolution is 0.2°, so beneath this threshold no rotation will be
detected.

51



7.5 Static behaviour

System Identification

As already concluded in chapter 5, the GyroEngine is very sensible for rotations with constant angular
velocity. The Turn-table used for the dynamic rotations is not suitable for these rotations because, at slow
angular velocities, it introduces dynamic effects ( During one revolution the angular velocity changes
several times). To avoid these unwanted dynamic effects, a different turn-table was used. This table was
made for slow rotations with constant angular velocity, but it could excitate special velocities only. In
Appendix L, the results of the static-tests are presented, and out them some conclusions can be made.

7.5.1 Balance between the precession and the pendulum influence

The precession torque Tp is countered by the gravity torque Tg at the pendulum. Assume a small
displacement of the inner gimbal out of earth's horizontal plane, at the beginning of a rotation with constant
speed. The gravity torque will then be smaller than Tp and therefor the spin axis will tilt. Because of this
tilt, the displacement of the pendulum starts to increase. Remembering figure 3.2, an inerease ofTg means
that a part of 8Ly is taken care of by this Tg. Assume this part 8Lg, then the part that has to be countered by
precession becomes:

(7.1)

The displacement of the pendulum continues until

(7.2)

because then there is not a precession torque anymore. The gravity torque completely delivers the 8Ly that is
necessary for a horizontal rotation of the spin axis.

Until the spin axis is rotating with the same angular velocity as the world outside, the force Ferror that makes
the spin axis rotate in the horizontal plane, and so produces the oLy exists.
This force makes the spin axis rotate with an increasing angular veloeity, and therefore 8Ly will increase
too. So a balance between Tg and Tp ean only be stable ifFerror is zero. At the moment that Tg and Tp do
balance and there is not a force Ferror anymore, the spin axis will rotate with the outside world.

During a stable balance situation, the spin axis is held in its tilt position by precession, that will occur again
every time that the spin axis is rotating baek to the horizontal plane by Tg .

7.5.2 Vibration on ofthe inner gimbal

Looking at the figures of Appendix L, a vibration of the inner gimbal can be seen at large angular velocities.
This vibration is periodic with a period equal of one revolution of the tum table. For this reason it is
acceptable that this vibration is produced by a non-ideal placement of the GyroEngine on the turn table. In
figure 7.2 the effect ofa non-horizontal placement of the GyroEngine on the tum table is shown.
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Figure 7.2 Vibration ofthe inner gimbal

During rotation a., the angle A. between the spin axis and GyroEngine's vertical axis increases. Although the
spin axis is not tilting, this angle A. is measured and reported in a quadrature output. During a hole
revolution of the turntable, a 'vibration' is measured.

7. 5. 3. Relative vertical rotation

In the above paragraphs some general conclusions were presented, but out of the figures of Appendix L
more can be concluded. In table 3, the characteristic parameters are presented. These parameters are
determined on the 'linear' area of GyroEngine's horizontal output.
(It should be noted that some static test were not shown in Appendix L, but are dealt with in this paragraph)

Table 3

·2~'·E·····~ .... II•... ...s •••••••••
••••••••••••••••••••••••••••

i« .:. ...... :

0.1197 0.0828 -0.0925 -1.12
0.2988 0.2707 -0.0699 -0.258
0.6 0.492 -0.0592 -0.1203
1.1978 1.1428 -0.0848 -0.0742
2.9940 2.8273 -0.0727 -0.0257
5.9866 5.7782 -0.0710 -0.012
11.9705 11.67 -0.0899 -0.0077
29.8565 29.7307 -0.0769 -0.0026

-0.1200 -0.0701 0.0842 -1.201
-0.3009 -0.2379 0.0826 -0.3472
-0.5974 -0.5686 0.0901 -0.158
-1.l975 -1.l124 0.0866 -0.077
-2.9932 -2.8435 0.0822 -0.0289
-5.9846 -5.7023 0.0798 -0.014
-11.9725 -11.7275 0.0795 -0.0068
-29.9156 -29.8 0.0741 -0.0025
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Looking at the first to columns, it is clear that the GyroEngine reports to little rotation. That could be
expected because the spin axis is also rotating. Looking at the third column, one can conclude that the
vertical rotation of the spin axis has always the same angular velocity for different excitations.

In figure 7.3, the relative vertical rotation of the GyroEngine is shown. It is clear that the GyroEngine
behaves the same for clock- or anti clockwise rotations.
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Figure 7.3. Relative vertical rotation

7.6 Linearity ofthe GyroEngine system

Linearity of a system is almost a demand for system identification. Most of the known algorithms makes use
of this linearity. To determine if these algorithms are permitted, the linearity of the GyroEngine's system is
verified.

From the dynamic behaviour paragraph can be concluded that a horizontal rotation with large angular
velocity of the tum table can be measured accurate by the GyroEngine. Only when the rotation takes place
long enough, a little response of the vertical rotation encoders can be seen.

From the static behaviour paragraph can be concluded that the response of the vertical encoders do not
depend on the angular velocity of the tum table. The angular velocity of the vertical rotation of the spin axis
is always about 0.8 [Deg/sec], till the moment that a stable balance situation has occurred.

When the vertical rotation of the spin axis has always the same angular velocity, the precession force that
causes the vertical rotation, must be the same for every angular velocity of the tum table. This can be
explained by the fact that the friction force, that makes the spin axis drift in the direction of the rotation of
the tum table, must be the same for every angular velocity of the tum table.

54



System Identification

From the knowledge that the precession force and the friction force are independent of the rotation of the
tum table, three conclusions can be made:

• The spin axis of the GyroEngine start drifting in the same direction of the rotation of the tum table.
This drift produces an error in the heading information of the GyroEngine because the spin axis is also
rotating, in the same direction as the tum table. Because the drift of the GyroEngine is independent with
the angular velocity of the tum table, the error in the heading information of the GyroEngine will also
be independent with this angular velocity. Therefor no linear model, with the real rotation of the turn
table as input, can be estimated, that can predict the output of the horizontal rotation encoder of the
GyroEngine.

• The tilt of the spin axis during a rotation of the turn table is not linear with this turn table rotation
because the tilt has always the same angular velocity. Therefor no linear model, with the real rotation of
the tum table as input, can be estimated, that can predict the output of the vertical rotation encoder of
the GyroEngine.

• The tilt of the spin axis depends on the drift of the spin axis that has occurred due to a friction force.

7. 7 Model estimation

As stated in paragraph 7.6, it is not possible to estimate a model with the real rotation of the outside world
as input and the GyroEngine output as output, because the friction force that makes the spin axis drifting is
independent with the angular velocity of the outside world rotation. Verifying this conclusion with the white
model of paragraph 3.3 gives:
• The behaviour of the spin axis is dependant with the external torques Tx and Ty . These torques are a

result of friction. When these torques are independent with the rotation of the outside world, the
behaviour of the spin axis will also be independent of this outside world rotation.

• The relation between the external, or friction torques and the rotation of the outside world is dependant
of the construction of the gyroscope, and therefore cannot be modelled in a general model.

The inadmissible tilt of the early GyroEngines caused by friction secure the above conclusions.

7.7.1 Drift-tilt model

The relation between drift and tilt can be modelled, because the two are totally dependent with eachother. In
this paragraph this modelling is done, with use of MATLAB, a mathematic software tool with a toolbox for
system identification. Different model structures are verified.

To obtain a good model, an input that is rich enough of information is required. The input should contain all
system information. The choice of a good input signal is therefor very important.
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System Identification

To obtain good input and output data that can be used for system modelling, a rotation of the tum table
have to take place for a longer time. Because of this long time rotation a large drift and therefore a large tilt
of the spin axis will occur.

Large angular velocities of the turntable cannot take place for a longer time because the wires from the
sensors to the computer cannot be that long. (These wires are wind up during rotation of the tum table)
Therefor smaller angular velocities of the tum table have been chosen.

For the excitation of the tum table, a range of small angular velocities has been chosen that makes the
turntable move parabolic. The input and output data of this excitation is shown in figure 7.4.
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estimation data set

It should be noted that the angular velocity of the tilt seems to be constant, although the angular velocity of
the tum table was not constant.
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7.7.2 Estimated model

With use of MATLAB and the excitation of figure 7.4., models with different structure are estimated. The
perfonnance of each estimated model is verified by comparing simulated output data with the real data, and
by the residuals on a different data set, see figure 7.5.
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Figure 7.5 dataset for residuals

The drift ofthe spinaxis is used as input for the model estimation algorithm. This drift is equal to the
difference between the encoder output and GyroEngines horizontal encoder output. The tilt of the spinaxis is
used as output for the model estimation. So, a model is estimated as in figure 7.6.

spin axis drift 1....__m_od_ e_1 _--lr-_S;:.,.PI_'n_axI+~.stilt

Figure 7.6. estimation model

The model is estimated as described in chapter 4, with use of Matiab.

7. 7.2.1 Non-parametric model

With use of a Matiab function called 'etfe', the Empirical Transfer Function is Estimated. The Empirical
Transfer Function was smoothed, because otherwise it showed a raw estimation. The sample period of the
input- and output data is 200ms. In figure 7.7. the result of the estimation is showed in a Bodeplot.
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Figure 7. 7.
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The dataset where the model is estimated on, is dominated by the lower frequencies. These lower
frequencies are weakened in amplitude and phase shifted with -180°. This could also be expected, because
the drift will be larger than the tilt, and drift and tilt have a opposite sign in angular velocity.

The higher frequencies are less weakened without a phase shift, what can be explained by the fact that the
drift (in degrees) has a sinusoidal form and the tilt a triangular form.

7.7.2.2 Parametric models

With use of different Matlab algorithms, different parametric models are estimated. The parametric models
described in chapter 4 makes all use of a noise signal v. This noise signal cannot be used within the system
model estimation of the GyroEngine, because no information about such a noise signal is know. Therefore
the polynomials C(q) and D(q) are estimated with order I, and the AR model is left out.

The orders of the other polynomials are estimated with trial and error. When the order ofa polynomial is to
high, the matrix that is inverted when estimating the covariance matrix becomes singular. This is reported
by Matlab. When the order ofa polynomial is to low, a simulation of the output data will produce very
disturbed data.

In table 4 the results ofthe model estimations are presented. In Appendix M, the characteristics and
performance of each model is presented by zero-pole plots, bode plots, simulation error plots and by
showing the residuals of the model by an input of another excitation.
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T bi 4 M d 1a e 0 e arameters
,,~.

i< ,.... > .' .<. •••••••••••••••••••<•••i••• sfuridan:ld®tatibns

ARX no representative model could be
estimated

B: 0 0
BJ 0 0

0 0
-0.0177 0.0092
0.0230 0.0182

-0.0052 0.0094

F: 1 0
-1.9797 0.0065
0.9798 0.0065

C:I 0
-0.4049 0.0104

D: I 0
-0.9999 0.0006

B: 0 0
ARMAX 0 0

0 0
-0.0109 0.0037
0.0109 0.0037

Al 0
-1.6074 0.0115
0.3739 0.0212
0.0856 0.0211
0.1479 0.0 III

C:l 0
-0.9882 0.0033

B: 0 0
OE 0 0

0 0
-1.7967 0.0079
1.7968 0.0079

F: 1 0
-0.9951 0

Out of table 4 and Appendix M the following conclusions can be made:
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• The Bodeplots of the different modelstructures do not give a good presentation of the frequency
response, because it focuses on the higher frequencies. Just as in the Bodeplot of the ETFE, the lower
frequency range is more of interest.

• A model structure like the OE-structure focus on the dynamics and care less about the noise properties.
Therefor the autocovariance function of the residuals ofa OE model need not to be between the
confidence levels.

• A near pole-zero cancellation in the dynamics model may indicate that the model order is too high. Here
this can not be the case because the model order is checked.

• Looking at the Bodeplots of the different models, the one of the OE model seems to be the most
accurate one.

• The simulated output ofthe OE model is the best.
• Because we are interested in the deterministic transfer function G(q), only A(q), B(q) and F(q) matter.

In the OE model the lower part ofG(q) is estimated with a standard deviation ofzcro.
• The order of the OE model is lower as the order of the other model structures. Therefore the model is

less complex.
• There is a delay of four sample periods. This can be explained by the fact that the tilt is a result of the

drift.

Overall can be concluded that the OE model has the best performance. Therefor this model is chosen as the
drift-tilt model and can be written as

-1.7967q-4 -1.7968q-5
y(k) = 1--O.9951q-l u(k)

Note: The estimated model is only useful for input data that has been sampled with a
sample frequency of 5Hz.
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8 Correction algorithms

In the above chapter it became clear that GyroEngine 's spin axis starts to rotate in the same direction as the
world outside is rotating. This results in an output of GyroEngine's outer gimbal encoder that indicates too
little degrees of motion. It may be possible to notice the angular velocity of the spin axis out of the output of
the GyroEngine. If this is possible, the output of GyroEngine's outer gimbal encoder can be corrected.

In this chapter three different algorithms are presented, where two of them can be used for correction of
GyroEngine's horizontal rotation output. The first one is designed by Gyration and makes use of system
knowledge of the GyroEngine. The second one is designed with use of Matlab, and is a result of 'black
box' modelling. The third one is also designed with use of Matlab, but makes use of some knowledge of
GyroEngine's system, so it can be referred to as 'grey-box' model.

8.1 Gyrations co"ection algorithm

Gyrations algorithm makes use of knowledge of GyroEngine's system. It is based on the balance between
the precession and the pendulum influence. Assume that the spin axis is displaced out of the horizontal
plane, with an angle <1>, see figure 8.1.

~
: spin axis
: <j>

.............••~

pendulum

Figure 8.1. Side view ofthe inner gimbal

The gravitation force delivers a torque Tg with,

I~I =d x sin( ¢) x~ (8.1)

When there is a balance between the precession and pendulum influence, this torque Tg delivers a 8L in the
direction of wspm, the horizontal angular velocity of the spin axis, that is in fact the error per second in the
output of GyroEngine's outer gimbal encoder (see paragraph 7.5.1.) With use ofTg , it is possible to
calculate this Wspin, see figure 8.2.
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Figure 8.2 Gravitation torque introduces a 5L

The equation between Tgand (J)spin becomes:

I~I =Lx cos(¢) X CtJspm

Using equations (8.1) and (8.2) the following equation is obtained

(8.2)

CtJspm =Cons tan I X tan(¢ ) [Deg / sec] (8.3)

where Constant is a single constant accounting for pendulum and angular momentum of the spin axis. This
constant is assumed to be 0.7, according to the Developer Manual of Gyration. Equation (8.3) can be used
for correction, as it gives the angular velocity of the spin axis in the horizontal plane. The corrected heading
is then calculated by

(8.4)

A disadvantage of this algorithm is the fact that it assumes a balance situation between the precession and
pendulum influence. This need not be the reality during operation. It may be better to compensate the
algorithm for situations where no balance is present. This can be done by the knowledge of the inner gimbal
angular velocity. This velocity implies that no balance is present and that a precession torque is still active
to tilt the spin axis. For this precession torque can be written:

5 L remaIning d CtJ inner- gzmbalTp = =I----~~-
dt dt

(8.5)

where 84em'irong is the remaining momentum like in paragraph 7.5 .1., and I is the moment of inertia in the
direction of the rotation.

With a new torque in equation (8.2) ofITnewl=ITgl+jTpl in stead of only ITgl, and with knowledge of the value
of I, the algorithm should be better.
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Correction algorithms

Assume that there is no knowledge of GyroEngine's system. Out of the GyroEngine outputs, the real
heading has to be verified. So, a 'black-box' model has to be estimated that uses GyroEngine's output as
input, and that has the encoder information (real heading) as output, see figure 8.3.

GyroEngine

horizontal output j ~enCoder
output

model

GyroEngine ~-----

vertical output

Figure 8.3 'Black-box' correction model

With use of Matlab, the estimation is done. As structure of the model, the general parametric model is
used, that can be estimated using prediction error methods. The order of the model is determined by
comparing the real encoder output with the simulated output.

The estimated model performed badly by large changes in angular velocity ofthe tum table, because of the
high order of the model. Therefor is was rejected as correction model.

8.3 'Grey-box' correction algorithm

Making use of the knowledge that the tilt angle of the GyroEngine provides information about the
precession, and so of the horizontal rotation of the spin axis, it is possible to design a 'grey-box' model.
This model estimates the heading error out of the output of the inner gimbal encoder of the GyroEngine, see
figure 8.4.

GyroEngine
horizontal input

GyroEngine corrected

vertical~ model Ierror • @+__h_ea_d_i...~g

Figure 8.4 'Grey-box' correction model

The error is defined as

error = real heading - GyroEngine horizontal input
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where the encoder output is chosen as real heading. With use of Matlab, the estimation is done. The order
and structure of the model are determined by comparing the real encoder output with the simulated output.
The following model seemed to be the best:

ARX model with coefficients of

B=-0.0027
A= 1.0000

-1.0000

with standard deviation of 0.000 I
with standard deviation of 0
with standard deviation of 0

The 'grey-box' model can be implemented in an algorithm, with both GyroEngine outputs as input. The
output of the algorithm is the corrected heading information.

It can be expected that the Gyration algorithm output has much similarities with this algorithm, because it
uses the same input information and system knowledge.

Note: The estimated model is only useful for input data that has been sampled with a
sample frequency of 5Hz.

8.4 Comparing the co"ection algorithms

To evaluate what correction algorithm performs best, they are tested on a few data sets. In figure 8.5, the
results are shown.
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Figure 8.5 Correction algorithm tested on data sets

The 'grey-box' model performs almost the same as the Gyration algorithm. The Gyration algorithm corrects
a little bit better, but it is much more complex. The 'grey-box' model can be implemented better in a
computer as it uses time delays and multiplications, in comparison with the tangent in the Gyration
algorithm.
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9 Navigation tests

Till now, the behaviour of the GyroEngine has only been tested on simulated car situations. For real car
situations these results may be different, because the circumstances are more complex. For example, the
rotations of the tum table were only in the horizontal plane, where a car makes also rotations in planes out
of the horizontal plane. This may influence the behaviour of the GyroEngine and the performance of the
correction algorithms. Also the influence of a force during acceleration of the car may result in a worse
performance of the GyroEngine.

To evaluate the influences of these non-ideal side-effects, the GyroEngine is tested within a car.

9.1 Test set-up for in car measurement

During the test-drives, the quadrature signals of the GyroEngine and the information of the CARiN sensors
were recorded by a DAT-recorder. So, after the test drives the recorded signals could be generated again,
and used for n\'o purposes.

First, the data of the CARiN sensors were used for redriving the driven routes on a CARiN simulation
computer. This computer has the possibility to convert the sensor information into a plot ofthe route,
according to CARiN, on a map.

Second, the signals of the GyroEngine and the wheelsensors were used within a Matlab dead reckoning
algorithm. To do so, the signals of the sensors were sampled by the acquisition computer of chapter 6. A
sample frequency of 100 Hz was chosen, to visualise even the slightest rotation or movement of the car.
The dead reckoning resulted into route-data that could been plotted on the same map as the CARiN route,
for optimal comparison.

To evaluate the performance of both correction algorithm of chapter 8, the Matlab dead reckoning was also
done with the corrected heading information of the GyroEngine.

9.2 Evaluation ofthe route plots

In Appendix N the plots of the driven routes are presented.

9.2.1 Two circles counter clockwise

To calibrate the CARiN computer, two circles counter clockwise have to be driven. The car speed has to be
around 10Km/h.

In plot D the dead reckoning of the CARiN computer is visualised by a line, where the dead reckoning with
use of the GyroEngine is visualised by a dotted line. It is clear that the GyroEngine indicates to little
rotation of the car. This can be explained by the fact that the spin axis was rotation in the same direction as
the car. Because the correction algorithm were designed to correct for such a rotation of the spin axis, they
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should give a better dead reckoning plot, see plot E. It is clear that the route with corrected heading
information of the GyroEngine, visualised by the dotted line where the route according to the CARiN
computer is visualised by a line, gives a better performance. Both correction algorithm gave the same route.

The differences between the two routes that still exists, cannot be explained. It may be a result of a not
correctable error ofthe GyroEngine, as well a result of an error of the CARiN computer. Because there is
no information about the real driven route, no father conclusions can be made.

9.2.2 Driving in a parking garage

The compass of the CARiN computer is very much disturbed in a parking garage, because the magnetic
field of the earth is disturbed in such a garage. To show the differences in performance of the GyroEngine
according to the compass and wheel sensors the following test is done.

The sensors were recorded during a test drive in the parking garage at the Mathildelaan in Eindhoven. The
car was driven to the top of the garage, and then back to the exit of the garage.

In plot PCOR3 the result according to the dead reckoning with use of the GyroEngine is shown. The line
presents the route without correction, where the dotted line presents the route with correction (Both
correction algorithm gave the same route).

In plot PL the differences between the dead reckoning route according to the CARiN computer, without
making use of map-matching and GPS, and the dead reckoning with use of the corrected GyroEngine
information is shown. It is clear that the heading according to the CARiN computer is very disturbed, where
the heading according to the corrected GyroEngine shows a realistic route. So, it can be concluded that the
GyroEngine give a better performance than the compass in addition with wheel sensor information, during
this test.

9.2.3 Test drive in mountain area

The vertical rotation encoders of the GyroEngine give information about the tilt of the spin axis, but this
information will be disturbed if the horizontal plane of the GyroEngine will move out of the horizontal plane
of the earth. During the test-drive in the parking garage, these disturbances were also present, but did not
influence the performance of the correction algorithm. In this paragraph the influence of the disturbances
during a test drive in a mountain area is verified.

In plot PM the route according to the CARiN computer is represented by a line. A dotted line shows the
route according to the dead reckoning with use of the GyroEngine. It is clear that the CARiN computer
gives the same route as the road, where the dead reckoning with use of the GyroEngine has only some fit
with the shape of the road. In plot PCOR, the result ofa correction, with use of the 'grey-box' model, ofthe
GyroEngine information is shown. The line represents the route without correction, where the dotted line
represents the route with correction. It is clear that the shape of the corrected route is much more similar to
the shape of the road. So, it can be concluded that the correction algorithm give a improvement.
In plot PCOR2 both correct algorithm routes were shown. It is clear that both give exactly the same
performance.
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The difference between the road and the corrected route, seems to be a systematic heading error, because the
difference becomes larger as function of the distance that has been driven. Looking at the start situation,
plot PZOOM, it becomes clear that the start angle mentioned by the CARiN computer was not the same as
the start angle of the road. This seems to be the reason for the differences between the road and the
corrected route. If the begin of the corrected route is matched on the road, a much better performance of the
dead reckoning with use of the corrected GyroEngine can be seen.

The reason why this start angle error has no impact on the route according to the CARiN computer is the
fact that the CARiN computer uses map-matching and GPS. For a better evaluation of the performance of
the dead reckoning with use of the corrected GyroEngine, its route should be compared with the route
according to the CARiN computer without any map-matching and without GPS.
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10 Conclusions and recommendations

In this thesis the possibility of implementing a gyroscope within the CARiN navigation system instead of a
compass is investigated. The investigation was focused on a spin gyroscope called GyroEngine.

Before the GyroEngine behaviour could be investigated, a test set-up had to be made. This test set-up was
designed in such a way that other gyroscopes can be investigated with it in the future. The turn table used
within the test set-up was unsuited for slow rotations. This introduced some limitations on the research,
because some excitations could not be done.

With use of the test set-up, the behaviour of the GyroEngine was investigated for typical car circumstances.
The GyroEngine appeared to have no drift, and was not sensible for supply voltage breaks. The drift
appeared to be independent of the temperature. Other temperature test could not be done, because the turn
table could not be placed into a furnace.

The spin axis of the GyroEngine appeared to be rotating in the direction of the rotation of the turn table.
Because of this drift of the spin axis, the spin axis starts to tilt. The rotation of the spin axis is independent
with the angular velocity of the turn table. Therefore it is impossible to estimate a model that can predict the
behaviour of the GyroEngine out of the rotation of the outside world. It was only possible to estimate
models that describe the drift and tilt relation.

With use of one model it is possible to predict the drift out of the tilt. With use of this model it is possible to
correct the heading infonnation of the GyroEngine. Comparing the perfonnance of this correction method
with the correction method developed by the manufacturer of the sensor, Gyration, it appeared that both
methods have the same perfonnance. Because the correction method with use of the estimated model is less
complex, this method is preferable.

The perfonnance of the corrected GyroEngine was investigated within real car circumstances. It appeared
that the GyroEngine has high potentials, but its performance have to be tested for more routes. It seemed
that by implementing a gyroscope within the CARiN computer a better performance can be expected.

Although the GyroEngine performed well, other gyroscopes have to be investigated in the future. By
comparing the performances of all the gyroscopes, a good choice between them can be made.
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Appendix

Appendix A GyroEngine specifications

Specifications Open Loop Directional GyroEngine GE9300c

overview

The Open Loop Directional GyroEngine is a low cost, high perfonnance instrument that measures heading. The outer gimbal and inner gimbal are
optically encoded, and digital quadrature output is available at the GyroEngine 6-pin connector.

The gimbals pennit freedom ofmovement in 360 degrees ofheading, measured on the outer gimbal, and ± 80 degrees on the pitch and roll axes. The
inner gimbal encoder measure changes in the angle between the spin axis (inner gimbal) and the outer gimbal. This angle is not the same as pitch and
roll. Depending on the orientation of the spin axis, any angle reported by the inner gimbal encoder could be defined as pitch, roll, a combination of pitch
and roll, and/or an angle of the spin axis above or below the horizon.

GE9300c has 5 quadrature logic states per degree, or a resolution of0.2 degrees.

Features

- Digital output directly from the gyroscope connector
- Wide power supply range: 4V to 15V
- Low supply current: 30mA

maximum running current at 5V
- Open collector outputs for ease of interfacing to logic circuits
- Reverse voltage protection

Physical Characteristics
.Weight: 1.5 ounces, 39.6 grams
- External Material: Polycarbonate, butyl rubber, printed circuit board
• Intemal Fluid: Perfluoropolyether, fluorocarbon family

ti C dOt!dedORecommen lDera on on 1 OTIS

Min Max Unit

Supply Voltage, Vcc 4 15 VDC

Pitch Angle During Start-up 5 DEG

Output Load Capacitance 100 pF

Output Pull-up Resistors 1000 10,000 OHMS

Optical Encoder Characteristics (Vcc=10V)

Parameter and Test Condition TYP MAX UNIT

Encoder Accuracy Error 0.1 I DEG

Encoder Velocity 1000 DEG/SEC
Electrical Cycle Frequency 2.5 kHz
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Appendix 8 Level shift circuit
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Appendix C Smith Gyroscope

Mechanical Environment

Input Range:
±5if/s to ±200'/s full scale
Undamped Natural Frequency:
15Hz nominal (filtered): 70Hz nominal
(unfiltered)
Damping Factor (at + 20·C):
1.0 (filtered): 0.6 (unfiltered)

Electrical

Supply:
±12V d.c. to ±15V d.c., 1W and +28V d.c..
6'N or ± 12V d.c. to :!; 15V d.c., 7W
Connections:
Flying leads
Output Range:
±3Vd.c.

c>·------------
.' Accuracy

Temperature Range (Operating):
-3O"C to +7ifC
Temperature Range (Storage):
-4O"C to +70·C
Vibration:
MIL-E-5400R Curve lilA
Shock:
MIL-SID 81OB, Method 516, Procedures I
III
Altitude:
ooסס2 feet

Physical

Mass:
Less than 0.150kg
Run-up Time:
Less than 1Os
Storage Life:
7 years

1 Sigma Perfonnance Figures
at +20°C for ±50o/s version

. All enquiries re~ingtfi~ ';q~iPment should be addressed to:
The Technical Sales Manager (Dynamic Senso~)

~SMITHS INCUSTRIES
.."t:::=.....U Aerospace & Defence Systems Ltd

..~:. . Bishops Cleeve, Cheltenham. Gloucestershire. England, Gl52 4SF
Telephone: 0242 67 3333 FaCSimIle: 0242 67 6804 Telex: 43172

(.,- .~
'-.:..,

Scale Factor:
60mV ±3mV per ·/5 over operating
temperature range (50"/5 range)
Zero Offset (at + 20·C):
Less than 0.5"/5 Sca.le Factor: ......___- ...--:- Lj %

~f:!iF'C!! -7 ZeroOffsetChangeWith'l"~m~rature: ~"I1J 6OmV±2.5mVl"Is

c-=::- LNeOs
n
s thuanneaOn'?ty?S -' _.~ I \/ Zero Rate 9):!tput:,

Less~an2·/s' L... ".l 1'< 71~1 0.1°/5 (~ ... v)
Hysteresis at Zero Rate Output:

Hy~eresis: I /1 " ! 0.02°/5 112 ... /
0.2 '15 maximum , Non-Unearity' I-l
Threshold ~d Resolution: ,.. L. I ",/ I 0,4°/5 ' ~ . v<. e'
0.03°/5 maximum v';.:J. .. ~ - --L. t,;,uJ.

-'J Acceleration sensitiVity:~1:.='r/~ --- ;iJ-.-I..T; (j/ Lv/ 'j ·1~4'.{
0.2°/5 g" maximum --t-/ "ft./' I: I • ---, o,OJ~ '. / /f ,_ ph';!

~~ r~},J

Printed in Ensimd P\Jbfoation No
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Appendix D Offset determination

Appendix

,

.~ ~
,

200

· .. .. . . .~ ~ .. -. .

400 600 800 1000

nnJ

1200

Reference point
crossings:

sample angle
I
429
858

0°
-0.1143°
0.2906°

SQ I'T"l pies T_ 10ms

'Somp1eg T= 10mg

1
433
860

0°
0.0354°
-0.4788°

.. .'
~

••

••

, ..
••

'.

f\ '\ 1\ r (\ •• D.< '··n n···· .'..nn" I\",,~,

'.n'.' n' ,nn

....
•

nnn., .. - .

•

...... .. .............n ;.
/ } .\1 \ . ····V.......~ ·v··v····V V ·V " V \/

20

15

10

5

o

-~

-10

-15
o 50 100 150 200 250 300 350 400 450

1
45
89
133

0°
-0.215°
-0.433°
-0.655°

Samples. T.. ; Oms

A-4

1
1241



Appendix

Appendix E Scaling determination
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Appendix F Quadrature detection circuit

Top level:
GyroEnginel3yroEngine
hor. vert.

encoder
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encoder
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GyroEngine
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vert.

BBB
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.5V
5K II ·5V
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Levell:
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0
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A
EI3
A3 B

BUS BI4 C
GI5 D
HI3
A9 E
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9 KI5 G
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K
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CI5 M
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N
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Device-Specific Information: EPLD

EPM7192

Al N.C. B13 RESERVED Dl4 RESERVED H13 bus6 M7 GND P6 RESERVED
A2 N.C. B14 bus3 D15 RESERVED H14 RESERVED M8 reset P7 buss9
A3 bus4 B15 busss6 El RESERVED H15 RESERVED M9 GND P8 clk
A4 RESERVED Cl busssl E2 RESERVED 11 RESERVED M12 AA P9 RESERVED
A5 RESERVED C2 RESERVED E3 RESERVED J2 RESERVED M13 GND PIO RESERVED
A6 buss6 C3 RESERVED E13 bus2 13 RESERVED M14 busss4 P11 BB
A7 buss 1 C4 GND E14 RESERVED J4 GND M15 AAA P12 RESERVED
A8 buss3 C5 VCC E15 RESERVED 112 VCC Nl RESERVED P13 RESERVED
A9 bus7 C6 GND Fl RESERVED 113 RESERVED N2 RESERVED P14 RESERVED

AIO buss8 C7 VCC F2 RESERVED 114 BBB N3 RESERVED P15 RESERVED
All RESERVED C8 RESERVED F3 busss7 115 RESERVED N4 GND Rl N.C.
A12 RESERVED C9 VCC F13 RESERVED Kl busssO N5 VCC R2 N.C.
A13 RESERVED CIO VCC F14 busO K2 RESERVED N6 RESERVED R3 RESERVED
A14 N.C. Cll GND F15 RESERVED K3 RESERVED N7 VCC R4 RESERVED
AI5 N.C. C12 VCC Gl RESERVED K13 RESERVED N8 A R5 RESERVED
Bl RESERVED C13 RESERVED G2 RESERVED K14 RESERVED N9 VCC R6 RESERVED
B2 RESERVED C14 busl G3 RESERVED K15 bus9 NIO RESERVED R7 RESERVED
B3 buss7 C15 buss4 G4 GND Ll RESERVED NIl GND R8 B
B4 RESERVED Dl RESERVED G12 VCC L2 RESERVED N12 VCC R9 max
B5 RESERVED D2 busss3 G13 RESERVED L3 busss2 N13 busss5 RIO RESERVED
B6 RESERVED D3 VCC GI4 RESERVED Ll3 RESERVED N14 RESERVED Rll RESERVED
B7 bussO D4 RESERVED GI5 bus5 Ll4 RESERVED N15 buss5 R12 RESERVED
B8 buss2 D7 GND HI RESERVED Ll5 RESERVED PI RESERVED R13 RESERVED
B9 RESERVED D8 RESERVED H2 bus8 Ml RESERVED P2 RESERVED R14 N.C.

BlO RESERVED D9 GND H3 RESERVED M2 RESERVED P3 RESERVED R15 N.C.
Bll RESERVED D12 RESERVED H4 VCC M3 VCC P4 RESERVED
B12 RESERVED DB GND H12 GND M4 RESERVED P5 RESERVED

N.C. = Not Connected.
VCC = Dedicated power pin, which MUST be connected to VCC.
GND = Dedicated ground pin or unused dedicated input, which MUST be connected to GND.
RESERVED = Unused va pin, which MUST be left unconnected.
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Appendix G Statistic and stochastic definitions and remarks

D~finjtjon , Mean value

For the discrete-time stochastic signal v(k), the mean value is defined as:

_ 1 N

V = E{v(k)} = lim -:Lv(k)
N-4<O N k=!

where E is a linear operator.

D~finitjon 2 Variance

For the discrete-time stochastic signal v(k), the variance is defined as

De,,(injtion 3 Covariance function

For the discrete-time stochastic signal v(k), the covariance function is defined as

- -
R(T) =E{[v(k)-v][v(k-T)-V]}

D~finitjon4 Correlation function

For the discrete-time stochastic signal v(k), the correlation function is defined as

Xy(T) =E{v(k)v(k - T)}

/&,finjtion 5 cross-covariance and cross-correlation functions

The cross-covariance function for two discrete-time stochastic signals v(k) and w(k) is
defined by

-
~(T) =E{[v(k) - v][w(k - T) - w]}

and the cross-correlation function is given by

Xvw(T) =E{v(k)w(k-T)}

Definition 6 Covariance matrix

The covariance matrix Ry
n of the stochastic signal v(k) is defined as the expectation

of the outer product of the vector of n past values of v(k) with itself.

A-lO
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r 1\,(0)

[R;] J 1\,(-1)
I :
LI\,(l-n)

Remarks:

1\,(1)

1\,(0)

1\,(2 -n)

I\,(n -1) l
Il\,(n-2) I

. I
. 1\,(0) J

Appendix

1) The covariance function and the correlation function are symmetric:

I\,(r) =I\,(-r)

Xy(r) = Xy(-r)

2) There is a clear relationship between the variance and the covariance of
a signal:

a: =1\,(0)

3) The signals v and w in the definitions of the cross-covariance function
and the cross-eorrelation function can be interchanged according to

R.wCr) = Rwv (-r)
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Appendix H GyroEngine Drift

Test 1

0.2 ,-------~---~---~---...__---~--____,

GyroEngine horizontal
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temperature.
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GyroEngine horizontal
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voltage of 10 V, and at
room temperature.
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Appendix I Starting, stopping and breaking
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start at sample 100
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Test 4
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Test 7
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Test 1

Temperature dependency
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Test 4
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movement, during a stop at
70°e.
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Test 7

GyroEngine horizontal
movement, during a stop
at 100 e.
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Appendix K Dynamic behaviour
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(1) The encoder shows a
constant angular velocity of the
tum-table.
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(6) The encoder shows a
constant angular velocity of the
tum-table.
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Appendix M Drift tilt model estimation
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Error between the real
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