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ABSTRACT

ANGULAR ACCELERATION ASSISTED STABILIZATION OF A 2-DOF
GIMBAL PLATFORM

Oztiirk, Taha
M.S., Department of Electrical and Electronics Enginegrin
Supervisor : Prof. Dr. Kemal Leblebiditu

September 2010, 168 pages

In this thesis work construction of the angular acceleraesignal of a 2-DOF gimbal
platform and use of this signal for improving the stabiliaatperformance is aimed.
This topic can be divided into two subtopics, first being tbastruction of angular
acceleration and the second being the use of this informati@ way to improve
system performance. Both problems should be tackled in dodget satisfactory
results. The most important output of this work is definedresdemonstration of
the improvements obtained both theoretically and on erpental setup. Although
the system to be studied is a two axis gimbal platform, thalte®btained can be
applied to other servo control problems. It is possible tingedifferent performance
criteria for a servo control problem andf@rent techniques will be addressed with
different control objectives. For this thesis work, the perfamoe criterion is defined
as the stabilization performance of the platform. As a teslisturbance rejection
characteristics of the controller emerges as the main tmpicmethods for rejecting
these disturbances such as the friction torques and ekieamplied moments are

focused on throughout the studies. As expected, remarkaplevement is achieved
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as a result of the use of acceleration feedback.

Keywords: acceleration feedback, angular acceleraticasomement, platform stabi-

lization, disturbance rejection, Kalman filtering



Oz

IKI SERBESTLK DERECELI BIR PLATFORMUN ACISAL IVME DESTEKLI
STABILIZASYONU

Oztiirk, Taha
Y uksek Lisans, Elektrik ve Elektronik ¥hendislgi Bolumi

Tez Yoneticisi : Prof. Dr. Kemal Leblebicigu

Eylul 2010, 168 sayfa

Bu calismada iki serbestlik dereceli bir platformun ivmigiginin uretilmesi ve bu
bilginin stabilizasyon performansini iyilestirmede lamiimasi hedeflenmistir. Bu
konu iki ana baslk altinda derlendirilebilir; ivme bilgisinin gereken kalitedeetilmesi
ve bu bilginin performansi arttiracak sekilde kullanilatesi. Her iki problemin
de ayri ayri ¢zulmesi ve elde edilengzimlerin birlikte kullaniimasi iyilesme elde
edilmesi acisindan gereklidir. Yapilacak calismadasdaya cikacak sonuclarin gergcek
sistemiizerinde dgrulanmasin ve hedeflenen iyilesmelerin gercek sisieerinde
gorulebilmesin bu calismanin eimemli sonuclarindan biri olmasi gerdlitikabul
edilmistir. Uzerinde calisilan sistem iki serbestlik dereceli batfirm olsa da elde
edilecek sonuclarin der servo kontrol problemlerine de kolayca uygulanabdgéece
sonucuna variimistir. Yukarida tanimlanan iki serblesidireceli platformun kontrdl
icin cesitli performan®lcitleri tanimlanabileag ve farkli performan®lcitleri icin
iyilestirme yontemlerinin farklihk gsterecgi gorulmustir. Bu calismada performans
kriteri olarak sistemin stabilizasyon performansi kabdilreistir. Bunun sonucu

olarak sistemin bozucu etkiideltme karakteriggi onem kazanmistir. Bekleril
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gibi ivme geri beslemesi sonucunda stabilizasyon hasstasile onemli iyilesme
salanmistir.

Anahtar Kelimeler: ivme geribeslemesi, acgisal ivibgimil, platform stabilizasyonu,
bozucu etki giderme, Kalman filtreleme
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LIST OF SYMBOLS

A description of the notation used in Section 2.2 is given.fiffis notation is adopted
from lecture notes of ME502 Advanced Dynamics course giweRiof. Dr. Kemal
Ozgoren in METU Mechanical Engineering Department in Fall 2008

r: the vectorr, which is independent of any reference frame

PP = 1P column matrix representation of the vectdn reference frame F
D: the tensoD, which is independent of any reference frame

DF) = D®): matrix representation of the tenddrin reference frame F

C@b): (component) transformation matrix from coordinate frafaeto coordinate

frameF,
Fp/o: position vector of poinP with respect to poin®

Vp/o: Vvelocity of pointP with respect to poin® obtained by dierentiating in inertial

coordinate frame

dp/0: acceleration of poinP with respect to poin© obtained by dierentiating in

inertial coordinate frame
@p/a- relative angular velocity of coordinate frarfg with respect td=,
@p/a: relative angular acceleration of coordinate fralfewith respect td=,

G(la/ Y- first unit vector of coordinate framig, represented in coordinate frarkg
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dc,: acceleration vector of the COG of inner gimbal

dc,: acceleration vector of the COG of outer gimbal

g: gravity vector

my: mass of inner gimbal

Mo: mass of outer gimbal

U Kalman input vector at time k

Xc. Kalman state vector at time k

yk: Kalman output vector at time k

Cem: coordinate frame transformation matrix relating frametée(m)
B,: disturbance moment vector acting on the inner gimbal
Do: disturbance moment vector acting on the outer gimbal
Fgo: force vector applied by base on outer gimbal

Fo: force vector applied by inner gimbal on outer gimbal
Fo:: force vector applied by outer gimbal on inner gimbal
Gmg: motor and driver combined transfer function

Ji: inertia tensor of the inner gimbal

Jo: inertia tensor of the outer gimbal

K: optimal gain vector

Ka: acceleration loop proportional gain

Ki: velocity loop integral gain

Kp: velocity loop proportional gain

K;: torque constant

Ky: velocity loop double-integral gain

XXV



L: motor inductance

Px: covariance matrix belonging to state veckQr

R: motor resistance

Mgo: moment applied by gimbal base on outer gimbal

M o: moment applied by inner gimbal base on outer gimbal
Mor: moment applied by outer gimbal base on inner gimbal
T4 friction torque applied to outer gimbal (azimuth axis)
T+, friction torque applied to inner gimbal (elevation axis)
Tmeo: Motor torque applied to outer gimbal (azimuth axis)
Tm, - Motor torque applied to inner gimbal (elevation axis)

@,. angular acceleration vector of the coordinate frame fixethé inner gimbal

(elevation axis)

@o. angular acceleration vector of the coordinate frame fixethé outer gimbal

(azimuth axis)
e: elevation axis angle
n. azimuth axis angle
0: platform pitch angle
. Kalman measurement noise matrix at time k
¢: platform roll angle
¥ platform yaw angle

@, . angular velocity vector of the coordinate frame fixed toitireer gimbal (eleva-

tion axis)
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivations

Stabilized platforms are rapidly populatingffdrent areas of application as sensor
and actuator technology develops and more accurate, redusors and actuators are
available for much cheaper prices. While stabilization meaferto diferent tasks
and applications in dierent areas, in motion control the term refers to stabijzire
angular position of a moving platform relative to earth fef]. The objective of
motion stabilization is to decouple the stabilized payl&radh vehicle motion distur-
bances [2, 3] and at the same time reject forces and momeinrtg aa the platform.
Depending on the type of platform that is stabilizedfatient names such as line-
of-sight stabilization for optics, radar, laser beam eti@abiization applications or
line-of-fire stabilization for weapon platform stabilizait are also used in the litera-
ture. From here on, stabilization term is used to refer toatsespondence in motion

control area described above.

As mentioned above, fierent payloads ranging from a small laser beam reflecting
mirrors weighting only a couple hundred grams to an antgair platform or a main
battle tank turret weighting more than 10 tons can be theestibj stabilization appli-
cation. As a general trend, for bigger masses some limitatstart to become more
prominent and stabilization performances degrade. The imp®rtant of these limi-
tations are actuator and driver power saturation issues@mgliances in both trans-
mission elements and mechanical structure due to the vgtydmounts of torque

and force transmitted. As a result while good stabilizatian be achieved for bigger
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platforms with clever mechanical design and sensor anchtmtselection, smaller

platforms can achieve much better performances.

Although the methods developed in this thesis work are aaple to both smaller and
bigger platforms, smaller and more agile platforms can fiemeich more since these
methods tend to create very dynamic and high bandwidth clbers whose imple-

mentation on bigger platforms may lead to actuator saturgiroblems or excessive
loading in transmission and structural elements as mesdi@bove. In agreement
with this fact, the experimental setup which is going to bedis a low payload gim-

bal platform developed originally for stabilizing smally@ads such as mirrors or

small optics.

These high performance small stabilized platforms find § eoad usage area in
military industry and are used for many mission-criticaltledield applications such
as electro-optic platforms with day and night vision camsesmall tracking radars,
laser beam directors used for target designation, seelaer dieectors used on mis-
siles and many others. As one can suggest, all of these appliaequire very accu-
rate positioning and stabilization of the platform in the@r of micro-radians since
even very small angular displacements result in big poséioors when a target kilo-
meters away is being tracked or pointed to. In Figure 1.1 ASHR 300T of ASEL-

SAN can be seen, which is a high performance stabilizedrelagitic platform also

used for target designation.

For achieving very small stabilization errors requiredtfese platforms, top quality
components and special techniques are used. Navigatiole gensors and actua-
tors, low friction bearings, slip rings and other composeste placed on specially
designed and manufactured mechanical structures. Highemsiques such as dou-
ble stage stabilization are used for achieving even higbeuracies. The method
of using angular acceleration feedback, which is going tehieetopic of this thesis

work, may be considered as one of these techniques tryinghieve higher accuracy

stabilization.

Motion controllers of stabilized platforms try to tacklefferent problems in the
course of operation. Most of the time these problems canfrated as the problem

of stabilization, and the problem of positioning and trackand these two problems



Figure 1.1: ASELFLIR 300T Stabilized Electro Optic PlatfoDeveloped and Man-
ufactured by ASELSAN

must be handled usingftierent approaches. While positioning and tracking can be
identified as a servo tracking problem and high performamecebe achieved with
high quality sensors and algorithms such as trajectorynglemor target estimators,
the problem of stabilization can be classified as a regujatoblem and the use of
proper disturbance rejection algorithms plays a cruci@ far high performance ap-
plications. It is important to note that this thesis workudees on the second problem
stated above; namely the problem of regulating the positfdhe platform by reject-

ing disturbances coming from various sources.

The sources of disturbances acting on a stabilized platfoayvary greatly, however
when the overall picture is analyzed a short list of the mostimon sources can be
populated as follows;

e By far the most common and most important of these sourcesifitttion
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torques originating from the relative motion in platformeaxof rotation. The
reason why friction is located on the top of the list is thaigtion is an in-
evitable phenomenon and no matter how small it is, it alwayst® Further-
more, as long as stabilization is being done under angulaiomof the base

platform friction torques always exist disturbing the gystconstantly.

e Another common source of disturbance originates from warzad mass center
of a platform axis meaning that the center of gravity andeeoitrotation of the
axis do not coincide. In the presence of linear accelerationbalanced masses
result in a net disturbance torque around the center ofiootaHowever this
can be avoided by designing the mechanical structure sathté centers of

gravity of all axes are located on the centers of rotatioroofesponding axes.

e The last sources of disturbance on the list are externalésrgnd forces acting
on the platform as a result of interactions with the envirentror actions such
as firing of weapons or missiles. This source of disturbamceanly be seen
on a limited number of stabilization applications such aapam platforms and

may be avoided or minimized with proper placement of lindha, etc.

Throughout the course of studies, théeets of the first disturbance source defined
above, namely the friction forces are focused upon. Howedisturbances due to
unbalanced mass centers also showed up in experimensbtastis considered that
regardless of the source of disturbance tested, improvisnseould be applicable to

rejection of disturbances from all sources.

In the light of these discussions, the main motivation o§ ttiesis is to improve
disturbance rejection and stabilization performancesyaler more agile stabilized
platforms. It is important to note that the usage of acceheters as additional sen-
sors is required for the proposed methods. While the usagédfi@nal sensors
brings cost and complexity further improvement of the stzdtion accuracy is near
impossible for these already high performance platfornteout further instrumen-
tation. Furthermore, the cost and complexity of using arosheters is nowhere near
the cost and complexity of other methods such as two stag@izstion or replacing
the already expensive gyroscopes mounted on the platfotimbsiter ones, price of

which exponentially grows for better grade sensors.
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1.2 Objectives and Contributions of the Thesis

For achieving better stabilization accuracies, marfifedent disturbance rejection al-
gorithms are proposed in the literature and a subclass sétimiethods use accelera-
tion feedback. The use of acceleration feedback indeedepriavbe &ective for the
purpose of disturbance rejection in industrial applicagiguch as the servo control
of machines, conveyors, robot arms etc, that continuoumsgract with the environ-
ment and work under varying loads. There exists quite a fawhar of publications
focusing on diferent ways of utilizing acceleration feedback for such &pgibns.
However, extension of these methods to the stabilizatioblpm, where disturbance

rejection is of paramount importance, haven’t seen enottght#n.

The main objective of this thesis work is to apply severdledent disturbance re-
jection algorithms utilizing acceleration feedback, whioclude newly formulated
ones together with the previously developed methods, tgpliwtorm stabilization

problem for improving the disturbance rejection proparted therefore the overall
stabilization accuracy. Accomplishment of these objestmwill enable improvement
of stabilization even for already built systems with theitidd of a linear accelerom-
eter array together with some modifications in the contréilvsre.

While the above defined goal is being achieved, sevefBdrdnt problems are ad-
dressed. To start with, the problem of calculating all traegular accelerations of a
platform using linear accelerometer readings is addresBeen, improvements that
can be achieved in signal quality with the addition of anotihheasurement, in our
case addition of acceleration measurement to the alreadgumned velocity, is as-
sessed. Finally a new optimal controller using the acceterdeedback for improv-

ing stabilization performance is developed starting frosinailar controller concept

using the “Reciprocal State Space” framework defined in teediure.

1.3 Outline of the Thesis

In this first chapter, background information and motivasidor carrying out this

thesis work is given together with the objectives and cbations.
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Chapter 2 presents the theoretical background for variootsigmms that needs to be
tackled throughout the course of studies such as the catwulaf angular acceler-
ation from linear acceleration measurements, mathenhatiodeling of the 2-DOF
gimbal platform starting from Newton-Euler equations oftion, a quick review of
Kalman filtering and usage offtierent acceleration feedback methods for improving

stabilization performance.

In Chapter 3, a detailed explanation of the simulation modét Is given and con-
troller implementation issues are discussed. The chafsgs svith the explanation
of identification work done on the experimental setup. figation of Kalman filter

usage and other issued related to sensor fusion and filisrgigen next. Last part of
the chapter is devoted to the presentation of the simulatiotel built and simulation

tests done on this model.

Chapter 4 starts with a brief description of the experimesgdiip. The rest of this

chapter is devoted to the presentation of experimentaiessits.

Finally, Chapter 5 includes an overall discussion of the wawke and concluding
remarks. Possible future work that could not be coverediegihe scope of this

thesis is also given.



CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, theoretical background of the thesis wetkid down. Several topics
that are investigated in the course of studies that desé¢temetian are covered here.
Survey of the literature about these topics and the extaasbthis literature to our
application are combined in order to have a seamless flow attdrilunderstanding
of the methods discussed. Following chapters will buildida background and will
be the implementation of the ideas developed here in simalanvironment and on

experimental setup.

This chapter starts with the literature survey done on théhous of constructing

angular acceleration information by using linear acceteters. In the next section,
a derivation of the dynamic equations of motion of the 2-DQ@#lgl moving on a

motion simulator are carried out starting from Newton-Ew@guations. In the third
section, a quick review of Kalman filtering is given. Finabgler is devoted to the
investigation and development of controllers that can mades of the acceleration
information of the platform in order to improve the stakalion performance of the
system. A standard controller for comparison purposes larektother controllers

that utilize acceleration feedback are presented.

2.1 Construction of Inertial Angular Acceleration Informa tion of a Platform

The main objective of this thesis work, which is the use ofuldagacceleration in-
formation to improve the stabilization performance of d8stzed platform, makes it

necessary to obtain a good quality angular acceleratiorablny either directly mea-
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suring it or constructing it from other measurements. Famtiore, this information
is needed relative to inertial reference frame since stalbibn requires the control of

the platform in the earth-fixed inertial reference frame.

However, both of the above mentioned methods for obtainmgrgular acceleration
signal have dferent drawbacks of their own [4]. For example the most Sttéig-
ward method, being the direct measurement of inertial argadceleration requires
angular accelerometers, which are very special sensarathananufactured by a
very limited number of manufacturers, quite hard to obtai@nefrom these limited
number of manufacturers due to export restrictions andfgigntly expensive, es-
pecially because of the fact that there are no cheap optioriseomarket for these
sensors. The method of obtaining an angular acceleragmalsirom angular veloc-
ity or position measurementsfsers from noise amplification problems. Obtaining
acceleration this way requires thdfdrentiation of velocity and position signals us-
ing one of the several methods proposed in the literatureveider regardless of the
method used, noise always remains problem to be solved.oddthit is proposed
in papers [5, 6, 7, 8], it is seen that obtaining acceleratiéormation from position
signal with double dferentiation or using an observer produces extremely poor re
sults. Single dierentiation of a high quality velocity signal on the othendawith
careful noise filtering, can lead to a somehow usable sigpnamarginal performance
improvement should be expected as a benefit of using thialsign

A third way of constructing angular acceleration signal ethseems not to sier
from the drawbacks of the methods above is the use of linesml@ometers. Linear
accelerometers are widely used sensors that can be foupeasity. Furthermore,
since no diferentiation but only algebraic operations are carried outlitain the
angular acceleration, this method does ndfesurom noise amplification problem
mentioned above. Being a viable solution, methods of obitgiangular acceleration
from linear accelerometer measurements has been inviestigg many authors and
found to be anfective aproach. A literature survey on this method and dgveént

of this method follows in the coming section.



2.1.1 Preliminaries on Kinematics and Acceleration in 3-D face

Here, some preliminary information about three-dimensidmematics is given on
which the following derivations are based on. A more dethifgormation can be

found in [9], from where the following derivation is adopted

¥4

Figure 2.1: Position of a Point P Relative to a Moving Referdfreane [1]

Above equation is the famous acceleration relation thatbeawritten between two
pointsP andQ’ in space, which are shown in Figure 2.1. Heranda are the angular
velocity and angular acceleration of the body fixed coordirieame depicted in the
figure. It is also the starting point for oufferts of constructing angular acceleration
information from linear accelerometer readings and tlieesheeds some attention.
The derivation of the equation is as follows;

Position of the pointP relative to the origin of inertial reference fran@ can be
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written as follows

o =Tojo + Ipjo (2.2)

By definition, the absolute velocity is the time derivativetloé position with respect

to the fixed reference frame. flérentiating 2.2 gives

_ d_
Vp =Vo + arP/o' (2.3)

Most probably, the (movingxyz reference frame is chosen for its convenience in

describing the position of P

rpo = Xi +Vj + 2k (2.4)

Differentiating with superposing th&ects of the changing coordinate values and the
rotation of the vectors gives

a:rp/O/ =X +VY]+ K+ wXrpo (2.5)

Combining 2.3 and 2.5, we have
Vp = Vo + (Vp)yyz + W X I'pjor (2.6)

where

()= 5Tpror = X + ] + 2 @7

The above equation 2.6 is the expression for the velocityoaitd. Note that the
reference frame specification are omitted when indicatimglesolute velocity or ac-

celeration.

The derivation continues with acceleration. Note that tuliféerentiation of both
sides of equation 2.6 will give the acceleration of pdniHence we dterentiate the
terms on the right hand side of the equation one-by-one. €healive of the velocity
of origin O’ is its acceleration. Since the termp)y,, gives relative velocity in terms

of components in moving frame
d _ _ _
a(VP)xyz = (aP)xyz +wX (VP)xyz (2.8)
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The third term isv X I'p/o, the derivative of angular velocity is the angular acceler-

ationa and derivative of the termp,o is already given above; so that

d - _ — _ I _
a(w X rp/or) =aXIlpo+twX [(VP)XyZ+ w X rp/or] (29)

Summation of the last three terms leads to equation 2.1,hnikicewritten below.
Terms known with the special names, centripetal acceteratnd Coriolis accelera-

tion, are pointed out in the equation below.

centripetal acc. Coriolis acc.

aP = aO’ + (aP)xyz+ C?X r_P/O' + (1—) X (Cl_) X r_p/of) + 2(17)( (\7P)xyz

At this point, it is important to note that for a poiRton a rigid body, both the velocity
term (p)xy, and the acceleration terrag),,, become zero. Therefore, if we assume
thatO’ is the origin of a reference frame fixed to a rigid body &g a point on the
same rigid body, the expression for the acceleration oftg®im inertial reference

frame simplifies to Equation 2.10 below

ap=aog +aXlpo +wX(WXTIpo) (2.10)

2.1.2 Determination of Angular Velocity and Angular Acceleation of a Body

From Linear Accelerometer Readings

In Figure 2.2, four points which are located on the same boidly are shown together
with inertial and body fixed coordinate frames. Startingrirwhere we left & in the

previous subsection, for the two poirRg andO on the rigid body, we can write

B, = 0 + & X (Try/0) + @ X (@ X (Tpy0)) (2.11)

with all components in inertial coordinate frame exceplo whose components are
presented in body fixed reference frame defined above. Thiatieq can also be

written as
8p, — 80 = W(Fp,0) + W(Tp,/0) (2.12)

11



. | Body Fixed
%/ Coordinate System

Inertial Coordinate System Y

A

Figure 2.2: Description of Rigid Body Motion Using flerent Coordinate Frames

where
Wy
w=| wy
Wz
and
0 _('UZ (l)y

W = C()Z O _C()X

In open form, Equation 2.12 can be written as follows

(apl)X (aO)X _(Uyz - (1)22 WxWy — 0-')2 wWyWwz + (,(.)y (r Pl/O)X

(aPl)y - (aO)y = wxwy + C‘-)z _U)zz - (1))(2 (l)y(l)z - a')x (rpl/o)y

(@,): (a0). Wxw; — Wy Wy +Ox  —wx’ =Wy || (Teyo):z
(2.13)

Equation 2.13 is important for the fact that it groups then®ias the left side of the

eqguation being the linear accelerations which can be medsuith linear accelerom-
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eters, the 3x3 matrix on the right containing the unknownuéargvelocity and accel-
eration terms and the 3x1 vector on the right is the knownoreaftdistance between
the two points. Our goal will be to find the total of six unknoamgular acceleration
and angular velocity terms, all contained in the 3x3 matrixite right-hand side of
the Equation 2.13.

There has been many methods proposed in order to find theaangrlbcity and
angular acceleration terms appearing in Equation 2.13.eSurthese methods make
use of numerical dierentiation as well as numerical integration [10] and aeedfore
omitted in the foregoing analysis for the reason that thesthods will most likely
give poor results in a real-time applications such as thes. o®n the other hand,
many other methods try to extract the nonlinear angularcigiderms appearing in
the above equation by making use of symmetric and skew syricmeatrices and
methods such as change of coordinate frames as in [11]. Aifitagion of these

methods and corresponding accelerometer placementseis igiy12].

However, the emphasis of this work is not on the construatibangular velocity
terms which most of these methods focus on since angulatitiekare already mea-
sured with gyroscopes mounted on the system. Therefore pwetddive too much
into these diferent methods and stick with one class that gives angul@iexation
terms directly. Angular velocity terms are obtained as bydpcts, which is also

good for comparing with the measured signals from gyrosnbtstrictly necessary.

As shown in [13], the minimum number of sensors required emidy all angular
velocity and angular acceleration terms is nine. Howeveshould be noted that
identification of these terms are used in the meaning of iiyamg the magnitudes, as
sign ambiguities persist in most solutions. From here oniduely identifying” will

be used for finding both magnitude and sign of these compsnent

With nine sensors, all angular acceleration terms are ehygdentified but angular
velocity terms have ambiguities depending on the solutdrese. If we further
restrict ourselves to the use of triaxial accelerometelschvwill be the case in our
work, then three triaxial accelerometers can only idenifig angular acceleration
term uniquely, leaving the remaining two angular acceienat and three angular

velocities with sign ambiguities as shown in [14]. On theesthand, using four
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triaxial accelerometers, we can uniquely identify the dagacceleration vector and
identify the terms in angular velocity vector down to onensggnbiguity as shown
in [15]. Note that the given equations has no means to disishgoetween the two

possible solutions (sign ambiguity) without additionakgiary information.

In our studies, we will assume that the triaxial acceler@mseare ideal, namely all
three axes of measurement are done from the same point waiknaw that it is
not the case since triaxial accelerometers are three ahiagcelerometers packed
together and some distance always exists among these tHoeeever, very small
size accelerometers that are going to be used makes thispiésn reasonable. The
case in which these accelerometers are considered ndnsdeaher discussed in
[16].

Going back to Equation 2.13, assuming we have 4 triaxiallacm@eters placed such
that one of them is at the center and the three other are ptacddthat

1 0 0
rpyo=|0|,fpyyo=| 1 |.pyo=| 0
0 0 1

Three independent matrix equations can be written for the titgaxial accelerome-
ters, betweel® andP;, O andP,, and the last one betweéhandP;. These three
matrix equations can be decomposed into the following ntaéas equations starting
from 2.14 through 2.22.

(@p,)x — (B0)x = —w,* — W/’ (2.14)
(@r,)y — (@0)y = wxwy + w;, (2.15)
(@p,); — (20); = wxw; — Wy (2.16)
(ap,)x — (A0)x = wxwy — W, (2.17)
(@p,)y — (B0)y = W, — W, (2.18)
(@p,)z — (20)z = wyw; + wx (2.19)
(@p,)x — (B0)x = Wxwz + Wy (2.20)
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(@p,)y — (A0)y = wyw, — Wy (2.21)

(@p,); — (30)z = —w’ — Wy (2.22)

Angular acceleration terms can be obtained as follows; fEgmations 2.19 and 2.21

one can write

(@p,); — (20)z — (@p,)y + (A0)y = wWyw; + Wy — WywW; + Wy

Therefore

o, = ez (B0): ; (@,)y + (3o)y (2.23)
Doing similar calculations, from Equations 2.16 and 2.20

o, = (@p;)x — (B0)x ; (@p,): + (20): (2.24)
And finally from Equations 2.15 and 2.17

5, = @y~ (Bo)y — (@)« + (B0)x (2.25)

z 2

For the solution of the nonlinear velocity equations, weshée following from Equa-
tions 2.14, 2.18 and, 2.22;

2 _ (apl)X - (aO)X - (aPz)y + (aO)y - (aP3)Z + (aO)z

Wy > (2.26)
and;

02 = (@p,)y — (ao)y — (apy)x ;r (20)x — ()2 + (20): (2.27)
and finally;
furthermore, these three additional equations can beenritt
from Equations 2.19 and 2.21

ap,); — ap,)y —
(L)y(L)Z — ( PZ)Z (aO)Z + ( Ps)y (aO)y (229)

2
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from Equations 2.16 and 2.20

— (aF’a)X - (aO)x + (aPl)z - (ao)z

WxWs > (2.30)
from Equations 2.15 and 2.17
- + (@p,)x — X
o = Gy = ol + (B = Bo) 231)

As a result, determination of angular velocities problerodmees findingoy, wy and

w, With w,?, a)yz, w52, Wywz, Wxw; andwywy known.

Magnitudes ofwy, wy, andw, can be found by taking the square rootsugf, w,?,
andw,?, respectively. The signs on the other hand can be found frememaining
equations with one sign ambiguity, meaning that when a Sgssigned to any one

of the three angular velocity terms, the rest can be detedrfirom the equations.

For nine sensors that are not necessarily triaxidgfedgnt solution schemes are de-
signed. These solutions eliminate the quadratic termseofyjpew,w, or of the type
w.® + w? (U, v = XY, 2). In both cases, the system becomes linear in new auxiliary

variablesa, b, c or @, 3, y, where

a= wyw;
b = wyw,

or

a = wy2 + Wy

ﬁ = CL)XZ + (L)ZZ

Y= a)xz + a)y2
from these two sets of auxiliary variables above, twifedent solutions are obtained
for the angular velocity terms.

For the sef, b, c;
Wy = ++[— (2.32)



Wy = /%C (2.33)

I 2.34
Wy = %[ (2.34)
And for the setr, 3, ;
P /LZ/”V (2.35)
oy =+ # (2.36)
oy = i;"y (2.37)

In the first case, the sign of one componentuomust be arbitrarily assigned while
the sign of others are determined from the equations. Hawtheeequations become
singular ifa, b, c = 0. In the second case, eightférent sign combinations are always

found and there is no possibility to select the correct one.

2.1.3 Method Used in this Thesis Work

For the rest of this section, we are going to analyze the fitstieocases above which is
important in the sense that it is obtained with an acceletenpdacement as discussed

in [17], which is one of the former and most important worksha subject.

Consider the following sensor placement, with the p@rteing in the middle and
P1, P2, andPs being placed as

re,o =| 0 |,atP;, yandzaccelerations are measured

re,jo =| 1 |,atP,, xandzaccelerations are measured

re;0 =| 0 |,atPs, x andy accelerations are measured
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Resulting equations does not include any diagonal terms eofuttknown matrix,
namely the terms—w,? — w,%), (—w — wy?), and Fwy® — wy?). Six scalar equa-

tions, which is a subset of the former nine equations, canriieew as follows

(@p,)y — (A0)y = wxwy + W, (2.38)
(@p,); — (20); = wxw; — Wy (2.39)
(@p,)x — (B0)x = Wxwy — W, (2.40)
(@p,)z — (q0): = wyw, + wx (2.41)
(@p,)x — (A0)x = Wxwz + Wy (2.42)
(@p,)y — (A0)y = wyw, — Wy (2.43)

Solutions forwy, wy andw, are obtained as in Equations 2.23 through 2.25. The
solutions for angular velocities can be obtained as givelagnations 2.32 through
2.34. Below, you can find these solutions together for all &argacceleration and

angular velocity terms in equations 2.44 through 2.49.

o (aPz)z - (aO)z - (aps)y + (aO)y

o _ (2.44)
6 = (ap,)x — (A0)x ; (ap,)z + (20); (2.45)
5, = (@edy = (aO)y;(aPZ)X + (3o)x (2.46)

and
- \/% (2.47)
- \/% (2.48)
- %b (2.49)



2.2 Mathematical Model of the 2-DOF Gimbal Platform Including Base Dis-

turbances

In order to be able to identify the plant to be controlled moesarly and base the
controller architecture design work on it, a dynamic modethe 2-DOF gimbal
platform together with the kinematic disturbances appitethe base of the platform
needs to be constructed. Several models for such platfaens@sent in the literature
that employs Newtonian [18, 19] or Lagrangian [20] formigdatin the derivation.
However, none of these is a satisfactory model that modelkititematic disturbance
applied to the base of the platform in addition to the 2-DQOflzal itself.

Therefore, in this section, the mathematical model of timebgil platform is derived
starting from Newton-Euler equations written for azimutidalevation axes sepa-
rately. Mathematical model of the physical system is imgairas it is necessary for
the design of dferent control architectures. Later in Chapter 3, a simutathodel
of the system will be constructed and tuning of these cdet®lwill be done on the
simulation model. For the mathematical model, at the begga model for the most
general case will be developed and later some assumpti@hsiaplifications that
apply to our system will be carried out in order to obtain agan model which the

designed controllers can be based upon.

This model will include the 2-DOF gimbal platform with out@zimuth) and inner
(elevation) gimbals and the base motion which is assumed ta pure rotational
motion around the intersection of center of rotations oftihe gimbal axes. The
base motion is described as a yaw-pitch-roll sequenceowinly reference frames

are used throughout the analysis.

(e): Coordinate frame fixed to earth (Inertial frame)

(m), (n): Intermediate coordinate frames used in describing théopratbase motion
(B): Coordinate frame fixed to the gimbal base

(O): Coordinate frame fixed to the outer gimbal (azimuth axis)

(1): Coordinate frame fixed to the inner gimbal (elevation axis)
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Relations of these frames with respect to each other in tefmatation directions
and angles can be shown as in Figure 2.3: below;

Fo P Rl UFet JFol O F

(Yaw) (Pitch) (RoII) (Azimuth) (Elevation)

Figure 2.3: Coordinate Frames Used and Rotational Relatiomge@et Those

In addition, coordinate frame transformation matriceatie) these coordinate frames
are as follows
cos{y) -sin@) O
Cem = &% =| sin@) cos@) O (2.50)
0 0 1

— cosp) O sinP)
Cm = gl = 0O 1 o0 (2.51)
| —sin@) O cosp)

(1 0 0
CMB = e = | 0 cosgp) -sin() (2.52)
| 0 sin(¢) cog¢) |

— cosf)) —sin@) O |
CBO = " = | sing) cosg) O (2.53)
0 0 1]

[ cosg) 0 sing)
CON = gle = o 1 o0 (2.54)
| —sin(e) O cosk)

Figure 2.4 below shows some unit vectors of these coordfratges on the gimbal,
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Figure 2.4: Important Unit Vector Directions on the 2-DOFbBal

Now, in order to obtain the equations of motion, we write thebn-Euler equations

for inner and outer gimbal axes;

Newton’s equation for inner gimbal

m acl = '—jo| + m.@ (255)

where;

my: mass of inner gimbal
dc,: acceleration of the COG of inner gimbal
For: force applied by outer gimbal on inner gimbal

g: gravity vector



Newton’s equation for outer gimbal

Modc, = IfBo + |f|o + Mod (2.56)

where;

Mo: mass of outer gimbal

dc,: acceleration of the COG of outer gimbal

lfBo: force applied by gimbal base on outer gimbal
Fio: force applied by inner gimbal on outer gimbal

Euler’s equation for inner gimbal about point O (intersectof rotation axes of inner

and outer gimbal)

-

J - @) + &) X j| “Q) = I\ﬁ0| +Toc, X (Mig) + 5| (2.57)

where;

i: inertia tensor of the inner gimbal

@,. angular acceleration of the inner gimbal frame with respemertial frame
@, angular velocity of the inner gimbal frame with respectrtertial frame
Moi: moment applied by outer gimbal on inner gimbal

Foc : position vector from point O to the COG of inner gimbal

D,: disturbance momentsfecting on the inner gimbal

Euler’s equation for outer gimbal about point O (intersaf rotation axes of inner

and outer gimbal)
jo . a’_)o + (Do X jo . (,(_))o = MBO + M|O + IT)OCO X (nbg) + D)o (258)

where;

Jo: inertia tensor of the outer gimbal
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@o. angular acceleration of the outer gimbal frame with resfemertial frame
@o: angular velocity of the outer gimbal frame with respectrtertial frame
Mgo: moment applied by gimbal base on outer gimbal

Mio: moment applied by inner gimbal on outer gimbal

Foce: Position vector from point O to the COG of outer gimbal

Do: disturbance momentgfecting on the outer gimbal

In our analysis from here on we will assume that the princals of inner and outer
gimbals coincide with rotation directions, therefore theduct of inertia terms in
inertia matrices are zero and inertia matrices are diagmmdloth inner and outer
gimbals. In fact, this assumption is quite reasonable sime@roduct of inertia terms

of the inner and outer gimbals obtained from CAD models of tesare very small.

Equations 2.55 and 2.56 can be used to obtain forces traedfiarough gimbal bear-
ings as given below once the accelerations of COG’s of inndraauter gimbals are

obtained.

If0| =mdc, - Mg (2.59)

IfBO = Modc, — 'fIO —- Mog (2.60)

However, we are not interested in these force equationsrimalysis and will not
make use of Equations 2.59 and 2.60 above because thegeftiress do not create
any net torque in neither azimuth nor elevation axis sineg #ct through the center

of rotations in both axes.

On the other hand, Equations 2.57 and 2.58 can be decompuse@l scalar equa-
tions, four of which will give reaction moments on gimbal bags in directions the
bearings are not allowed to turn. These equations can baldsestrength calcula-
tions of the bearings but are not relevant for our analysise dther two equations

give the equations of motion for inner and outer gimbals clvhve are after.
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For the solution of equations of motion, all vector and mxaguantities in both equa-
tion 2.57 and 2.58 have to be represented in a single codedirzane chosen for that
equation. Therefore, we make this selection as followdgaths of equation 2.57 in
inner gimbal coordinate frame and all terms in equation th58uter gimbal coordi-

nate frame. As a result of this coordinate frame selectiositia matrices for both
gimbal axes will remain constant since they are representéiteir own respective

coordinate frames.

First, we start with representing the angular velocity deogimbal coordinate frame

relative to inertial framedg e, represented in outer gimbal coordinate fra® (

(I))O/e = C?)O/B + (I))B/n + U_jn/m + U_jm/e

©) _ —(0) 0°/9 <}5L_J(B/O) " éa(zn/O) n v,Z/L_ng/O)
1

{CUO/ } 77U3

Therefore
6;(Oo/)e UG(O/O) + ('/)é(o,s)a(ls/s) 4 éé(o,n)a(zn/n) + l'pé(o,m)a(lm/m)
where
C(O n _ C(O B)c(B n)
é(O,m) — é(O,B)é(B,n)é(n,m)
Therefore;
5(0/ = s + ¢C(O By + oCOBEB, V{, + LZ’C(O BEBNEN, m)u3 (2.61)

cosp) sin@p) O
COB = CBO" | _sing) cosf) O
0 0 1

1 0 0
CEY = COB' —| 0 cosp) sin()
0 -sin(p) cosg) |
cos@) O —sin(@)—
gom _@dmn’ | 5 1 g
sin@ 0 cosf) |
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Second, we continue with representing the angular veladithe inner gimbal co-
ordinate frame relative to inertial frama ., represented in inner gimbal coordinate

frame ().

(7)|/e = (7)|/o + (DO/e
- I -1/l 2 (@
(@1 = L;f/)e = 50(2/ '+ C(I’O)“_)(O/)e

G0, = &l + IO, + pEI IR, 4 GCIACOICENG,

+yCUOCOBEENENhmG, (2.62)

coseg) 0 -—sin(e)
ClO=-¢CON =1 o 1 0
sine) O cosg)

Now we can proceed with the angular acceleration terms aipgea the equations.
Acceleration terms can be obtained by taking time derieat¥ angular velocity
terms, starting with the outer gimbal equation

C?O/e = DO(l_jo/e = Dea—jO/e

Since the angular velocity term for outer gimbal is obtaiimeduter gimbal reference
frame, outer gimbal frame will be chosen for its simplicitrking the time derivative

in outer gimbal reference frame results in

C;(Oo/e = 7]63 + ééo’BU]_ + Q.ﬁéo’BUl + éé(o’B)é(B’n)Uz + éé(O,B)é(B,n) Uz
+HCCBEENT, 4+ jEOBEBNENMG, 4 jEOBEENEMM G

+HCOBEENEOMG, 4 EOBEENENN, (2.63)

Next, we obtain the angular acceleration term for the inmabgl by taking the time
derivative of angular velocity term for it
d/)l/e = DIa_jl/e = Dea_jl/e

Likewise, since the angular velocity term for inner gimtsabbtained in inner gimbal

reference frame, inner gimbal frame will be chosen for itagicity. Taking the
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time derivative in inner gimbal reference frame resulthimfollowing rather lengthy

equation

o), = &l + iHC Uz + 7C O + COICOB + gCOCOB,
+pCIOCOEB, | GEIAEOBEENG, | pCIICOEBEEN G,
+HCIOCOBEENG, 4 HEIOECBEENT, 4 jENIECEBEEIEN G
Ly CIOCOEBEENEOM TG | ) E1OEOBEENEnM G

_I_lj/é(l,O)é(O,B)é(B,n)é(n,m)Gg n ljlé(l,O)C(O,B)C(B,n)é(n,m) 0 (2.64)

With this, the terms on the left hand side of the equationsreypeesented in their
corresponding coordinate frames. We continue with thegeymthe right hand side.

Gravity vector is defined in the inertial coordinate frame as

(® = —gul’® = —gus (2.65)

However, this vector needs to be presentedingnd () coordinate frames for Euler
equations for outer and inner gimbals, respectively. Tfansations to these coordi-

nate frames can be done as follows, starting with outer dicdi@dinate frame
0 2(0,B)AEBNANMA ,
{Q}(o) _ Q(O) _ —ngge/ ) _ _gC(O,B)C(B,n)C(n,m)C(me)Ggee)

—cosfy) sin®) + sin(y) sin(p) cosP)
9@ = —g| sin()sin() + cosf) sin@) cose) (2.66)

cos) cosp)

and carrying on with inner gimbal coordinate frame
(@0 = g = OGO = _gEIAEOEBEBNENMEMmA e
— cosfy) sin(®) cosk) + sin(y) sin(p) cosp) cosk) — cosgp) cosp) sin(e)

g9 =-g siny) sin@) + cos) sin(@) cose)

— cosfy) sin(®) sin(e) + sin(y) sin(@) cosp) sin(e) + cosg) cosP) cosk)
(2.67)

Gravity vector is transformed to relevant coordinate fraralove, we continue with

the distance vectorgc, andfoc,. These distance vectors will be constant vectors if
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they are represented in their corresponding body frameselydoc, in outer gimbal
coordinate frame anthc, in inner gimbal coordinate frame. The reason for this is,
the fact that they represent the distance between the twabspan the same rigid body
and when a coordinate frame fixed to this same body is usedyéiior remains the
same as long as the rigidity assumption for the body holds ffilnerefore we define

Foc, androg, as follows

{Foco}@ =1 1, (2.68)
3
K

{Foc )V = | ko (2.69)
ks

Next, disturbance terms are defined based on the assumditthé only components
that exist are the ones acting in the directions of rotatidhe corresponding gimbal
axis; therefore

{Bo}© = Dot (2.70)

B}V = DI (2.71)

Finally, the termsl\ﬁBo and I\7io| will be defined as follows; since the joint between
the base and the outer gimbal is rotating{l = G direction, the torque transferred
in this direction is the motor torque plus bearing frictiomhich can be modeled
asTmgo + Tty WhereTy,, is the motor torque transmitted aiid,,, is the friction
torque between base and outer gimbal. In the remaining twextitbns, reaction
moments are transferred. Likewise, the joint between agitebal and inner gimbal
is rotating inul® = t{) direction and in this direction a torque equal to motor terqu
plus bearing friction is transferred. In a similar mannleis torque can be represented
as Ty, + T, WhereTy,, is the motor torque transmitted afd,,, is the friction
torque between outer and inner gimbals. The moments tnaedfen the remaining

two directions are reaction moments.

{Mgo)© = Mgo, (2.72)



(Mo} = | T, + Tirg, (2.73)

2.2.1 Simplification of the Mathematical Model

The mathematical model obtained in the previous sectidy fldscribes the gimbal
platform taking into account all possible terms includingational base movements
in all directions, unbalanceffects, inertial terms that develop as a result of relative
motions of the two gimbal axes and external disturbanceshofbh this detailed
model including all the above terms will be constructed intlslgSimulink and Sim-
Mechanics for simulation purposes, a simpler model is neé@uerder to be used in
analytical work for developing the required theoreticathground. In the following
subsections, decoupling assumption of the equations abmbelonging to the two
rotation axes will be justified first and once this assumpitowalidated, these sim-
pler mathematical models will be obtained for azimuth aedation axis stabilization

problems separately.

2.2.1.1 Validation of the Uncoupled Rotation Axes Assumpbin

As discussed before, the gimbal platform that is going tadleikzed has two rotation
axes which can be controlled separately. However, in oalse¢ if two separate con-
trollers can be implemented to control the two axes, thess eust be proven to be

uncoupled from each other. This section discusses theatyatidsuch an assumption.

For the sake of convenience let the following assumptionghd;

e Y(t) = 0,60(t) = 0, andg(t) = 0, meaning that there exists no disturbance of the

base and both azimuth and elevation axes of the gimbal arédmmove.

e oc, androg, lengths are zero, meaning both outer and inner gimbal ceafer
rotation and centers of gravity are coincident, therefarestatic or dynamic

unbalance torque acts on both inner and outer gimbals.
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Jb, 0 0
e J=1 0 3, O

0 0 Jo
J, 0 0]
eJ=10 3, 0
0 0 J,
MBO;L
o MY = Meo,
Tnb+Tfro
MOI;L
i Mg? = Tm| +Tff|
Mo,
M|01
e M =| M,
M|O3
e D =| 0
Do
0
« D" =| D
0

With these assumptions, angular velocity and angular exasbn terms for azimuth

and elevation axes can be simplified as follows

GO, = il + $COPT, + ICOPEENG, 4 jCODEENCIm,
0 0 0
= nUs (2.74)
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&(C()?e = T]LTg + (.lééo’BU]_ + qlﬁéo’BUl + éé(o’B)é(B’n)Jz + éé(o’B)é(B’n)az

0 0 0 0
+HCOBEEN G 4 GECBEENEOMG. | ) AOBEENENM G
0 0 . 0
+ yCOBEBNEMM G 4 JECBEENENM
= 0 0
=nus

G, = & + HCOOT, + GELOCOIG, 4 HEIOEOBEEN,
0 0
+ JCIOEEBAENEN T,
0
= EJZ + i]é(l’o) 63

&, = &y + 1G0T, + nCIOT, + FEIOCOR, 4 3G IO,

/e
- O - 0
+¢ClOCOBY, + 4CACOBEENG, + gCI-OCOBCENY,
0 0 0
+ HCI-OEOBEEN G, | hA1-OEOBEBN, 4 jE1OECBEENERM,
0 0 0
+ yCIOEOBEBIAENM T 4 A1OEOBEBNENM
0- O .
+ yCIOECOBEBIAERM G 4 JA1OEOBEENENM
0 0

= GJZ + ﬁé(l’o)ag + f]é(l’o)ljg

If we rewrite Euler’s equation for azimuth axis
jo'(l_é)-i-(z))o)(jo'a_))o = MBO+ M|Q+IT)QCOX(%Q)+ 50

and substitute the above terms into the equation, we obtain

Jbo, 0 O 0 0 Jbo, 0 O
0 J, O O+l 0 |xX| O Jo, O
0 0 Jo || 7 n 0 0 Jo, || m
Meo, | [ Mio, 0
= Mgo, +| Mo, |+] O (2.75)
Tio + Thro Mio, Do




This matrix equation can be decomposed into three scalatiegs

|\/|E>,o1 + |\/||o1 =0

'\/IBQ2 + |\/||o2 =0

Josﬁ = Tmo + Tfro + '\/||o3 + Do

(2.76)

(2.77)
(2.78)

Equation 2.78 is the equation of motion for azimuth axis, &esv the termMo,

needs to be calculated from the elevation axis equationsftire we proceed with

the elevation axis. If we rewrite the Euler’s equation fawvaltion axis

-

J @ +dxJ & =MO|+Voc.><(mIQ)+5I

and substitute the above terms into the equation, we obtain

J, 0 O —€1 COSE) — 77 Sin(e) —1nSin(e) J, 0 O

0 J, O € + € X0 J, O

0 0 J, || —ensin(e) + 17 CoSE) 1 COSE) 0 0 J,
Moy,
Tm + T, |+]| D
Mo,

This matrix equation can be decomposed into three scalatieqs
—Ji,(encose + 1sine) + (Ji, — Ji,)(€n cose) = Moy,
J,€ + n?sinecose(Jy, — J,) = Ty + Tiy, + D

Ji;(—ensine + 5cose) + (Ji, — Ji,)(enSine) = Mgy,

[ _isine)
¢

| 77COSE)

(2.79)

(2.80)

(2.81)
(2.82)

Resulting Equation 2.81 is the equation of motion for the iya@bal axis. Equations

2.80 and 2.82 will be used for determiniiyo,.

Following can be written for the terrlﬁm using the third law of Newton.

~MQ, = COIR,
where
cosg) O sinf)
coOh=1 0 1 o0

—sin) 0 cos¢)
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The only term that needs to be found is ¥g,, term, which can be written as follows

using the above equations.

Mio, = —Ji,(en cosE) + 7 sin(e)) sine) — Ji,(—en Sin(e) + 77 COSE)) COSE)
+(J), — J,,)(en cosE) sin(e)) (2.84)

It is important to note that this term represents the inetitoe elevation axis in the
azimuth axis equation motion since when azimuth axis isghartuated, elevation
axis also moves with it. To see this more clearly, let the atlen anglee be zero.
In this caseM,o, becomes equal teJ,,;;. Likewise, when elevation angle is set
to be equal to}, Mo, becomes equal te-J;;7;. At zero elevation axis, the third
term of inner gimbal inertia matrix is directly added to tlmerd term of the outer
gimbal inertia matrix since both coordinate frame direasi@oincide. However, as
the elevation angle changes, so does the contribution céléwvation inertial to the
total inertia and at = 7, the outer gimbal third unit vector direction is coincident
with inner gimbal first unit vector direction, therefore histelevation angle the first
diagonal of the inner gimbal inertia matrix is added to thedtdiagonal of the outer

gimbal inertia matrix, as expected.

The Mo, term causes to show up in azimuth axis equations however this coupling
effect, which is also described in the previous paragraph sweak and can be ne-
glected. Once this weak couplinffect is neglected, the following equation of motion
belonging to the azimuth axis becomes independent of tivateda axis motion.

. Tr‘rb + Tfro + |\/||o3 + Do
O

(2.85)

3

Likewise, when equation of motion of the elevation axis giue 2.86 is analyzed, a
term containing the square of azimuth axis velocity is sé¢mwever, since angular
velocities are kept near zero in the course of stabilizatiwas condition holds as long
as the azimuth axis controller can stabilize the azimutk @axih good performance,
which holds under all but the most severe disturbances.eftwer, this squared angu-
lar velocity term becomes negligible and with this assuorpélevation axis equation
of motion becomes independent of azimuth axis motion.

. Tm + T, + Dy — 72 sin(e) cos€)(Jy, — J1,)
- 3,

(2.86)
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As a result, it is concluded that azimuth and elevation ag@sbe considered as two
independent plants to be controlled and separate consaiéan be designed for each
of them. Therefore, from now on stabilization problem isdiiad separately for both
axes. Next two subsections explain the simplification ofagigms of motions for
both azimuth and elevation axes and it is also the first plagenich uncoupled axes
assumption is used.

2.2.1.2 Simplification of the Azimuth Axis Equation of Motion

We start with rewriting Equation 2.58, the already givendfwdquation for azimuth
axis

Jo - @ + @o x Jo - Bo = Mo + Mio + Foco X (Mog) + Do

Sticking with the previous coordinate frame definitionsthe following assumptions
be valid;

e 4(t) = 0, ¢(t) = 0, ande(t) = 0, meaning that there exists only the yaw distur-
bance on the base and only the outer gimbal motion is alloimedr gimbal is

rigidly fixed to the outer gimbal, restricting all movememtieen these two.

e oc, length is zero, meaning outer gimbal center of rotation arder of grav-

ity are coincident, therefore no static or dynamic unbataiocque acts on the

outer gimbal.
Jbo, 0 O
e =10 3, O
0 0 Jo,
MBO;L
e MZ=| Mo,
Tnb+Tfro
«D9=| o
Do
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As long as the above assumptions hold, angular velocity agdlar acceleration

terms simplify as follows

(¢) - —  ©AROB)T | HR_R0O.B)ABNT 5 A0.B) A(BN) Ahm —
WS, = g + pCOBTy + ICOBCENG, +y,CO CEN COm gy

0 0 | |
= g + yCOB g

where
cosf)) sin@p) O
COB =| _sing;) cosg) O
0 0 1

Therefore, the angular velocity term becomes

WS, = (77 + ) Us (2.87)

Furthermore

), = ijlg + pCOPUL + pCOBUy + HCOPCENG, 4 COBCEN,
—_——— —
0 0 0 0
+ 9COBEEN, 1 OB E@M E0m Gy ;OB ABN Enm g
0 | | | |
1+ JCOBEENEOM G 4 EOBEENENm G,
0 ] 0
= 7][73 + l;/./é(o’B) |A|AL73 + I,ZIC(O’B) |A|Al73

where;
cosf)) sin@p) O
C©B® =| _sin@) cosg) O
0 0 1

—sin@)n cosg)n O
—cosf)n —sinf)n O
0 0 0

o8 _

Therefore, the angular acceleration term becomes
(0) . e
al), = (i + ) (2.88)
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Substituting all terms into the Euler equation for the ogfienbal gives

Jo, 0O O 0 0 Joo O O 0
0 Jo, O 0 + 0 X0 Jo, O 0
0 0 Jo || Gi+d) (7 +v) 0 0 Jo || 1+
Mgo, Mio, 0

= Mgo, +| Mo, |[+] O (2.89)
Too + Thro Mio, Do

This matrix equation can be decomposed into three scalatiegs

Mgo, + Mo, =0 (2.90)
Mgo, + Mio, =0 (2.91)
Jos(i7 + %) = Ty + Ttro + Mio, + Do (2.92)

The last equation gives the equation of motion for the ginthéér axis. Note that
the Mo, term appearing in the equation is the contribution of innergl inertia to
the total inertia of inner and outer gimbals combined. Tfogeethe two terms can be
lumped into a total inertia terd, In Figure 2.5 below, a simple block diagram of the

plant is drawn and some observations about the plant ara fpllewing the figure.

> .
comrasen 1|+ oo gz W LN
7,
FRICTION
FUNCTION
7
—y :

Figure 2.5: Plant Azimuth Axis Block Diagram
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e Friction function can be selected as one of the many frictnaalels presented
in the literature. The model used in this thesis work is thel@uob friction

model, which is explained in Section 3.3.3.

e (77 + ) is the angular velocity of elevation axis relative to imgrframe and it

is directly measured by the gyroscopes.

e (ij+y) is the angular acceleration of elevation axis relativanetial frame and

it is directly measured by accelerometers.

e The dfect of base movement on the gimbal is through the friction moment
developing in the bearing as can be seen from the block dragrais friction

is a function ofy which is the relative velocity in this bearing.

2.2.1.3 Simplification of the Elevation Axis Equation of Motion

We start with rewriting Equation 2.58, the already givendf@quation for elevation
axis

-

J-a +67)|><JV|'03| :M0|+roclx(m|g)+5|

Sticking with the previous coordinate frame definitionsithe following assumptions
be valid;

e y(t) = 0, ¢(t) = 0, andn(t) = 0, meaning that there exists only the pitch
disturbance on the base and only the inner gimbal motionlesvatl, outer
gimbal is rigidly fixed, restricting all movement betweee thase and the outer

gimbal.

e Toc, lengthis zero, meaning inner gimbal center of rotation ader of gravity

are coincident, therefore no static or dynamic unbalancgiacts on the inner

gimbal.
J, 0 O
eJ"=10 3, 0
0 0 J,
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MOll
® Mg? = Tml +Tfr|
MO|3

0
® 5|(|) =1 D
0

As a result of the above assumptions, angular velocity agdlanacceleration terms

simplify as follows

G0, = &l + IO, + HCIACOD, +9C1O GOB G g,

0 0 | |
+yCUOEEBEBNENMM G
) 0
= e, + 6C1OTu,

where;
coseg) 0 —sin(e)
9= o0 1 o0
sine) 0 cosk)

Therefore, the angular velocity term becomes

W), = (€ + O)p (2.93)
Furthermore
o), = &l + i#C"OUg + 7C' Ot + pCHACOPY, + gClACOP,
—— —— —
0 0 0 ) 0
+¢ClACOB, +C10) COB CBN , 4 gC1-A COB EBN g,
0 | | I |
+ 9CI-OCOBEEN T, 4 HEIOECBEENT, 4 EIOECBEENENM G
0 0 0
4+ yCIOGOBEBNENME, | E1OEEBEENENM T,
O. 0 .
+ l'ﬁé(l,O)C(O,B)C(B,n)é(n,m)g3 + g'bé(l,O)(”;(O,B)(“;(B,n)CA(n,m)lj3
0 0

= 662 + éé(l’o) ITUZ + éé(l,O) IAIAUZ
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where;

cosg) 0 —sin(e)
cl9=1 0o 1 o0

sin) 0 cos¢)

—sin(e)e 0 —cosk)e
o=l o0 o o0

cosg)e 0 -—sin(ee
Therefore, the angular acceleration term becomes

o), = (€+6)u; (2.94)

Substituting all terms into the Euler equation for the ingienbal gives

J, 0 0 0 0 J, 0 0 0
0 J, O || (+6) |+| (€E+6) x| 0 J, 0 || (+6
0 0 J, 0 0 0 0 J, 0
Moy, 0
=| Tm+ Ty |[+| Dy | (2.95)
Mo, 0

This matrix equation can be decomposed into three scalatiegs

Moy, =0 (2.96)
Moi, =0 (2.97)
J,(+6) =Ty + Ty, + D (2.98)

The last equation gives the equation of motion for the ginmadér axis. In Figure

2.6, a simple block diagram of the plant is drawn and somergasens about the
plant are given.

¢ Friction function can be selected as one of the many friatnmalels presented

in the literature. The model used in this thesis work is thel@uob friction
model which is explained in Section 3.3.3.
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CONTROLLER ]:” a 1/J (;9'+9) 1/s (é . 9) 1/s o (6+0) "
7,
FRICTION
FUNCTION
E
—0 &

Figure 2.6: Plant Elevation Axis Block Diagram

e (¢ + 6) is the angular velocity of elevation axis relative to ifrframe and it

is directly measured by the gyroscopes.

e (¢+0)is the angular acceleration of elevation axis relativaertial frame and

it is directly measured by accelerometers.

e The dfect of base movemeiston the gimbal is through the friction moment
developing in the bearing as can be seen from the block diagFais friction

is a function ofe which is the relative velocity in this bearing.

2.3 Preliminaries on Kalman Filtering

In this section a brief explanation about Kalman filteringyigen since Kalman fil-
ters will be used for the fusion and filtering of the velocitydaacceleration signals.

Reference [21] can be consulted for a detailed derivatiorfantider information.
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2.3.1 The Discrete Time Kalman Filter

Kalman filter operates by propagating the mean and covaiahthe state through
time. Suppose we have a linear discrete-time system givésilaws

Xk = Fre1Xie1 + Gl + w1 (2.99)

Yk = Hi X + vk (2100)

The noise processésy} and{v} are white, zero-mean, uncorrelated and have known

covariance matrice® andRy, respectively
wk ~ (0, Qu)

Uk =~ (O’ Rk)
E[wkwj'] = Qudk-
E[vwv;'] = Redij

E[vka)jT] =0

Our goal is to estimate the statgbased on our knowledge of the system dynamics
and the availability of the noisy measuremefytg. The Kalman filter works as fol-
lows; assume that we have the expected value and covariiice state feedback
before a certain tim& When timek arrives, before we process the measurement at
time k we compute an estimate &f (denotedx,) and the covariance of that estimate
(denotedPy ") by using the system model. Then we process the measuretbtenea

k to refine our estimate of,. The resulting estimate of is denotedx? and its co-
variance is denote®,". The former update using system model is called the time
update where the latter is called the measurement updageteF2.7 shows the time
and measurement updates of the state and covariance estimat

The so-called time update equations x@andP are given as follows. We do not have
any additional measurements available to help us updatstate estimate between
time (k— 1)" andk, so we should update the state estimate based on our kn@avledg
of the system dynamics. From the rules for propagation ohtean and covariance

of the states, we have

X = FreaXeq + Grealika (2.101)
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Figure 2.7: Timeline Showing priori anda posterioriState Estimates and Estima-
tion Error Covariances [14]

P = FieaPy (Fier' + Qs (2.102)

Once the time update equations are given, we continue wetmsasurement update
equations. The derivation of measurement update equdborxsandP are given in

various sources. Here we list the resulting equations &safsl

Kk = P He (HPcHS + R)™)
=P H P! (2.103)

X" = X+ Ky — HieX) (2.104)

P = (I = KiH)P (1 = KeH) T+ KReK'
= [(P) ™ + H R TH] ™
= (I = KkHW) Py (2.105)

If model and measurement noisé¢sy} and{v,} are zero-mean, uncorrelated, white
and Gaussian, then the Kalman filter is the optimal soluthat minimizes the esti-
mation error. Even, if the noise is not Gaussian, the Kalmger fs still the optimal

linear filter [14].
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2.4 On the Use of Acceleration Information in Servo Control Applications

In this section, the theoretical background will be laid ddar the acceleration feed-
back methods that are going to be utilized. The first subseetill be an introductory

section, presenting the expectations and goals in usirgjexetion feedback together
with the definition of a standard base controller withoutedexation feedback for
comparing the acceleration feedback methods to. Laterhmee tmethods, namely
the disturbance observer method, the inner acceleratmm hoethod and the state
derivative feedback LQR method, all of which utilize accaten feedback in con-
trolling the platform will be covered in their correspongisubsections. How control
methodologies explained here are implemented in simuladintd physical system

will be covered in the following chapters.

2.4.1 Definition of the Standard Controller and Overview of Expectations from

Using Acceleration Feedback

In stabilization control of a platform, the aim is to minireithe motion of the platform
relative to the earth fixed inertial frame in the presencextémmal disturbance mo-
ments and base motion. In most of the stabilized platfortasilgzation is achieved
with the help of rate gyros which gives the angular speed ®@flatform relative to
inertial frame and this method can be considered as theddttte art for systems in
use today. Feedback from gyros can be considered as thkzstiam error in a stabi-
lization task and this error is fed to the controller, whiohurn, tries to minimize it.
Therefore, one can say that stabilization task is a regybatdlem, trying to keep the
angular velocity and position states near zero. In Figeé2low, block diagram of
a standard controller which uses angular velocity feedlbac&tabilization is given.

In most of the electromechanical systems, because of tlyehigin bandwidth of the
current controller compared to the other loops, combindd e fast dynamics of
the servomotor, motor and driver together have littfee in terms of dynamics and
delays once they are properly installed and tuned. Therdfos makes it possible
for us to model these two elements as a single block, whossfeafunction can

be identified on the experimental setup. The block reprasgmiriver and motor
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Figure 2.8: Overall System Block Diagram, Plant and Contrélembined.

dynamics will look like as shown in Figure 2.8, with a torqeéerence signal going
into the block and actual torque, which is proportional with developed current in
the motor windings, coming out of the block. For the purpdseontroller design, a
first order approximation will be dlicient and the transfer function can most of the
time be assumed as unity since motor and driver dynamicseaygfast compared to

the mechanical system dynamics.

I

ref act
. ' Gmd . ¥

Figure 2.9: Driver and Motor Dynamics Combined in a Singlensfar Function

Therefore with the simplification of Figure 2.9 insertedithe overall system block
diagram, we obtain the base system that we are going to wdrlghws given in
Figure 2.10.

In the above figurd 4 represents disturbance torques acting on the plant, which i

cludes friction forces, cable restraint forces and extfedisturbances. Speed con-
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Figure 2.10: Block Diagram After the Motor-Controller Sinfation

troller tries to track the reference signal while elimingtithe éfects of these distur-
bances. In case of stabilization, this speed referencealsigmusually zero and the

sole purpose pf the controller becomes rejecting disturésn

A generic speed controller, which is also the base contrttiat is going to be a
benchmark controller for comparing developed accelendgedback controllers, is
the P112 (proportional-integral-double integral) controller [22As the name sug-
gests, the controller has proportional and derivative $eamd in addition to that, a
double integrator. The addition of the second integratsuies that controller can
control its position without steady-state error in the pree of a constant distur-
bance torque. Such constant disturbance torques are cdsnamaountered in servo
control applications, most important examples being tletidin torque as a result of
the relative motion in a joint or the static gravitationalgoe which may be caused
by the unbalanced mass on the system.

Transfer function of this speed controller is

&

C':‘spd = (2.106)

After a block diagram simplification is carried out, two inrnt transfer functions
can be identified ag> which can be named as the velocity tracking transfer functio

and% which can be named as the dynamidfagss of the system. These transfer
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functions are obtained as

Grmd(Kps? + Kis+ K
w _ md( p i v) (2.107)
JS + Gma(KpS + Kis+ K
Ta_ mKpS + Kis+ K (2.108)

0 S

Our main goal in utilizing acceleration feedback will be toprove the system dy-
namic stithess without #ecting tracking performance. Therefore the definition of
the dynamic sfiness becomes extremely important. In [35] dynamigrstss is de-
fined to be comprised of both passive and activésss. Passive fiimess in systems

is based on the plant inertia and damping. Activérstiss is added by the damping
and stifness terms resulting from the feedback controller gains. Watiely, they
define how big of a disturbance torque is required in ordeet@bbp a certain amount

of position error; bigger the $fness meaning better disturbance rejection and smaller

position errors.

There is a remarkable number of papers in the literature gl@notes the use of
acceleration feedback to improve servo performance. Ibkas shown that acceler-
ation feedback is especially useful in rejecting distudaen In [23], it is mentioned
that in an indirect approach, acceleration signal can be insgn observer to improve
the estimates of position and speed i.e., reduce the camadionm with noise by filter-

ing the measurements, or raise the bandwidth of the measigedls. This method
of improving feedback signal quality will be employed in abntrollers designed
including the standard controller since a Kalman filter wi#l used to combine the
sensor measurements in all controllers. References [5,24£62 8] make use of a
disturbance observer or in other words, a load torque obserwrder to compute the
load torque using the acceleration measurements and tdeyadoped in the motor.
This torque is added to the output of the controller to corspénfor the disturbance
torques. This method is covered in Section 2.4.2. Finallyyj 24, 25, 27, 28] one
can find the use of acceleration feedback in a faster inn@l@etion loop and this

method is covered in Section 2.4.3.
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2.4.2 Load Torque Estimator

The basic idea behind the use of a load torque estimator @esjiih we measure the
current in the motor armature, we can calculate the torqueldeed by the motor. In
the absence of any disturbandéeets such as friction, static and dynamic unbalance
or external forces applied on the physical system, the ancqdceleration of the
controlled inertia can be directly calculated by dividihg motor torque with the total
inertia of the system. However, in the presence of thesarthiahces, there will be a
discrepancy between the calculated acceleration and theurexl one. Therefore, if

the actual acceleration is measured, total disturbange¢aran be calculated as
Tg=Tm—Ja (2.109)

where;

Tq: total of disturbance torques

Tm: motor torque

J: total inertia of the system including motor shaft and gearinertias

a: angular acceleration of the system
Previous work in this subject [25] showed that a load torcgteretor also takes into
account the parameter variations in the system such as tia¢i®a of total inertia or

the variation of motor torque constant. This can be showntiyng the equations of

motion and parameter variations as

Ja =TTy (2.110)
Tm=Kila (2.111)
J=J,+AJ (2.112)
Ki = Kin + AK; (2.113)

where,J, andKy, being the nominal inertia and nominal torque constant/ahdnd
AK; being the variations of inertia and torque constant. Stulistg Equations 2.111,
2.112, and 2.113 into Equation 2.110, we obtain

o = Kinla + Tg (2.114)
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where;
Ty = AKipla — Ada — Ty

As can be seen, when the nominal values of inertia and torgustant are used, the
variation terms can be included in the newly defined dismbaermfd. This aspect
is especially useful in our application since inertia viiias are commonly encoun-
tered in platform stabilization tasks due to the possipilit payload variation.In a
double axis gimbal such as the one used, even the anguldioposihange of the

elevation axis changes azimutfiextive inertia.

Having showed the ability of the load torque estimator to pensate for the varia-
tions in the plant, we proceed with below Figure 2.11, in \attlee addition of a load

torque estimator to the base system of Figure 2.10 is shown.

Speed a a H
Refgrence- + Cgﬁ:ﬁer! Gmd [ » 1 /S » 1 IS —
Signal : - }
=========================== !
|
|
 Jy |
|
|
|
|
Low-pass Load |
il By Torque |
|}
Estimator |
.................. e T W

Figure 2.11: Control Structure With Speed Controller and Lbadjue Estimator

The low-pass filter placed in the disturbance observer istoant for measurement
lag and dynamics of filtering done to get rid of the measurémeise and it has a

transfer function which changes with the low-pass filterrabteristics such as band-
width and order. The transfer functi@,4 is the modeled transfer function of motor

and driver dynamics, better modeling of which improves teggrmance. As one
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can see, the performance of the load torque estimator dementhe bandwidth and
noise level of the acceleration and actual motor torqueadsgeind also on how good
the model of driver-motor pair dynamics, nam@y,q is. Following analysis shows
the dfect of the load torque estimator on the disturbance rejectpabilities of the

controller better.

By looking at the above block diagram, one can write the eséthibad torqud ¢’

as

1
Ty = Gipt (Tm - ﬁ) (2.115)

Angular acceleration term can be defined as follows

o= (ijTd) (2.116)
Substituting Equation 2.116 into 2.115, we obtain
1 J J
Ty = —G ((1——”)T ——”T) 2117
d Gmd, Ipf J m J d ( )

Actual torque exerted on the inertia is the summation otidigtince torque and motor

torque, which can be written as

T= Td + Gmd(Tref + Td/)
_ Gmd Jn \]n
=Tg+ GmaTret + =Gt {1 - = | Tm— —T4g (2.118)
Gmd J J

Now if we assume thal, = J andG,,q’ = G4, the above expression simplifies to

T = GmdTrer + Ta(1 - Gipt) (2.119)

Equation 2.119 shows that as a result of the load torque cosagien, the disturbance
torque acts on the system as if through the transfer fun¢fienGy¢). This is also
shown in Figure 2.12. Sindg)y¢ is a low pass filter, load torque compensator will
reject disturbances with low frequency content almost detefy while disturbances
that are higher in frequency content may still pass. As atete bandwidth of the
load torque estimator becomes an important considergtistifying the importance

of the work done on how to obtain fast and noiseless accalarsignal.
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Figure 2.12: Block Diagram Showing thef&ctive Result of Using a Load Torque
Estimator to Compensate Disturbance Torques

A final remark regarding the use of acceleration feedbackea®s above is given
in [23]. It is stated that an algebraic loop may be introduded to the direct feed
through of the input to the acceleration measurement. Hewévs also stated that
in practice this concern is of little significance due to thesence of filters and actu-
ator and system dynamics which will surely introduce sormetdelay, breaking the

algebraic loop mentioned.

2.4.3 Inner Acceleration Loop Method

Another approach that can be adopted is the use of accelesiginal as feedback to a
fast inner acceleration loop. This approach is also ingatd in several works in the
literature [7, 24, 25, 27, 28]. The motivation comes fromititaitive idea that a fast
inner acceleration loop should bé&extive in disturbance rejection since thiéeets
of disturbance will be sensed first in acceleration sign&bieea significant velocity
error can build up in the velocity loop. As expected, analgsiows that thefgect of
acceleration feedback usage in such a loop is a net improweméhe disturbance
rejection characteristics. Acceleration feedback akes din "electronic inertia™ in
addition to the physical inertia of the system, thereforgngcas a big flywheel in

rejecting disturbances.
It is stated in [7] that, acceleration feedback which actaraadded electronic iner-
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tia, allows using higher loop gains without actually in@ieg the bandwidth of the
overall system. Therefore, disturbance rejection peréoree is increased without in-
creasing the bandwidth of speed and position loops, avpiditdesired oscillatory

system response.

Below Figure 2.13 shows the implementation of an inner acata loop into the
base controller of 2.10. The speed controller shown herélissPI1? speed con-
troller but it is diferent than the previous ones due to having modified gains. The

acceleration controller on the other hand Blacontroller.

Tq

Speed o g

Speed Acceleration M . .
Resfie;glce [ conrollr | " Contollr Gmd 1 s 1/s 6—>

Figure 2.13: Control Structure With Cascaded Speed and Aatiele Loops

Similar to the case of standard controller, transfer fumgibetween velocity refer-
ence and actual velocity and between angular displacemenagplied disturbance

torque as shown below can be obtained

wret (I + KaGma) + GmdKa(KpS? + Kis+ K,) '

0 S

In the previous section% is defined as the dynamic tiess of the system, which
is a measure of disturbance rejection capabilities of thergcontroller and system.
When we compare the newly found dynamidistss term Equation 2.121 with the
one belonging to the base controller, the additios#f.G4, term to the nominator

is the most important éfierence. This result is in line with the previous statement
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that acceleration feedback acts like an electronicallyedddertia. It is evident from
Equation 2.121 that higher the acceleration loop dg&inthe more added electronic
inertia and better disturbance rejection. Once again tovdlligher acceleration loop
gains, the acceleration signal should contain as little@obntamination as possible

and have as high a bandwidth as possible.

Note that even though all previous controller gains are ipligt with the factork,,
the corresponding gains should be identical with the pres/mase sinckp, K;, and

Ky will no longer be the same as before, they are in fact impjidivided by K.

To have a better understanding of théfagss expression, let's assume that the trans-
fer functionG,q is equal to unity and rewrite the terms involved in the expi@sas

follows
Tyq
0

KoK
= F(J + Ka) + SKKp + KaKj + —

(2.122)

It is evident from Equation 2.122 that four terms involvechiioate diferent fre-
quency rangess’(J + K,) term is dominant at very high frequencies wh-'ﬂ§<—v is
dominant at very low frequencies and the remaining two daigirthe frequencies
in between. Figure 2.14 shows this dependence on frequekgyan be seen in
this figure, by introducing the acceleration feedback atgj@ against high frequency
disturbances, which traditional control schemes struiggamost, is enhanced dras-
tically.

2.4.4 State Derivative Feedback LQR Method

The last of the controllers that are going to be developedlamented and tested is a
controller which can be called as the state derivative faeklhQR. In fact, this con-
trol methodology is a modified version of the well-known ol controller, linear
guadratic regulator, modified so that it is applicable todbatrol problem at hand.
Although the 2-DOF gimbal can be modeled as a linear-timariant system, and a
guadratic cost function can be selected as a performaneg,inthking it suitable for
the standard LQR solution, the use of acceleration infalmas not directly possible,

making some modification necessary.
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Figure 2.14: Terms Involved in the Dynamic fBtess Expression and theéfécts of
Increasing Controller Gains on Dynamici8tess [7]

In order to see why standard LQR formulation is not usablefferproblem at hand,
let's remember the problem definition and solution for tremdard LOQR [29, 30, 31];

Given the system equation
X = AX+ Bu (2.123)

determine the matrix K of the optimal control vector
u(t) = —Kx(t) (2.124)
S0 as to minimize the performance index

J= fw(xTQx+ u'Ru)dt (2.125)
0

It has been shown that the gimbal axes can be considered asmtwoapled axes that
are going to be controlled separately. When system equai@neritten as shown
in Equation 2.123 for both axes, the state vecst@s a two-dimensional vector con-

taining the angular position and angular velocity terms. Wsiate feedback LQR
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method is utilized, angular acceleration cannot be fed lsaute it is not one of the
states. Furthermore, in this formulation the performameckex expression given in
Equation 2.125 does not contain a cost term for the angutaia@ation of the gim-
bal, whereas we would like to have a cost associated withrigalar acceleration.
Due to the reasons above, the following modified approachejaresenting the sys-
tem equations, which is called the "Reciprocal State Spdcafnework [32, 33] is

adopted. A short definition of this framework is given next][3

x=Gx+ Hu (2.126)
u=Lx (2.127)
where;
G=A" (2.128)
H=-A"'B (2.129)

It is important to note that the eigen values fo the systenrirm@tin the reciprocal
state space are reciprocal of those in the standard state.sgduus, the stability
condition for both the reciprocal state space and standate space frameworks are
the same. As shown in Equations 2.126 through 2.129, deevat the state vector,

which has acceleration information, can be directly feckbat¢he "Reciprocal State

Space™.

The problem definition and solution for the reciprocal stgtace framework is given
next [35].

Given the standard system equation
X = AX+ Bu (2.130)
determine the matrix K of the optimal control vector;
u(t) = —Kx(t) (2.131)
S0 as to minimize the performance index;
J= fo w(xTQx +u'Qu)dt (2.132)
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The solution starts as follows; substituting Equation 2.180 2.132, the perfor-

mance index is rewritten as
J= f (X" Qx + X" KTRKX)dt
0

= fo X"(Q + KTRK)xdt (2.133)
0

writing x in terms ofx from Equations 2.130 and 2.131, we have
X = Ax— BKx
x = Al + BK)x (2.134)
Now, let there be a P matrix such that

X" (Q+ KTRK)X = —%(XTPX) (2.135)

whereP is a positive definite Hermitian or real symmetric matrix. &sesult, we

obtain
X"(Q+ KTRK)X = —x"Px— X" Px
=X (PA+ A TP)X (2.136)
where
A. = (I + BK)*A (2.137)

noting that Equation 2.136 must hold true for any x, we resjthat
A TP+ PA = —(Q+K'RK) (2.138)
It can be proven that [31] i\ is a stable matrix, there exists a positive definite matrix
P that satisfies Equation 2.138.
Proceeding with writing the expressions fay ! andA.™" as follows
At=A1+AIBK
AT =AT+KTBTAT

54



we can rewrite Equation 2.138 as
PAT+ A TP+ PA'BK+K'BTA TP+ K'TRK+ Q=0 (2.139)
SinceRis a positive-definite matrix, one can wrige= TTT, whereT is nonsingular.
Substituting this into the above Equation 2.139, we have
PAL+ ATP+PABK+K'TBTATP+K'TTTK+Q=0 (2.140)
which can also be written as

PA'+ATP+(TK+T "BTATP)(TK+T "BTATP)-PA'BR'B'ATP+Q=0
(2.141)

As shown in [31], the minimization of requires the minimization of
X'(TK+T TBTATP)(TK+ T TBTATP)x (2.142)
with respect to K. Since the last expression is nonnegdtigeninimum occurs when
itis zero
TK=-T"B'ATP (2.143)
Finally, the optimal gain matrix K can be found as
K=-T'TTB'ATP
=-R'B'ATP (2.144)
and the optimal control law in this case becomes
u(t) = —Kx(t)
= RIBTATPX() (2.145)
The matrixP must satisfy Equation 2.139 or the very well-known algebFRiicatti
equation (ARE)
PA'+ATP-PA'BR'BTATP+Q=0 (2.146)
which can be represented in reciprocal state space frarkegor
PG+G'P-PHR'HTP+Q=0 (2.147)

55



The above concludes the state derivative feedback soludowever, it does not fully
make it possible to use LQR approach in the problem at hanellaBtitem that needs
to be tackled is that full state derivative feedback resulthe feedback of angular
acceleration and angular velocity and also, the cost faonaontains terms only con-
taining angular acceleration and angular velocity. Howeaggular position needs
to be included among both the feedbacks and quantities éat to be penalized. In
order to satisfy this, the integral of position is also cdesed as a state and added
to the state vector, increasing its size to three, includiggintegral of angular po-
sition, angular position and angular velocity. As a ressttife derivative vector also
becomes a three dimensional vector containing angulatiposangular velocity and

angular acceleration, which satisfies our objectives.
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CHAPTER 3

MODELING, SIMULATION AND CONTROL USING
ACCELERATION FEEDBACK

In order to fully utilize the advantages of additional aecation measurement in
control and stabilization of the 2-DOF gimbal platform, edintroller architectures
developed in Chapter 2 are implemented and tuned in both ationland on the
experimental setup. This chapter mainly focuses on theemehtation and tuning
of these controllers. Resulting controllers together witd simulation test results

obtained with these controllers are presented in this enapt

A simulation model of the actual system is built in order tcaléde to rapidly develop
and tune the controllers and also test them without actualying the test setup,
therefore avoiding the overhead associated with settirgnalcalibrating the system
and the test equipment each time. Mat&imulink is used for both the simulation
model and the controller since it is also the environment ihgoing to be used in
real time control of the actual system. SimMechanics bletkshich is a blockset
of Simulink especially designed for simulating mechanggtems, is used in the
modeling of the 2-DOF gimbal and the 6-DOF motion simulatsediin the tests.

Controllers are implemented in Simulink and the whole moslelin together.

This chapter starts with the identification of dynamic pasters of the actual test
setup. In order to simulate the real system as realistiealpossible and for con-
troller design purposes, an accurate identification of g§stesn parameters is re-
quired. Later, the simulation model built in Simulink anarBilechanics using these
parameters is explained in detail. After explanation of gshreulation model, con-

troller design éorts are discussed. Firstly, justification of using a Kalrfiésr in the
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controller for fusion and filtering of accelerometer andapgope readings is given
and tuning of the Kalman filter is done. Following this, implentation and tuning of
the diferent controllers are explained and some properties ofdkigded controllers
are given. This chapter concludes with the explanation asdlts of the simulation

testing of the developed controllers.

3.1 Identification of the Parameters of the 2-DOF Gimbal Plaform

Figure 3.1: Picture of the Gimbal Platform to be Stabilized

In 3.1, a picture of the gimbal platform that is going to bébgizaed is given. In order
to create a successful simulation model of the system, sorpertant parameters of

this gimbal should be accurately identified. These paramet@n be listed as the

58



inertial parameters such as weights, inertias and cenfeggawity of azimuth and
elevation axes, amount of friction originating from the tiegs on the system and
most importantly the ffect of compliance and accompanying dampifig@s occur-
ring in the mechanical structure, whictiectively constitutes the transfer function of
the plant to be controlled. We start with the transfer fumsi for both azimuth and

elevation axes.

3.1.1 Identification of the Azimuth and Elevation Axis Plant Transfer Func-

tions

As discussed in Section 3.3, SimMechanics blockset is usesirhulating the me-
chanical plant which is going to be controlled. Use of Simktatcs blockset makes

it necessary to adopt afterent identification procedure than the usual one. In this
new approach, rather than a transfer function fitting to t{retesn response, a Bode
plot of this transfer function is obtained from a frequenegponse test since transfer
functions can not be implemented directly into a SimMecbsumodel. Later on,
the frequency response of the simulation model is made $uathttfits to this Bode
plot. At the end, a simulation model that simulates the dgilant is obtained. In
Section 3.3, use of SimMechanics and the simulation modalwh built for system

is explained in detail.

Identification of these Bode plots is done with seperate gaqu response tests for
azimuth and elevation axes. A frequency sweep torque comiisagiven to the me-
chanical system and the resulting angular acceleratioraE@re read from the ac-
celerometer array. From these two signals, Bode plot of Hresfer function between
the torque command given from the real time computer and tigeillar accelera-
tion signal read from the accelerometers is formed. Thisstex function therefore
includes the transfer functions of motor drivers and tortpggs inside the motor
drivers, the motors, the mechanical structure and assoc@mpliance féects and

finally any delays in reading the sensor data or dynamicsredfas themselves.

A frequency sweep signal spanning the range from 5Hz to 208tdpplied as the
torque command from the control computer. For low frequesidihe overall transfer

function acts as a pure gain therefore there is no need tadadrequencies lower
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than 5Hz. Frequencies higher than 200Hz on the other haaafdttle importance
since control design is done for frequencies well beforeH)0naking frequencies

above this upper limit unimportant.

3.1.1.1 Azimuth Axis Plant Bode Plot

Transfer Function of the Azimuth Axis Between Torque Command and Angular Acceleration
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Figure 3.2: Azimuth Axis Plant Bode Plot Between Torque Commemdi Angular
Acceleration

In Figure 3.2 above, Bode plot of the gimbal azimuth axis olsdias a result of the
frequency sweep test is given. Itis evident from the plot thea mechanical structure
remains rigid until very high frequency excitations andfire structural dynamic ob-
served is the resonance at frequencies near 160Hz. Mogatlynincreasing phase
loss with increasing frequencies is easily spotted in thesplplot, which is consid-

ered to be mainly due to delays occurring in sensor measuteme
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Figure 3.3: Elevation Axis Plant Bode Plot Between Torque Conuvand Angular
Acceleration

3.1.1.2 Elevation Axis Plant Bode Plot

In Figure 3.3 above, Bode plot of the gimbal elevation axisawi®d as a result of
the frequency response test is given. It is seen that theanewdi structure remains
rigid until considerably high frequencies, only a smallgnéude perturbation is seen
near 65Hz. Monotonically increasing phase loss with insiregafrequencies is easily
spotted in the phase plot, which is considered to be mairiytdulelays occurring in

sensor measurement.

3.1.2 Identification of the Azimuth and Elevation Axis Inertial Parameters

Inertial parameters that are going to be identified includsses, inertias and centers
of gravity of both axes. CAD models of the parts, catalog prige and Bode plots

given in Figures 3.2 and 3.3 are used in order to identifydlpegameters.
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3.1.2.1 Azimuth Axis Inertial Parameters

First of these parameters is the mass of azimuth axis. lnlegicg the mass, we
take into account all the parts that azimuth axis motor caventwit elevation motor
cannot move. This approach is dictated by the way inertiapgrties of mechani-
cal elements are defined in SimMechanics. When masses of ¢decosnponents
and materials of designed parts are entered into the comaigied drawing model
of the system, total mass is calculated to be around 4 kilograUsing the same
method, inertia tensor of the azimuth axis around its COG lsutated to be equal
to [33166 94 22;94 10463 106;22 106 29582f1Rgnt. Finally, the location of
the center of gravity is calculated to be 59 mm above the ceft@zimuth bearing,

coincident with the center of rotation in the remaining twedtions.

3.1.2.2 Elevation Axis Inertial Parameters

First of these parameters is the mass of elevation axis I¢nlesing the mass, we take
into account all the parts that elevation axis motor can moWs approach is dictated
by the way inertial properties of mechanical elements afimel@ in SimMechanics.
When masses of the used components and materials of designedne entered into
the computer aided drawing model of the system, this valoal@ilated to be around
3.4 kilograms. Using the same method, inertia tensor of #ivawth axis around its
COG is calculated to be equal to [8708 19246; 19 7122 727; 246 727 8195]f0
kgn?. Finally, the location of the center of gravity is calculhte be 4 mm above the

intersection of centers of rotations of the two gimbal axes.

3.1.2.3 Correction of Inertia Values Using Information Obtained from Bode
Plots

Even though CAD models give quite accurate inertia valuebdth axes, there exists
some discrepancy between the real values and the oneseaxbfeom the CAD model
due to modeling errors and in&igient information about some components’ masses
and inertias. These discrepancies however, can be catrasteg the information

one can get from the Bode diagrams of the axes. Note that thé&réouency parts
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of the Bode plots for both axes can be characterized as a purewgéh constant

magnitude and zero phase. This gain is the overall gain cfyteiem from the torque
command to the resulting angular acceleration. Once we khevamount of torque
developed by the electric motors for an input torque commueedcan calculate the

inertia of that axis using Newton’s law.

It is important to note that, the torqgue command signals Wwiscused in drawing
the Bode diagrams of both axes are both normalized to 10, whieans that 10
corresponds to the maximum torque in one direction, and ekfesponds to the
maximum torque in the other direction while 0 means no torgugput. For the
azimuth axis, peak torque output of the motor is 9.3 Nm wilhis value is 1.82 Nm

for the elevation axis.

Looking at low frequency part of the azimuth axis Bode plotasgf 62.5 dB, which
is equal to 1334, is read from torque command to the measuigudar acceleration.
Taking into account the known driver-motor combined gairD&3 and radian to
degree conversion gain of 57.296, one can find the inertidn@®fazimuth axis as
0.93x57.296/1334= 0.04 kgnt. However, note that this value is the combined value
of both azimuth and elevation axes. When the correspondinglements of the
above two inertia tensors are summed, a value of 0.6878 is obtained, resulting

in a difference of 0.002Rgn¥, which is added to the simulation model as a correction.

Repeating the same for elevation axis Bode plot, a gain of 59 dichnis equal
to 891, is read from torque command to the measured angutatesiation. Taking
into account the known driver-motor combined gain of 0.188 eadian to degree
conversion gain of 57.296, one can find the inertia of the atinaxis as 82 x
57.296/891 = 0.0117kgn?. When the corresponding,, element of the elevation
inertia tensor is checked, a value of 0.0t is obtained, resulting in a fierence

of 0.0046kgn?, which is added to the simulation model as a correction.

3.1.3 Identification of Azimuth and Elevation Axis Friction Torques

One of the most important parameters for a stabilized piatfis the amount of fric-

tion force developing in bearings, gears and gearboxeséorgason that this torque
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acts as a disturbance torque in the presence of base platfomements. Since direct-
drive motors together with low-friction bearings are usedhe 2-DOF platform, no
gear and gearbox friction and a very low amount of bearirgiém is present in the
system. As explained in Section 3.3.3, the friction exgstmthe bearings is assumed
to be fitting to the Coulomb friction model. Therefore, the sw@@ment of this fric-
tion torque can be done as follows; the axis whose frictianeasured is rotated with
a constant angular velocity of 2 degn both directions, covering the full operational
range of the axis. While this is done, the amount of torqueldpeel by the motors is
logged. In the absence of acceleration and deceleratiqnesy the measured torque
is assumed to be mainly due to the friction in the associagedihgs. Later, friction
torque values as a function of gimbal position is plottedhinfollowing subsections,

friction torques for azimuth and elevation axes obtainedgithis method are given.

3.1.3.1 Azimuth Axis Friction Torque

Azimuth Axis Friction Torque Measured Along the Axis
0.5 T T T T

Torque Command
0.4 =

0.3 ‘ g

0.2 1 -

Torque Command [Normalized to 10]

051 L 4 ‘ 1 1 ! e
-150 -100 =50 0 50 100 150
Position [deg]

Figure 3.4: Azimuth Axis Friction Torque Plot

In Figure 3.4, friction torque values measured for the atimaxis is given. While two
constant torque lines are expected, the result is not ireageat with the expectations.
Two fluctuating lines are present in the figure. The fluctuatio the torque signal is

considered to be due to the cogging torque developed in therrtself. From the
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offset between these two lines, the amount of friction can brutaked. Taking into
account that this fiset corresponds to two times the friction torque in one tivac
and assuming the same amount of friction acts in both doestit is seen that the
offset is 3% of the maximum motor torque, and the friction torigdeund to be equal
to 9.3 x %100 = 0.140 Nm Note that, although variations exist betweeffatent
friction models, it will be assumed that this friction is hahe break-away friction
and the kinetic friction.

3.1.3.2 Elevation Axis Friction Torque

Elevation Axis Friction Torque Measured Along the Axis
2 T T T T T

Torque Command

Torque Command [Normalized to 10]

Position [deg]

Figure 3.5: Elevation Axis Friction Torque Plot

In Figure 3.5, torque values measured as described in thvopsesection for the
elevation axis is given. Two almost linearly changing tedunes are present in
the figure. This almost-linear trend superposed onto trgusignal is due to the
unbalance torque resulting from the distance between icehtetation and COG of
the elevation axis. From theffset between these two lines, the amount of friction
can be calculated. Taking into account that thiset corresponds to two times the
friction torque in one direction and assuming the same amaiurniction acts in both
directions it is seen that thefset is 1.2% of the maximum motor torque, therefore

obtaining the friction torque to be equal tB2 x == = 0.011Nm Note that,
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although variations exist betweenfférent friction models, it will be assumed that

this friction is both the break-away friction and the kimdtiction.

3.1.4 Identification of "Friction to System Inertia Ratio” ’ as an Important Pa-

rameter for Stabilized Platforms

As mentioned previously, friction proves to be one of the mogortant sources of
disturbance in stabilized systems. Other disturbanceds asiche one due to unbal-
anced mass or forces acting on the stabilized platform map@&present in a given
system as a result of good mechanical design or working siceofthe gimbal, re-

spectively. However, no matter what size the platform ih@x good it is designed
or manufactured, there always is some friction torque gciis disturbance on the
platform. Furthermore, disturbance due to friction torggi@inpredictable since it
is caused by the relative motion of the gimbal axes, whichuin is caused by the

unpredictable disturbances of the gimbal base.

As stated earlier, stabilization performance is measune@gnms of the amount of
positional perturbation of the platform from its intendeskjpion. Due to Newton’s
law, the amount of perturbation the plant undergoes as d k#fstertain disturbance
is inversely proportional with the total inertia of the plamhis is logical since bigger
and heavier systems will befected less from the same disturbance torque while
smaller systems will befiected more. Therefore, the ratio of disturbance and system

inertia can be recognized as a good sign of how well the systamibe stabilized.

Discussion of the last two paragraphs leads to the defindgfoa commonly used
design performance index for stabilized platforms, nantled/™Friction to System
Inertia Ratio.” For achieving a high performance platformhaow stabilization ac-
curacy, this ratio must be kept as low as possible. As a rulbuwhb, it is stated that

a ratio of two or less should be aimed for good performance.

For the 2-DOF gimbal we use, this ratio can be calculatedHerazimuth and ele-
vation axes separately. Azimuth axis friction torque iukdted to be 0.14 Nm in
the previous chapter while total inertia of azimuth axis.84kgn?t. This results in

a ratio of 3.5, which is a little high. On the other hand, etmraaxis friction torque
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is calculated to be 0.011 Nm while the total inertia is 0.0k@i#?. Friction torque to
inertia ratio is just under one for the elevation axis, whgmuch better than azimuth

axis ratio.

Looking at the obtained ratios for azimuth and elevatiorsakean be predicted that
stabilization performance of elevation axis should bedvettie to its lower friction

torque to inertia ratio, assuming all other factors are rtalcebe similar and only
friction disturbance is acting on the system. Indeed, tbssilt will be achieved as a

result of the simulation model runs later in this chapter.

3.2 Sensor Fusion and Filtering

The addition of angular acceleration measurement to tlea@yr measured angular
velocity signal and itsféects on improving the stabilization performance is the main
topic analyzed throughout this thesis work. Even thoughrgrévement is expected
as the result, one may also consider this additional meamsneas a redundant one
since acceleration information can be obtained by takimgdérivative of velocity.
Therefore, this section will focus on showing that measuwnenof acceleration in
fact improves the quality of velocity and acceleration signto a degree that the
techniques utilizing acceleration feedback are realezalol this section properties of
sample signals collected from the sensors are analyzedmmdadity conditions for

a Kalman filter are checked. Finally, the quality of veloaiyd acceleration signals
obtainable with and without the additional acceleratiorasugement are assessed,

showing the improvement possible with additional accéle@naneasurement.

3.2.1 Identification of the Amount of Sensor Noise for SenserUsed

Presented in Figure 3.6 is the sample data collected frormosgmounted on the
system while the system is not moving. A 20-second accéberabteasurement is
given on the top graph, while velocity measurement belanginthe same time pe-
riod is given in the bottom graph. While peak-to-peak noiselecan be read from
the graphs, covariances of these noise signals are cadulabe 58.25 for angular

acceleration signal and 0.0054 for angular velocity signal
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Figure 3.6: Sample Accelerometer Array and Gyroscope Ndzadlected from the
System in the Absence of any Motion

Using these covariance values, actual sensor noises anéagsch in the simulation
model by adding white noise with same covariances to theespanding measure-
ment signals. White noise assumption made here is discussedre detail in later
chapters and found to be valid. Figure 3.7 shows the arlificie;se added. Note that
peak-to-peak noise amplitudes of both acceleration amtirglsignal noises are very
similar to the collected signal. Someffdirences in the characteristics are inevitable

but this similarity shows the validity of the white noise asgtion.

3.2.2 Analysis of Validity Conditions for Kalman Filter Opt imality

The noise in sensor measurements must be attenuated to ssmisgible degree
so that they can be used as feedback signals; otherwise awmigkfication in the

controller may cause high frequency vibrations. Severpt@gches can be used in
order to filter out the undesired noise present in the measemts, the most popular of

these being the use of FIR or IIR low-pass filters to reducéitple frequency noise
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Used in the Simulation Model

while keeping the low frequency sensor information unalter Note that separate
filters must be used for both velocity and acceleration $ggn®rders and cutb
frequencies of the filters are highly important parametarsesfilters will introduce
delays into the feedback signals even in the pass-banddnetgs and these delays

will effect the loop performances directly.

A second and yet better approach will be the use of a Kalmam, fdhe for each axis,
combining both angular velocity and angular acceleratignads in a single Kalman
filter and calculating both filtered velocity and accelematsignals together. As a
widely known fact, the Kalman filter is the optimal filter oncertain conditions are
satisfied. Therefore it will be shown that these conditiores satisfied, making the
use of a Kalman filter the optimal method. Once this is domantmand performance

assessment of the used Kalman filters is given in the nexbsect

According to [21], for the Kalman filter to be the optimal filteertain conditions

must hold. These conditions can be listed as follows;
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The modeling noisev, and the measurement noige must be uncorrelated

stochastic processes.

The modeling noise), and the measurement noigemust be zero mean.

The modeling noise), and the measurement noigemust be white.

The modeling noisey, and the measurement noigemust be Gaussian.

Now we will check the validity of these conditions one-byeon

On modeling noisewy and measurement noise wbeing uncorrelated: Being un-
correlated implies that the occurrence of one event hastaoten the probability of
the occurrence of the other event. We know that both noiseegs®es defined in the
system modelp, andvi are stochastic processes. From the twanodels the noise
present in the sensor measurements whaogas an artificially included noise term
which tries to model the errors present in the system dynamoidel. Therefore it is
evident that there can be no correlation in between thesstivahastic processes and

it is concluded that this condition holds.

On modeling noisewy and measurement noise ybeing zero-mean:As stated in
the previous item, sincey is an artificially defined noise term, we can easily define
it to be zero-meany, on the other hand is a real signal which may haffeets and
other non-zero mean noise components originating fromosensHowever, these
non-zero mean noise components are cancelled out at thefsewery operation of
the system in a drift-compensation process by calculatie@verage of thesdteets
over an adequate amount of time and subtracting it from theats. Therefore, it is

concluded that both noise terms are zero-mean.

On modeling noisewy and measurement noise ybeing white: The definition of
discrete time white noise implies that it does not have amyetation with itself ex-
cept at the present time. This shows that the power of a déstirae white noise
process is equal at all frequencies. Therefore we will areatile power density spec-
trum of both angular velocity and angular accelerationalgto see if the signals are
white or colored. Once again note that singeis an artificially defined noise term,

we can easily define it to be white. Pt we will check the power spectral density of
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noise components in both gyroscope and acceleration sezatings from respective
periodograms.

Periodogram Power Spectral Density Estimate
40 \ w
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-80 1 1 1 1
0

Frequency [kHz]

Figure 3.8: Power Density Spectrum Computed for Angular Aeze¢ion Signal Col-
lected for y-axis of the Gimbal

In Figure 3.8, periodogram of a sample angular acceleraigmal belonging to gim-
bal y-axis is given. The sensor readings are recorded wielgitmbal is not moving
and disturbances acting on the gimbal platform from outsm@ces are tried to be
minimized. One can see that excluding a couple of frequerinigvhich the power
density rises over the average value, the power spectrusitgeamains flat. These
few high energy frequencies are most likely results of exkdisturbances and noise
from sources in the close environment. Hence, it is condutiat noise read from

accelerometers are white.

In Figure 3.9, periodogram of the gyroscope y-axis readsrgiven for the same time
period. While the plot is not perfectly flat, one can say thatvgodensities among
different frequencies does not change drastically hence ihdwded that white noise

assumption for the noise read from the gyroscopes is alswb. val

On modeling noisewy, and measurement noise wbeing Gaussian:In the previous
items it is shown that botly, andvy are zero-mean noises and here it will be shown
that these two stochastic processes have Gaussian disinilawound the mean point.

Once again note that sinee, is an artificially defined noise term, we can easily
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Figure 3.9: Power Density Spectrum Computed for Angular &gfoSignal Col-
lected for y-axis of the Gimbal

define it to have Gaussian distribution. The distributiomadn the other hand will be

obtained by looking at the histograms of accelerometeyama gyroscope readings.

In Figures 3.10 and 3.11 that follows, histograms of the agcollected from gy-
roscope and accelerometer array in y-direction is givepaets/ely for the same
experiment of previous item. The distribution functionsbaith noises clearly re-
semble a Gaussian distribution. Hence it is concluded tbtt imodeling noise and

measurement noise terms are Gaussian.

3.2.3 Implementation and Tuning of the Kalman Filter Used

The Kalman filter which is going to be implemented into thetcolier uses the fol-
lowing kinematic system model;

I t  tsd
2
Wy O 1t L Wk-1
Xk = = ° 2 + Wy-1 (3.1)
| Yk | 0 0 0 1| w1
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As can be seen from Equation 3.1, a constant jerk kinemattemsused for Kalman
filter time update equations. The reason for this is the faat inputs of the system
cannot be modeled adequately enough for the use of the reahdg model of the
system. More precisely, although we can know the generatgdrnorque, distur-
bances are still unpredictable and therefore cannot beded in the model. This
results in a degradation in filter performance rather thamgmmovement. As an ex-
ample of this behaviour take the case in which a constantredtdisturbance torque
is being applied to the system. The controller, if workinggeerly, is going to apply
an opposite torque trying to reject this disturbance ang kire platform stabilized.
After letting enough time for the transients to die, the egitie acting on the plant,
which is the sum of disturbance and controller output toscgleuld be around zero
and no acceleration of the system should be observed ifligitmn is successful.
However, since it is possible only to measure motor torgue only available input

to a dynamic system model will be the misleading motor torguoeé if fed into the
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Figure 3.11: Histogram of the Sample Angular AcceleraticgaBurement for y-axis

model, this input will try to accelerate the modeled systehilewve know that the
real system is not accelerating. As a result, the state astins and filter outputs will

be degraded.

The modeling noise matrix and the measurement noise vertdeti to be deter-
mined once the Kalman filter model is determined as aboves& parameters can be
considered as the tuning parameters of the filter. Measurenaogse vector is a two-
element vector consisting of the velocity measurementréavee and the accelera-
tion measurement covariance. Modeling noise matrix on therdhand is a four-by
four matrix, designed to have all zero elements except thtediagonal one and the
last diagonal element equal to the modeling noise covagiafidis approach takes
into account the modeling error done with the constant jeguenption by adding an

error term to the new constant jerk estimate at each step.

As aresult three parameters are there for tuning the Kalrttan fivhich can be listed

as follows;

e Modeling noise covariance:which defines the amount of error present in the

system model,

e \elocity measurement noise covariancewhich defines the amount of noise
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in the velocity measurement done with the gyroscopes,

e Acceleration measurement noise covariancewhich defines the amount of

noise in the acceleration measurement done with the aocedser array.

Of the above three parameters, velocity measurement novseiance and the accel-
eration measurement noise covariance are already knowasjalbtained in the pre-
vious subsection from sample gyroscope and acceleromatas readings as 0.0054
and 58.25, respectively. Therefore, this gives us the &laive covariance ratio of
the two noise signals. In addition, knowing these two c@raze terms makes it pos-
sible to fix two of the three filter parameters and tune the meimg one as a more

straightforward and easier process.

Kalman Filter Transfer Function for Different Values of Modeling Noise Cov. (Velocity—Velocity)
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Figure 3.12: Variation of the Kalman Filter Transfer FunatBetween Input Velocity
and Output Velocity for Diferent Values of the Modeling Noise Covariance
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Kalman Filter Transfer Function for Different Values of Modeling Noise Cov. (Acceleration—Acceleration)
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Figure 3.13: Variation of the Kalman Filter Transfer FunotBetween Input Acceler-
ation and Output Acceleration for Berent Values of the Modeling Noise Covariance

Figure 3.12 gives the transfer function of the Kalman filtemi velocity input to
filtered velocity output for various modeling noise covade parameters. Figure 3.13
on the other hand gives the transfer function from accetsranput to the filtered
acceleration output for the same set of modeling noise @vee parameters. As
can be seen from both graphs, increasing modeling noiseiaoga means modeling
errors are higher and measured signals should be trusteel M@ a result, input
measurement signals are filtered less and better frequespgmse characteristics in
terms of attenuation and phase delay can be obtained. Howwise attenuation
characteristics of the filter gets worse for higher modehogse covariances, which

may lead to noise and vibration related problems.
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In order to have the best frequency response charactsrigtissible while having
enough noise attenuation, tuning of the filters are done lisMs modeling noise
covariance parameter is raised as much as possible to thevploere noise ampli-
fication and vibrations due to this noise can be observeddrsyistem in close loop
control. This point is further tested withftgrent controllers to see the behavior un-
der diferent control schemes. Finally, the parameter is reduced fhis limit value

in order to have some margin for variations in system parareefThis method en-
sures that the best possible frequency response is obtamkchigh frequency noise
contents are filtered out adequately.

Modeling noise covariance value obtained as a result ofrtt@ghod is one billion.
Bode plots belonging to the resulting transfer functionsiaaevn with magenta color
in Figures 3.12 and 3.13. One can see the higher phase lagtt@ndation plots
resulting from smaller values than one billion. It is im@ort to note increasing mod-
eling noise covariance parameter higher than one billiasdamt result in significant
changes in both magnitude and phase plots for the givendrexyurange of 5 to 200
Hz since this value already results in near "unity” tramsfunction in this range.
Although higher frequency ranges can benefit from furtheraases, these higher

frequencies are not of any interest since they lie outsidieeointended control range.

3.2.4 Assessment of Feedback Quality Improvement Achievesith the Addi-
tional Measurement of Angular Acceleration

In this section, a quick assessment is done on of how measutevh angular ac-
celeration signal in addition to the already measured amgllocity signal improves
both angular velocity and angular acceleration feedbaektguHowever, before any
serious comparison can be done, definition of the qualitysafjiaal must be defined.

As the discussion of previous sections suggest, two clersiits of a given feedback
signal prove to be important in control applications; oneh&m being the amount
of noise in the signal and the other being any phase delay gnituae attenuation

due to filtering done. As a result, these two characteriséesbe used to define the
guality of a given feedback signal. Therefore quality of sugnals can be compared

by equating the covariance of noise present on both signdl€amparing the Bode
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plots for frequency response.

Covariances of noises present on sample measurements déanglocity and ac-
celeration signals are previously defined to be 0.0054 arZb5& white noises with
same covariance values are fed into the Kalman filter tunéekiprevious section, the
output velocity and acceleration signal noise covariabeeesme 0.00022 and 38.64,
respectively. Our goal will be to tune another Kalman filtérieh runs a similar kine-
matic model as in the previous case but does not receiveeaatioh measurement at
the input and tune this filter to achieve output velocity andederation signals with
similar covariances. Once noise covariances are idepticamparison can be made

between the frequency responses.

We start with a comparison of the output acceleration sgynhil order to come up
with an acceleration output covariance around 38.6, mogdeibise covariance pa-
rameter of this second Kalman filter needs to be tuned dowr25000. In Figure

3.14, acceleration input-acceleration output frequersponse of this new filter is
given together with the acceleration input-acceleratiotpot frequency response of
the original filter giving the same output acceleration aasvariance. When two
Bode plots are compared, the improvement in the frequenppnse characteristics

is clearly visible.

One can see the near unity gain” characteristic of the vigi@dceleration input
Kalman filter from the given figure while velocity-only Kalmdilter with the same
output acceleration noise covariance starts to have lgggnase as early as 20 Hz
and has a phase lag of 90°even before 60 Hz. Magnitude respdss has a non-
desirable shape with a peak around 40 Hz. While the velocity-Balman filter
performs poorly, the reason for this is obvious; since ohg/\elocity measurement
is available to the filter, obtaining the acceleration sigeguires the dterentiation
of the input, which brings the problem of noise amplificatioith it. As a result, in
order to obtain the same output noise covariance with tlggraii filter, heavy filter-
ing of the signal is required which in turn adds phase lag aadifies the magnitude

plot of the filter.

For comparing the quality of velocity signals, we equate dhgput velocity noise

covariance of the velocity-only Kalman filter to 0.00022 loyvering the modeling
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Comparison of Two Kalman Filters With and Without Acceleration Measurement Input
Which Have the Same Acceleration Noise Attenuation Properties
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Figure 3.14: Input Acceleration-Output Acceleration Bfem Functions of the Two
Kalman Filters Compared; The One With Acceleration and \igldaput and the
One With Only Velocity Input

noise covariance parameter to 750. In Figure 3.15 inputcitgloutput velocity
transfer functions of the two Kalman filters are given. Aecation-velocity com-

bined Kalman filter once again clearly outperforms the vigfeanly Kalman filter.

Acceleration-velocity combined Kalman filter once agaihibks “unity gain” char-
acteristics through all frequencies of interest while gllag and magnitude distortion
starts as early as 20 Hz when the velocity-only Kalman is ugatferent from the
acceleration case, there exists nfietentiation process in the velocity-only Kalman
filter therefore no similar reason for excessive phase lagfeand better frequency

response characteristics should be observed, howevarat ihe case.
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Comparison of Two Kalman Filters With and Without Acceleration Measurement Input

Which Have the Same Velocity Noise Attenuation Properties
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Figure 3.15: Input Velocity-Output Velocity Transfer Fionis of the Two Kalman
Filters Compared; The One With Acceleration and Velocityuingnd the One With
Only Velocity Input

Discussion of the last paragraph points towards an impbrésult of using the ad-
ditional measurement of acceleration in the Kalman filter. eWimput and output
velocity noise covariances for the acceleration-velocaynbined Kalman filter are
compared, a high amount of attenuation in the velocity digaese can be seen. This
shows the improvement achieved by the addition of anotiggasto the list of mea-
sured signals. For the velocity-only Kalman filter to ackiéive same degree of noise
attenuation, heavy filtering of the signal is required. Tihiturn results in phase lag

and amplitude distortion in the signal.

Phase lag and amplitude attenuation characteristicsitegevnstitute the bandwidth

of a filter. Bandwidth can be defined as the frequency where maplot passes
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-3 dB or phase plot passes -90°. Filtering of high frequermigenalso &ects the
lower frequency range and reduces filter bandwidth as careée i® Figures 3.12
through 3.15. Since filter bandwidth directlffects the overall controller bandwidth,
a high performance, high bandwidth controller is only poleswith high bandwidth
filters and feedback signals. Therefore the possibilityngbriovement in controller
performance with the use of acceleration measurement additoaal feedback is

evident even from the improvement in filter output signaiveh@above.

3.3 Construction of the Simulation Model

As stated earlier, for designing and testin@etient controllers rapidly and easily, a
simulation model of the 2-DOF gimbal and the 6-DOF motionidator is built in
MatlalySimulink. Mechanical parts of the system are modeled usiockls from the
SimMechanics blockset which is a specially designed bleicksr simulating me-
chanical systems. Since SimMechanics blocks can be cathéxtother Simulink
blocks through sensor and actuator blocks, it has beenlg@ssiimplement and test
various controllers using this model and since the comraif the experimental setup
is also implemented in Simulink, controller designed ingi@mion model can be di-
rectly copied to the real-time control computer with vetjiéi modification and used

there.

Success of a simulation model directly depends on how eéelt#lile real system dy-
namics are observed and modeled in the simulation modeh Elose approximation
of the experimental setup, a careful identification of thenpls carried out which is
explained in Section 3.1. Building on to the information give Section 3.1, details
on how this information is used in Simulink environment ider to create a simu-
lation model of the system is given here. In Figure 3.16, theles model built in

Simulink is given.

In order to explain the model better, this section is divideo six parts, each of
which gives details about another part of the model whichastivan explanation.
These parts are;

e mechanical bodies,
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friction,

sensor noise and delay,

motor and driver dynamics,

compliance in mechanical structure,

6-DOF motion simulator.

Explanation of the simulation model starts with a quick eswviof SimMechanics

blockset and continues with the listed items above.

3.3.1 A Review of SimMechanics Blockset

According to [36], SimMechanics blockset can be defined a$oekbet of Mat-
lalySimulink that can simulate the dynamics of multi-body sygsteby computing
the dynamics of the system numerically on the basis of a bitlagram represen-
tation. This block diagram representation carried out mBink environment and
is calledPhysical Modelingsince unlike normal Simulink blocks, which represent
mathematical operations, or operate on signals, thes&dbltepresent physical com-
ponents and geometric and kinematic relationships dyredthe blockset consists
of block libraries for bodies, joints, sensors, actuatom)straints and drivers, and
force elements. Using these blocks and more advanced odesasuJoint Stiction
Actuator” block which models stiction and friction, modwdi of complex mechani-
cal systems which can become very tedious affiicdit using traditional modeling

techniques, can be done easily and accurately.
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In our model, the use of SimMechanics blockset makes it ptesgd model the fric-

tion phenomenon very realistically with the help of “JoiricBon Actuator” block.

Modeling of friction is especially important in the simutat model since it is the
main source of disturbance that is given to the stabilizedf@m. Furthermore,
with the use of SimMechanics blockset, better visualizatmols become available
and changing system parameters such as inertias, massge@netric constraints
become very easy, that in turn gives insight about tfieces of variation of these

parameters on the system performance.

SimMechanics block can be interfaced with other Simulirdcks through the special
set of blocks called the sensors and actuators. This makessible to implement
the controller into the same model in which the system moxist® Once both the
plant and the controller are in the same model, implememntatnd testing of dierent

algorithms can be carried out rapidly arfteetively.

3.3.2 Mechanical Bodies

Gimbal
SIMULATOR BASE BASE

Figure 3.17: SimMechanics Body Blocks and Joints Used for Miogé¢he Physical
Bodies in the System

Figure 3.17 shows two body blocks used in the model, namelgithulator base and
gimbal base, connected to each other with a gimbal joint. ilmM&chanics, sepa-
rate bodies which can move relative to one another are mobdeltd body blocks

and are connected to each other with joint blocks. Body bloeksesent the iner-
tial properties of the body such as mass and inertia, geanpebperties of the body
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such as the position of COG of the body and positions of joiatsiecting the body

to other bodies and other properties of the body such as thigéiggoand orienta-

tion of the body itself. Joint blocks on the other hand repnéshe degree and type
of freedom between these bodies. While the simulation madeéing constructed
kinematic relations of the bodies in experimental setupuaesl to define the proper-
ties of the joint blocks and above mentioned inertial andwetoic properties of the

bodies themselves obtained from the CAD models are used twedbg properties of
the body blocks.

Mainly speaking, four separate bodies are defined in thelatiroo model built. First
one of them is the simulator base which is connected to gramdddoes not move.
Connected to it through a 3 rotational DOF joint representitggmotion simulator
is the gimbal base. Third body is the gimbal azimuth axis ected to the gimbal
base through a revolute joint and finally the fourth one isgimebal elevation axis
connected to the gimbal azimuth axis through another réxghint. Note that gimbal
azimuth and elevation axes are represented with two bodus ¢he reason of which

will be explained in a later section.

3.3.3 Friction
) External input Torque
External Actuation ¢ 1
Velocity
ic fri av, Sensor
e inetic friction %/_
Kinetic Friction X
wOre

Kinetic frictional
torque coefficient

Joint Sensor

<4 >@—@ Forward Stiction Limit -0.139

Actuator
Static frictional

torque coefficient

Frictional torque

Computed torque
Static Friction Da pu qu

Frictional torque

Cioet—

Reverse Stiction Limit 0.139

Static frictional
torque coefficient

Joint Stiction Actuator

Figure 3.18: Joint Stiction Actuator Block of SimMechanicsig¥his Used to Simu-
late the Friction Torques in Mechanical System
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Friction exists in the setup in two points, namely the azhlmard elevation bearings.
One should note that since direct drive motors are emplay#uki gimbal, sources of
friction such as gearboxes and additional bearings arenesept. However, a small
amount of friction still exists originating from the motoeérings and it should be

included in the simulation model in order to simulate thenpkes closely as possible.

In modeling the friction present in both axes “Joint Stintiéctuator” block of Sim-
Mechanics blockset is used. Two of these blocks are useckisithulation model,
one connected to the joint between gimbal base and gimbaludiziaxis and the
other connected to the joint between gimbal azimuth axisgamtbal elevation axis.

In Figure 3.18 the use of the block is given in more detail.

A state machine exists inside the joint stiction actuatocklwhich decides if the
joint sticks or moves. Its operation can be simplified asofedi; once the relative
velocity drops below a threshold value, the joint sticks mieg it does not move.
Once the stiction occurs, the joint starts its relative motnly when the external
torques applied on the joint reaches the static frictiomeaefined. When the joint
is moving, a friction equal to the kinetic friction value ip@ied in the direction

opposing the motion.

Note that many dferent friction models exists in the literature ranging freary

simple ones to very complex models. However, since the agprased in this work
for friction and disturbance compensation is not a modet8ase and this friction
model will only be used in the simulation model, Coulomb fdotmodel is used.
Coulomb friction model is one of the simplest models in whicé friction torque is

considered to be constant and only changes with the direofithe relative motion.

3.3.4 Sensor Noise and Delay

In a SimMechanics model, sensors can be placed on both kantigeints in order to
measure positions, velocities and accelerations. Inflamtéo duplicate the sensors
on the real system, a body sensor measuring angular veloaitgngular acceleration
relative to inertial frame is connected to the gimbal elevaéxis body for simulating

the gyroscopes and accelerometers. Furthermore, twasgisors measuring relative
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angular positions of joints are connected to gimbal jointssfmulating the encoders.

It shouldn’t be forgotten that sensors placed in the modelsuee the related quan-
tities without any noise or quantization errors, which is the case in the real ex-
perimental setup since all sensors employ some amount o€ rayi discretization
error in real life. Hence, these errors are introduced inéorhodel artificially. First,
encoder discretization is simulated with quantizer bloekish an azimuth axis res-
olution of 36Q'(2048 « 10000) = 0.000018deg and elevation axis resolution of
360/(2048+«3600)= 0.000049deg Second, white noise with covariance equal to the
previously measured gyroscope and accelerometer arrag novariances are added
to the angular velocity and angular acceleration measurente simulate noises in

these measurements. As a result, all sources of noise dwmdéakcin the model.

Another factor that degrades sensor measurements is thenawfadelay in the sig-
nal. There may be multiple sources of this delay such as tnoséself or the delay
originating from transfer and sampling of the signals. Fribva plant Bode plots
given in Figure 3.2 and 3.3 for azimuth and elevation axessdtdelays for both ve-
locity and acceleration measurements can be identifiedasdrl.5 milliseconds,

the dfect of which is included in the simulation model via “integimiay” blocks.

3.3.5 Motor and Driver Dynamics

Needless to say, motors and drivers used in the systemtisbene dynamics of their
own. However, when these fast dynamics are compared witldythamics of the
mechanical system, their contribution becomes negligitflarthermore, when the
plant transfer function identification method discusse8ection 3.1.1 is considered,
it is seen that the input is the torque command from the cetrand the output is
the sensor measurements read by the controller, hence thieedbtransfer function
takes into account not only the dynamics of the mechaniady bat driver and motor
dynamics are also included. As a result, when this transigetion is implemented
into the simulation model in the next section, driver andandtynamics will also be

taken care of and no need exists for modeling these dynaejics ately.
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3.3.6 Compliances in Mechanical Structure

When under the féects of torques and forces mechanical structures experiaihc
kinds of deformations. No matter how strongly designed thrtspare, these defor-
mations always exist. The implication of this to the servatoal problem of the
structure shows itself when high bandwidth and high peréoroe control of the plat-
form is aimed. When Bode plots of azimuth and elevation axesngiw Figures 3.2
and 3.3 are examined, th&ects of these deformations can be seen at higher frequen-
cies. Under the rigid body assumption, thinking of the Nevg@quation, inertia of
the system should act as a pure gain when the transfer farmtioveen input torque
and output acceleration is drawn. This is in fact the behdwiothe lower frequency
parts of both plots exhibiting a constant magnitude gainzand phase lag. However,
as higher frequency excitations are given to the systendl Ibgdy assumption starts
to fail and deflections start in the mechanical structuresoAdalled as the modes of
the mechanical structure, some of these deflections direddct the transfer func-
tion of the mechanical plant to be controlled, changingabfra constant gain transfer
function to one having resonance and anti-resonance dhasdics at diferent fre-

guencies.

When Bode plot of the azimuth axis is studied, a resonance peak@ 160 Hz is
seen. Experience shows that such a behavior results frormpliemce in the me-
chanical structure between the point of application of ttteaing forcgtorque and
the point where measurements are taken. For example, if @l@orhshaft with
known stifthess and damping is driven by a motor from one end and angrdelea-
ation is measured at the other hand, such a resonance wiblds\e@d between the
input torque and output acceleration, the frequency of wisaecided by the system
parameters such asfétiess of the shaft and the amount of total inertia driven.

When Bode plot of the elevation axis is studied on the other hansimall anti-
resonance followed by a resonance can be seen around therficsgof 65 Hz. Ex-
perience shows that this is af@irent case from the previous one and it results from
a compliance in the mechanical structure between the pdietevmeasurements are
taken and an extension of the structure. For example, ifipusvexample is consid-

ered once again, if the measurement is done at the motor &ithe shaft and the
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compliant shaft still exists in the system, such a behavidirbe observed between
the input torque and output acceleration, the frequencylothvis decided by the

system parameters such asfegss of the shaft and the amount of total inertia driven.

In1 AngularVelocities

In2  AngularAccelerations

Sensor Noise and Delay

TraverseElasticity

ElevationJoint

TRAVERSE

m

TRAVERSE-2 ELEVATION1

levationElasticity

o i

Joint Spring & Damper1 Joint Spring & Damper ELEVATION

Figure 3.19: Inclusion of Mechanical Structure Complian@e&s in the Simulation
Model

Using the discussion of the previous two paragraphs, stionlanodel of the sys-
tem is modified as follows to mimic thefects of these compliances in bodies and
as a result the resonance and anti-resonance dynamicshrirbguency ranges of
the transfer functions. Both azimuth and elevation axis emase divided into two
separate bodies and a “revolute joint” together with a faipring and damper” ac-
tuator is inserted in between as shown in Figure 3.19. Thisves the rigid body
assumption and enables the modeling dfséiss and damping inside the mechanical
structure. With more bodies defined this way, closer andeclapproximations can
be achieved. However when the gimbal is being modeled twaebaate used for

each axis and the most dominant compliance characterstdsied to be simulated.

For fitting Bode plots of the simulation model to the actual Bptigs of the system
given in Figures 3.2 and 3.3, three parameters; mass ratiedfvo divided bodies,
spring constant in between the masses and the dampingndigtween the masses
are optimized by trial-and-error. Resulting approximagidor azimuth and eleva-

tion axes are given in Figures 3.20 and 3.21, respectivebte that low frequency
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Simulation of Azimuth Axis Dynamics
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Figure 3.20: Bode Plot Showing the Simulation of Structuraimpbances in Az-
imuth Axis

ranges of both azimuth and elevation plots are nearly idaifor the real system and
the simulation. In high frequency range however, sontkeinces persist but main
characteristics are properly simulated.

3.3.7 6-DOF Motion Simulator

As mentioned before, a 6-DOF motion simulator is used inot@give disturbances
to the base of the gimbal platform while the stabilizatiost¢eare carried out. As
shown in Figure 3.22, for simulating this 6-DOF motion siatol a “gimbal” joint

is placed in between two bodies; the simulator base and thbajibase. This joint

permits three rotational degrees of freedom between theemded bodies. Using a
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Simulation of Elevation Axis Dynamics
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Figure 3.21: Bode Plot Showing the Simulation of Structurainpbances in Eleva-
tion Axis

joint actuator, the motion of this joint is defined kinematig in terms of accelera-
tions, velocities and positions of the joint. This scenasithe same as the scenario
in real experimental procedure since the 6-DOF motion saboulcomputer accepts

kinematic commands and actuates the platform accordingly.

Note that while the real motion simulator has three rotati@nd three translational
degrees of freedom, the gimbal joint used in the simulati@deh has only three
rotational degrees of freedom. Since only yaw and pitchudisinces will be applied
in the tests, translational motion of this joint is irrelavand is not modeled in the

simulation model.
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the 6-DOF Motion Simulator Used

3.4 Controller Implementation and Tuning

Last section dealt with the construction of a proper simaoretnodel in order to be
able to implement, tune and testffdrent controllers without the need for setting
up the experimental setup and running it. Here in this sectize four controllers,
theoretical background of which are given in Chapter 2 willifoplemented and
tuned on the simulation model. It is aimed to have a 30 degrkase margin and 6
dB gain margin in all designs as a rule of thumb, however thgshenargins obtained
may change from controller to controller. Properties ofrémsulting controllers will
be given in terms of their open-loop transfer functions. \tétswith the standard

controller.

92



3.4.1 Standard Controller

As mentioned in Chapter 2, a standard controller which do¢sise acceleration
feedback techniques is used in order to compare newly desigantrollers with.
This standard controller is BI1? (proportional-integral-double integral) speed con-
troller, which is widely used for stabilization applicat®that use a rate gyro as feed-
back [22]. Itis important to note that acceleration sigsalsed in the Kalman filter to
improve velocity signal quality even in this controller. driefore while acceleration
feedback signal is not used explicitly, some improvementiocity signal due to its
use in the Kalman filter still exist.

3.4.1.1 Azimuth Axis

A PI12 speed controller is used together with the Kalman filter thge in the pre-
vious sections. Controller gains are tuned to obtain theoilg open-loop transfer
function whose Bode plot is given in Figure 3.23. Resultingroljoep transfer func-
tion has a phase margin of 32°, and a gain margin of 4.5 dB.

Standard Controller Azimuth Axis Open Loop Transfer Function
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Figure 3.23: Standard Controller Azimuth Axis Open Loop Bfen Function
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3.4.1.2 Elevation Axis

A P12 speed controller is used together with the Kalman filter tigel in the pre-
vious sections. Controller gains are tuned to obtain theiollg open-loop transfer
function whose Bode plot is given in Figure 3.24. Resultingroloep transfer func-

tion has a phase margin of 37°, and a gain margin of 6.5 dB.
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Figure 3.24: Standard Controller Elevation Axis Open LooganBfer Function

3.4.2 Controller With Load Torque Estimator

This controller uses the standa®dil > speed controller of the last section. In addition
to that a load torque estimator as described in Chapter 2 iemgnted in order to
reject disturbance torques better. Load torque estimatoiplass filter is selected as
a Butterworth low-pass filter with a pass-band frequency dfid0stop-band starting
at 120 Hz and a stop-band attenuation of 40 dB. Resulting abkirmod elevation

controllers are as follows.
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3.4.2.1 Azimuth Axis

A PI12 speed controller together with the load torque estimat&@tudpter 2 is used
together with the Kalman filter developed in the previougisas. Controller gains
are kept the same as the standard controller in order to semfitovement obtained
with the load torque estimator more clearly. Open loop Boa @l the controlled

system is given in Figure 3.25. Resulting open loop transfaction has a phase
margin of 30°, and a gain margin of 4.5 dB.
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Figure 3.25: Controller with Load Torque Estimator Azimutki®A\Open Loop Trans-
fer Function

3.4.2.2 Elevation Axis

A PI12 speed controller together with the load torque estimat@tudpter 2 is used
together with the Kalman filter developed in the previougisas. Controller gains
are kept the same as the standard controller in order to semfitovement obtained
with the load torque estimator more clearly. Open loop Boa @i the controlled

system is given in Figure 3.26. Resulting open loop transfaction has a phase
margin of 40°, and a gain margin of 7 dB.
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Controller with Load Torque Estimator Elevation Axis Open Loop Transfer Function
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Figure 3.26: Controller with Load Torque Estimator Elevatidxis Open Loop
Transfer Function

3.4.3 Controller with Inner Acceleration Loop

As described in Chapter 2, acceleration feedback can be asebb§ing a fast accel-
eration loop inside the present velocity loop in order tosgeand reject disturbances
much faster. Therefore, keeping tRél? speed controller structure, a Pl inner accel-
eration loop which uses the angular acceleration signasdsedback is added. The

resulting azimuth and elevation controllers are as follows

3.4.3.1 Azimuth Axis

A P112 speed controller together with an inner acceleration Isogescribed in Chap-
ter 2 is used together with the Kalman filter developed in tle@ipus sections. Con-
troller gains of the velocity and acceleration loops arestiito obtain the following
open loop Bode plot of the controlled system given in Figu¥ 3.Resulting open

loop transfer function has a phase margin of 45°, and a gaigimaf 4.5 dB.
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Controller with Inner Acceleration Loop Azimuth Axis Open Loop Transfer Function
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Figure 3.27: Controller with Inner Acceleration Loop Azirhufxis Open Loop
Transfer Function

3.4.3.2 Elevation Axis

An PI12 speed controller together with an inner acceleration loegl@scribed in
Chapter 2 is used together with the Kalman filter developeterptrevious sections.
Controller gains of the velocity and acceleration loops anetl to obtain the follow-
ing open loop Bode plot of the controlled system given in Feg@i28. Resulting open

loop transfer function has a phase margin of 50°, and a gargimaf around 5 dB.

3.4.4 State Derivative Feedback LQR

State Derivative Feedback LQR method has been developedapt&2 for calcu-
lating the optimal gain cd&cients for the given quadratic cost function. The cost
function includes weighted sums of costs associated wélpdsition error, velocity
error, acceleration error and magnitude of the input sigWakecursive process is
carried out in order to obtain the optimal controllers fottbazimuth and elevation

axes. The resulting azimuth and elevation controllers sifeliws.
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Controller with Inner Acceleration Loop Elevation Axis Open Loop Transfer Function
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Figure 3.28: Controller with Inner Acceleration Loop Elawat Axis Open Loop
Transfer Function

3.4.4.1 Azimuth Axis

State derivative feedback LQR described in Chapter 2 is wggdher with the Kalman
filter developed in the previous sections. Controller garesobtained by the solution
to the state derivative LQR problem given in Chapter 2. Opep koansfer function

of the controlled system is given in Figure 3.29. Resultingroloop transfer function

has a phase margin of 24°, and a gain margin of 3 dB.

3.4.4.2 Elevation Axis

State derivative feedback LQR described in Chapter 2 is uwggdher with the Kalman
filter developed in the previous sections. Controller gareodtained by the solution
to the state derivative LQR problem given in Chapter 2. Opep toansfer function

of the controlled system is given in Figure 3.30. Resultingroloop transfer function

has a phase margin of 25°, and a gain margin of 3 dB.
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Figure 3.29: State Derivative Feedback LQR Azimuth Axis Oh®op Transfer
Function
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Figure 3.30: State Derivative Feedback LQR Elevation Axge@® Loop Transfer
Function
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3.5 Simulation Test Results

As presented in the previous section, simulation modelesl urs order to implement
and tune the four controllers that are designed before tbestollers are imple-
mented in the real-time controller and tested in the expemiad setup. However
before work is carried on to the experimental setup, testingtabilization perfor-
mances of the four éierent controllers under fierent disturbances is done on the

simulation model.

Since a very detailed modeling of the physical system is dogadistic results that
are close to the actual performance of the real system aextgfrom these stabi-
lization tests. Therefore, these results will give an ihsip the performance of the
stabilized platform even before any experiments are chwoig. Another benefit of
these test will be that comparing the results of simulateststand experimental tests
will provide the means to check the validity and accuracyhef simulation model
built.

As mentioned before, the 6-DOF motion simulator is also nextlen the simula-
tion model but with only three rotational DOF. Using thisearDOF model of the
simulator, kinematic yaw and pitch disturbances will beegito the base of the gim-
bal platform and stabilization performance will be meadurem the inertial body
sensors placed onto the gimbal elevation body. Table 3dsdive set of sinusoidal
disturbances that are going to be applied to the base of @R-gimbal platform.
The amplitudes of these sine waves at each frequency amlgidetermined from

the maximum displacement the motion simulator can suppiyatfrequency.

It is important to note that these rotational disturbanci#isaet around the center of
rotation of corresponding rotation axis; to be more precgiaes disturbances will act
around the center of rotation of azimuth axis while pitchutisances will act around
the center of rotation of elevation axis. Therefore no ti@r@nal motion is created

that can bring together theétects of unbalanced mass centers of the gimbal axes.

A total of forty simulation runs are done in order to test allif controllers with the

set of five diferent disturbances in both elevation and azimuth axesoAgth results
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Table 3.1: Table showing the disturbances that are goingbea to the base of the
gimbal in yaw and pitch directions in stabilization tests

Frequency| Amplitude (peak-to-peak
Yaw Direction Pitch Direction
0.5Hz 20° 17°
1 Hz 9.5° 8°
2 Hz 4° 3.5°
5 Hz 0.65° 0.6°
10 Hz 0.08° 0.1°

of these forty tests are given in Table 3.2 at the end of thei@® only the graphs
belonging to 1 Hz and 5 Hz disturbance profiles are given i@ avoid presenting
an excessive number of graphs that repeat themselves simglatson runs prove to
be very stable and repetitive. Only the graphs and necessatginations are given
here since comments on the test results are saved for Chaplard the explanation
of same tests done on the experimental setup are given ancinaiar results are

obtained.

3.5.1 Azimuth Axis Tests

All four controllers are tested in azimuth axis tests andrdwilts are given for all

four of them next.

3.5.1.1 The Standard Controller

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all

five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.031 mrad. In Figure

3.31, a 5-second stabilization error plot is given as a fonaif time.
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Standard Controller, Azimuth Axis Stabilization Test, Disturbance Profile 2
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Figure 3.31: Azimuth Axis, Standard Controller, freq. 1Hmm@ 9.5°

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.060 mrad. In Figure

3.32, a 5-second stabilization error plot is given.

Standard Controller, Azimuth Axis Stabilization Test, Disturbance Profile 4

0.01 T T T T T T T
Stabilization Error

0.008 —

0.006

0.004

0.002 -

—0.002 —

Stabilization Error [deg]
o
T

—0.004

—0.006

—0.008 -

-0.01 L L
[} 0.5 1 15 2 25 3 3.5 4 45 5

Time [sec]

Figure 3.32: Azimuth Axis, Standard Controller, freq. 5SHmya 0.65°
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3.5.1.2 Controller with Load Torque Estimator

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all

five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.022 mrad. In Figure
3.33, a 5-second stabilization error plot is given.

Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 2
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Figure 3.33: Azimuth Axis, Controller with Load Torque Esétuar, freq. 1Hz, amp.
9.5°

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.050 mrad. In Figure

3.34, a 5-second stabilization error plot is given.
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Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 4
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Figure 3.34: Azimuth Axis, Controller with Load Torque Estétur, freq. 5Hz, amp.
0.65°

3.5.1.3 Controller with Inner Acceleration Loop

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all

five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.016 mrad. In Figure

3.35, a 5-second stabilization error plot is given.

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.034 mrad. In Figure

3.36, a 5-second stabilization error plot is given.
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Controller with Inner Acc. Loop, Azimuth Axis Stabilization Test, Disturbance Profile 2
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Figure 3.35: Azimuth Axis, Controller with Inner Accelemti Loop, freq. 1Hz, amp.
9.5°
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Figure 3.36: Azimuth Axis, Controller with Inner AccelematiLoop, freq. 5Hz, amp.
0.65°
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3.5.1.4 State Derivative Feedback LQR

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all
five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.014 mrad. In Figure

3.37, a 5-second stabilization error plot is given.

State Derivative Feedback LQR, Azimuth Axis Stabilization Test, Disturbance Profile 2
0.01 T T T T T T T

0.008 — =

0.006 - =

0.004 i =

0.002

Stabilization Error [deg]
o

-0.002 ‘ -
-0.004 1 i
~0.006 |- -

—0.008 - =

—0.01 L L L I

Time [sec]

Figure 3.37: Azimuth Axis, State Derivative Feedback LQRgfrlHz, amp. 9.5°

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.029 mrad. In Figure

3.38, a 5-second stabilization error plot is given.
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State Derivative Feedback LQR, Azimuth Axis Stabilization Test, Disturbance Profile 4
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Figure 3.38: Azimuth Axis, State Derivative Feedback LQRgfr5Hz, amp. 0.65°

3.5.2 Elevation Axis Tests

All four controllers are tested in elevation axis tests amelriesults are given for all

four of them next.

3.5.2.1 The Standard Controller

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all

five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocitpaigs 0.013 mrad. In Figure

3.39, a 5-second stabilization error plot is given.

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 20-second stabilization

error data obtained by integrating the angular velocitpaigs 0.019 mrad. In Figure

3.40, a 5-second stabilization error plot is given.
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Figure 3.39: Elevation Axis, Standard Controller, freq. 1Bnp. 8°
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Figure 3.40: Elevation Axis, Standard Controller, freq. Seinp. 0.6°
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3.5.2.2 Controller with Load Torque Estimator

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all
five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.009 mrad. In Figure
3.41, a 5-second stabilization error plot is given.

Controller with Load Torque Estimator, Elevation Axis Stabilization Test, Disturbance Profile 2
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Figure 3.41: Elevation Axis, Controller with Load Torque ifsdtor, freq. 1Hz, amp.
80

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.016 mrad. In Figure

3.42, a 5-second stabilization error plot is given.
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Figure 3.42: Elevation Axis, Controller with Load Torque ifsdtor, freq. 5Hz, amp.
0.6°

3.5.2.3 Controller with Inner Acceleration Loop

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all

five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.005 mrad. In Figure

3.43, a 5-second stabilization error plot is given.

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.009 mrad. In Figure

3.44, a 5-second stabilization error plot is given.
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Figure 3.43: Elevation Axis, Controller with Inner Accelgom Loop, freq. 1Hz,
amp. 8°
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Figure 3.44: Elevation Axis, Controller with Inner Accelgom Loop, freq. 5Hz,
amp. 0.6°
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3.5.2.4 State Derivative Feedback LQR

Detailed results for 1 Hz and 5 Hz disturbance profiles arergivext. Results for all
five disturbance profiles are summarized in Table 3.2 at tdeoéthis section.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.005 mrad. In Figure

3.45, a 5-second stabilization error plot is given.

State Derivative Feedback LQR, Elevation Axis Stabilization Test, Disturbance Profile 2
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Figure 3.45: Elevation Axis, State Derivative Feedback L®&y. 1Hz, amp. 8°

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 20-second stabilization
error data obtained by integrating the angular velocitpaigs 0.008 mrad. In Figure

3.46, a 5-second stabilization error plot is given.
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State Derivative Feedback LQR, Elevation Axis Stabilization Test, Disturbance Profile 4
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Figure 3.46: Elevation Axis, State Derivative Feedback L®&y. 5Hz, amp. 0.6°

3.5.3 Summary of the Simulation Test Results

Table 3.2 summarizes the results obtained in simulatids.tes

Looking at the results, the following observations can beena

e As expected standard controller performs the worst amawngdhtrollers tested.
However, even the stabilization accuracies obtained vathdontroller are in
par with high accuracy platforms used in military applioas. High quality
angular velocity feedback obtained as a result of accéberatgnal fusion and
the rigid mechanical structure which enables high bandwedntroller design

can be listed as the main reasons of this satisfactory niamber

e The overall stabilization accuracy of the elevation aximigh better compared
to the azimuth axis. The reason for this is the much lowetifnmcto-inertia

ratio elevation axis has.

e Another general trend which can be seen from the table isstiailization
errors increase with increasing disturbance frequencis ihan expected be-
havior since regardless of the amplitude of motion givenHg/rhotion simu-
lator, the net friction torque acting on the stabilized fgdah remains the same

since a Coulomb friction like friction is present in the systeThe frequency
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Table 3.2: Table showing the standard deviation stabitinagrrors achieved with all
four controllers for both axes undeifiéirent disturbances

AZIMUTH AXIS 05Hz | 1Hz 2Hz 5 Hz 10 Hz

Controller 1 23urad | 31lurad | 44urad | 60urad | 63 urad
Controller 2 l6urad | 22urad | 32urad | 50urad | 56 urad
Controller 3 13urad | 16urad | 22urad | 34urad | 45urad
Controller 4 1lurad | 14urad | 19urad | 29purad | 33urad

ELEVATION AXIS | 0.5Hz | 1Hz 2Hz S Hz 10 Hz

Controller 1 10urad | 13urad | 16urad | 19urad | 19urad
Controller 2 7 urad 9 urad 12urad | 16urad | 17 urad
Controller 3 Surad | S5urad | 7urad | 9urad 10urad
Controller 4 4 urad 5 urad 6 urad 8 urad 8 urad

of the disturbance on the other hand changes frequencyaeddtitin changes of

friction torque, which is the main source of stabilizationoe.

e The method of inner acceleration loop and state derivageellback LQR re-
sults in best accuracies while load torque estimator mefiblémvs them. The
effect of acceleration feedback can be seen clearly throudtegliencies; sta-
bilization errors are reduced by nearly fifty percent as alted the accelera-

tion feedback.
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CHAPTER 4

EXPERIMENTAL WORK

Experimental work has been considered as being the mosttiam@art of this the-
sis work and therefore obtaining the results predicted enftinmer chapters on the
experimental setup is the most important outcome of thiskwdihis not only en-
sures that theoretical and simulation work is realizaltlalso is the perfect way of

comparing the dierent controllers designed.

This chapter starts with a brief explanation of the mecrardassembly, sensors and
actuators used in the test setup and the electronics anduterajmnvolved in the con-
trol and data acquisition. Properties of the 6-DOF motionutator used in the tests
to simulate the disturbance profiles is also given. Key gdamthe selection and inte-
gration of the parts are discussed. Later, the usage of thiemsmulator in the ex-
perimental work is explained together with the test procedNext section continues
with the results of each experiment run with each contralfet diferent disturbance
profiles are given with a brief discussion of the obtainedltss Finally, an overall
discussion of the experimental results and concluding resrare presented.

4.1 Design of the Test Setup

In order to test the stabilization performance of our 2-DOflal with the difer-

ent controllers presented in this theses work, an expetahsetup is prepared. This
setup is constructed around the Aerotech gimbal, and dersighe designed me-
chanical interface for mounting the sensors and electsominto the gimbal, motor

drivers, sensors, data acquisition electronics, contndl monitoring computer and
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the cabling between this elements in addition to the motadgatary sensors already
located in the gimbal itself. Needless to say, the motiorutator Stewart platform

is a fundamental part of the test setup, applying the diatueb profiles to the base
of the gimbal platform, therefore making it possible to tiwt actual performance
of the stabilized platform under various disturbances. sehmentioned parts of the

experimental setup will be explained in more detail in théofeing subsections.

4.1.1 Gimbal Mechanic

Figure 4.1: Aerotech Gimbal Platform Used in the Experirae8etup [37]

2-DOF gimbal which is the product of Aerotech company is smowFigure 4.1.

This gimbal platform has two rotational degrees of freedohictv are driven with
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direct drive brushless motors. Two hall sensors and twapotated analog encoders
are also integrated into the axes of the platform to sup@ydiguired position infor-
mation for the commutation of the brushless motors. The @&y being very high
resolution can also be used as the feedback for position @eebscontrol loops in
applications where relative positions of the axes to thebginbase is desired to be

controlled.

Being designed for precise mirror positioning applicatighgs mechanical platform
has very low friction due its direct drive motors and low fiam bearings and sealings
and very high drive sfiness again owing to being a direct drive system and having
no gearbox or other compliant elements. These two progettigether make this
platform extremely suitable for servo control applicas@nd makes very high levels
of servo performance achievable even without using thenigales developed in this
thesis work. In a sense, this makes the objectives of thgsheork harder to reach,

trying to improve the performance of an already high pertamoe platform.

4.1.2 Motors

High performance brushless-frameless direct drive DQuergotors are used in both
azimuth and elevation axes. These motors come mounted girttil itself and be-
longs to the S-Series frameless motors product line of theesaompany, Aerotech.
Usage of such direct drive torque motors removes the neegefmboxes and there-
fore concerns such as backlash and mechanical compliaaadianinated. Due to
the quite diferent inertia values of azimuth and elevation axeedint size motors
are used. In the elevation axis, an S-76-35-A type motor wigeak motor current
of 8 Amps and a peak motor torque of 2.08 Nm is used wherea®iazimuth axis
a bigger S-130-39-A type motor with a peak motor current o2 &mps and a peak

motor torque of 9.42 Nm is used.
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Figure 4.2: EImo Digital Servo Drive Unit Used in the Expeeintal Setup [38]

4.1.3 Motor Drivers

Two Elmo Advanced Whistle motor drivers are used in orderiwedhe brushless DC
motor used in the assembly, one for the azimuth and the atinéiné elevation axis.
These miniature digital servo drives, which can also be ge€igure 4.2, in spite of
their very small size, can supply a peak current of 15 Amps2€Cavoltage as high
as 100 \Volts, which is adequate for both motors of the gimblaése drivers are used
in the so called torque mode in our experimental setup, irchvtiie driver accepts an
+10 V analog reference signal and tries to create a currahtf@refore torque) in
the motor windings according to the input signal, therefmts as a torque controller.
This enables implementation of speed and position loopsidriDf the servo drive,

most of the time in a real-time computer as it is the case iregperimental setup.

Another key feature of the used servo drive is its ability nouéate encoder signal

it reads from the gimbal and output it as an emulated incréamh@mcoder output.
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This is an important feature because the real encoder sigaahe directly to the
driver for commutation purposes, and this position sigaalso needed for closing
the position and speed loops. However, since these loopsoargosed inside the
driver in our setup, feedback signals have to be providetigaeal-time computer
somehow. By supplying the emulated encoder output of thedrito the real-time
computer, this is accomplished. This emulated signal has#ime resolution with
the real encoder signals but it mimics an incremental encadleer than the original

interpolated analog encoders present on the system.

4.1.4 Rotary Sensors: Encoders

To supply the angular position feedback for this high penance gimbal platform,
very high resolution, precise encoders are used in bothwalkesh are supplied with
the gimbal itself. Analog interpolated encoders (alsoechhs analog sifeos en-
coders) are used in both azimuth and elevation axes of thieayirAzimuth encoder
can count 10 million steps in a single revolution of the azimaxis while elevation
encoder can count 3.6 million steps in a single revolutiotnefelevation axis. These
very high resolution angular position signal makes it gassio control the gimbal

platform with high precision in many applications.

In spite of being very reliable and high resolution sensengoders mounted on the
gimbal are not used as the main feedback sensors in our apphiof stabilizing the

platform. This stems from the fact that stabilization regsicontrolling the angular
position and angular velocity of the platform relative terital frame and therefore
requires the usage of inertial sensors such as gyroscopescaalerometers. How-
ever, the sensor placement on the gimbal makes it necesdang\w at least the rela-
tive orientation of elevation axis to azimuth axis sincearaditial sensors are mounted
on elevation axis and a coordinate transformation is regquio correctly measure
the motion of the azimuth axis from sensors located on atavaixis. This relative

orientation can be obtained from elevation encoder.
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4.1.5 Inertial Sensors: Rate Gyros

Tactical grade high precision fiber optic gyros are usedrertial angular velocity
measurement of the gimbal platform. These DSP-3000 sing¢egyros manufac-
tured by the company KVH can measure angular velocities 878 9s and have
low noise characteristics. In addition, these gyros haetedively high bandwidth(up
to several hundred Hz, around 400 Hz) making them suitabl@ifh performance
control and stabilization applications and thereforeahlé for our application. In
order to obtain a full set of angular velocities includintthatee rotational axes, three
mutually perpendicular gyros are mounted on the elevatim &ignals from these
three gyroscopes are first sent to an electronic interfackrmaunted on the gimbal
itself not far from the gyros themselves because this ranesidegrades rapidly while
being carried over a wire. From there, signal is sent to thkti@me computer over a
serial communication line, where it is used as the angulircitg feedback for the

control of both azimuth and elevation axes.

4.1.6 Inertial Sensors: Accelerometer Array

An array of linear accelerometers are used for the purpos®mdtructing angular
acceleration information of the stabilized platform. Thenber and orientation of the
required linear accelerometers are discussed in greatide@dapter 2 of this report.
As can be seen, discussions have led to an optimal acceleropt@cement with one
central triaxial accelerometer and three others locateshaal distances along the
three unit vectors (which are also coincident with accefeter measurement axes)
pointing outwards from this central accelerometer. Onca@ragas it is discussed
in Chapter 2, placing the linear accelerometers away frorh elter decreases the
measurement range of angular acceleration but at the sameeittialso decreases
the amount of noise on angular acceleration signal. SingEnse a very important
concern in our application, the accelerometers are plaséar away from each other
as the mechanical constraints permit, this distance betaeeclerometers ending up

being 125 mm.
Four ASC5411LN piezo-capacitive triaxial accelerometémsdvanced Sensors Cal-
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ibration (ASC) company are used in the experimental setugsélbg range, high
precision sensors are selected to have low output noisedesaistics and have a fre-
guency response starting at 0 Hz, meaning that it can meklsurfeequency inertial
accelerations down to DC. This last property has proved tospeaally important
through the course of accelerometer selection since tha area of usage for ac-
celerometers is the sensing and measurement of shock amadieband accelerom-
eters designed for this purpose excel at high frequency dmgblitude accelerations
while being incapable of measuring low frequency accealematontent and therefore
should be avoided.

Measured linear acceleration signals are received by thletiree computer from
the analog input channels of the NI data acquisition cardadiedt the conversion to
angular accelerations is done as described in Chapter 2| setubf three angular
accelerations are obtained for the stabilized platformesehsignals are used as the

angular acceleration feedback for the control of both a#inamd elevation axes.

4.1.7 Data Acquisition Hardware: Serial Interface Card

This card is one of the two data acquisition cards used ongdhletime computer to
establish the interface between the computer and the actisa@nsors. It is a custom
electronic card designed and manufactured in ASELSAN whaa programmable
FPGA chip on board that can be programmed to accomplishustasks. In our
experimental setup, the duty of this card is to establishecommunication of real
time computer with the encoders and gyros, reading the lsigrening from these

SEensors.

4.1.8 Data Acquisition Hardware: Digital/Analog I/O Card

The second data acquisition card being used is Nationalumsints’ 6031E data
acquisition card. This card has 64 single-ended or 82mdintial 16 bit analog inputs,
2 16 bit analog outputs and 8 programmable digit@'d. In our application 12 of
these diferential analog inputs are used to read signals from 12 exareéters to the

real-time computer and the two analog outputs are used &r ¢odsend the control
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torque reference signals from the real-time computer tortbtor drivers.

4.1.9 Real Time Control and Monitoring Hardware and Software

A PC with E8400 dual core 3 Ghz processor and 2 GB RAM, runnirdguii-
crosoft Windows XP operation system is used as both thetirealcontrol computer
and signal monitoring computer thanks to Real Time Windowsg&iatoolbox of
MatlalySimulink software, making it possible to create a kerneléal time applica-
tions on a windows based system and enabling the user toandmé controller and
signals using this same computer. Matiimulink version 2009B with Real Time

Workshop and Real Time Windows Target toolboxes is used fsipilrpose.

The controller is implemented in Simulink environment. Tdomtroller model runs
in real-time with two diferent sampling rates of 1 kHz and 5 kHz foffdrent parts
of the model. Direct access to the controller model for patamchanging and signal
monitoring is possible in RTWT environment. This capabiétyables rapid develop-

ment and tuning of dierent controllers in a relatively short amount of time.

4.1.10 Mechanical Interface Parts

Inertial sensors and related electronic cards are requirdd mounted on gimbal
elevation axis in order to measure angular velocities andlacations of the platform.
Therefore mechanical parts are designed for the mountitigese sensors and cards
onto the platform. These parts have to be carefully desigmeldnanufactured with
tight tolerances since the relative position and orieatabf these sensors are very
important in order to get correct measurements. Theredoremputer aided drawing
software, NX Ldeas, is used for the design environment. In Figure 4.3, ithea
platform is shown from two dilerent points of view. In this drawing, the small cyan
rectangles can be identified as the accelerometers, whierbttangles are the gyros,
the dark green platform is the Aerotech gimbal itself and ywbkow parts are the

designed mounting parts.
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Figure 4.3: Computer Aided Drawing Model of the Gimbal Assgmb

41.11 6-DOF Motion Simulator Platform

In order to carry out the stabilization tests a controllatis#urbance has to be given
to the base of the gimbal. For this purpose, a 6-DOF motiowlsitor, also called as
a Stewart platform, is used. This 6-DOF platform, which cko &e seen in Figure
4.4, is able to simulate any motion of a platform within itsjion, speed and accel-
eration limits. Motion is created by six linear actuatorvein with electric motors,
which are all connected to a real-time motion control coraputhich calculates the
required motion of individual actuators in order to cre&edesired platform motion.
Therefore the user of the motion simulator only defines théangrofile to be cre-
ated as a combination of three translational and threei@otdtmotions in platform

coordinate frame and the task is executed.

Below, some properties and limits of the motion simulatorver in Table 4.1. Note

that, only the yaw and pitch axis motions are made use of ireRperiments.
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Figure 4.4: 6-DOF Motion Simulator Used in the Experiments

4.2 Experimental Method and Procedure

The aim of the experimental work is to compare théedent control algorithms de-
signed and see how stabilization performances vary in tgsipdl setup with dter-

ent controllers under tferent disturbance levels. The disturbance level mentioned
here is the amount of angular motion of the base of the platfehile the perfor-
mance is identified as how good the controller can rejecttiugon at the stabilized
platform. How good the rejection is done is measured by logkit the angular devi-
ation of the platform position from the intended positionasered in the earth-fixed

inertial frame while the disturbance is being applied.
For this goal, all four controllers are implemented in thal4tame control computer.
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Table 4.1: Table showing some properties and limits of tfi®ddF motion simulator
used throughout the experiments

Platform height (contracted); 1.15m

Platform base diameter: 2.4m

Actuator course: 500mm

Power consumption (averr 8kW

age):

MOTION LIMITS

Motion Position Velocity Acceleration
Surge -0.460.36m | +0.60ms | +7.0 M's?
Sway +0.37m +0.60ms | £7.0 ms?
Heave -0.300.35m | +0.56ms | +7.0 M's?
Roll +19° +30%s +1409s?
Pitch +19° +30%s +1409?
Yaw +21° +30%s +1409s°

Note that the adjustment required for the controller gaihgenthe simulation model
controllers are implemented in the real system are verylsaiath is another mea-
sure of how good the simulation model is. Fiveteient disturbance profiles are
applied to the base of the platform which is rigidly fixed otite 6-DOF motion sim-
ulator. Since there are two uncoupled axes on the gimbalditferent disturbances
are applied, one for each of them; yaw disturbance for thawath axis and pitch dis-
turbance for the elevation axis. While giving both disturtesiand stabilizing both
axes at the same time is possible, each axis is tested sapaoatbtain more reliable

and accurate results.

The five diferent disturbance profiles are given in Table 3.1 of Sectiobn/s one can
see, they are sinusoidal disturbance profiles with knowquieacies and amplitudes.
The range of disturbance frequencies begins from 0.5 Hz aad gp to 10 Hz. With
increasing frequencies the amplitude of the sine wave dsese The main reason for
this is the capabilities of the 6-DOF motion simulator usesithe frequency increase,

the maximum amplitude of motion the simulator can createirdshes greatly. In
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fact, the amplitudes of the five sinusoidal disturbance lg®fihat are going to be

applied are dictated by the limits of the motion simulator.

The two disturbances that will be applied to the base of tla¢fqrim are the two
rotation disturbances mentioned above, the ones in yaw #cid gxes. Note that
although the direction of a yaw motion for example, is knotine, center of rotation
for a rotational motion is also important. In our experingrhe rotational motions
of the simulator are centered as close to the center of ootati the corresponding
axis of the gimbal as possible. This is done so that no traosk motion is in-
duced. Translational accelerations and deceleratiorigeqgilatform will surely cause
any unbalance of the mechanical system create a net torgbetbraxes, therefore
adding another disturbance source. By intersecting theecehtotation of both the
gimbal and the disturbance, we are able to isolate the gifinbiad such &ects as
much as possible. In spite of thes#oets, it will be seen in elevation axis tests that
a small translational motion still exists in this axis. Hawethe éfect of this dis-
turbance is not totally unwanted because as explainedil@eastitutes the very low
friction torque disturbance for this axis that wouldn't ettvise be sfiicient to test

the disturbance rejection performance on this axis.

Before the start of any experiment, the analog sensors aréorexhand any fisets

in the signals are corrected. Thed&sets can be caused by temperature changes or
even slight movements of the sensors even though they adéy/rigounted. Again,
before any experiment is conducted, the mechanical padgrenmounting of the
sensors are checked to avoid having loose connectionsahadfect the mechanical
plant characteristics and therefore the overall experiai@esults. Finally, power
supplies, electronics and cabling is checked to make syréatts or misconnection

are avoided.

At the beginning of each test run, the gimbal platform is Igi@uto its zero angular
position and stabilized there. Then, the motion simulaga@rngaged and disturbance
is given. While being stabilized under thfext of the base disturbance, angular ve-
locity readings from the gyroscopes mounted on the st&iljzlatform are logged
for a long enough time period. After the experiment is conedcthe logged data

is analyzed and results are calculated. The integral oflangalocity data collected
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from gyros gives the deviation of the gimbal from its zeroipos under the given
disturbance as a function of time. To come up with a numbdrréféects the sta-
bilization performance, standard deviation of this timéadaver a 30 second period
of time is taken for all experiments. This final value is dexbas the stabilization
performance. Note that in a perfectly stabilized platfohm ¢yroscopes should read
zero since the angular position of the platform relativeddlefixed inertial frame is
kept perfectly unchanged. However, since a perfect stalbitin is not possible there
always is some deviation and the amount of this deviatiomieasure how good the

platform is being stabilized, smaller the error better ttaddization performance.

Experiment runs are performed separately for the folloviimg axes of the gimbal,

e Azimuth axis,

e Elevation axis.

Four diferent controllers designed in the previous chapters aredteShese dierent
controllers can be listed as follows;

The standard controller,

Controller utilizing the disturbance observer method,

Controller utilizing the inner acceleration loop method,

Controller utilizing the state derivative feedback LQR nueth

And these four controllers are tested under fivéedent sinusoidal disturbance pro-
files covering a frequency range starting form 0.5 Hz andrepdit 10 Hz. The
amplitudes slightly dter for each axis and can be listed as follows;
For the azimuth axis;

e Frequency of 0.5Hz, peak-to-peak amplitude of 20°,

e Frequency of 1Hz, peak-to-peak amplitude of 9.5°,

e Frequency of 2Hz, peak-to-peak amplitude of 4°,
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e Frequency of 5Hz, peak-to-peak amplitude of 0.65°,

e Frequency of 10Hz, peak-to-peak amplitude of 0.08°.
For the elevation axis;

e Frequency of 0.5Hz, peak-to-peak amplitude of 17°,
e Frequency of 1Hz, peak-to-peak amplitude of 8°,

e Frequency of 2Hz, peak-to-peak amplitude of 3.5°,
e Frequency of 5Hz, peak-to-peak amplitude of 0.6°,

e Frequency of 10Hz, peak-to-peak amplitude of 0.1°.

When all possible combinations are taken into considerdtisrevident that 40 dif-
ferent experimental runs are needed in total. In the folhgnsection, the results of
these 40 experiments will be presented.

4.3 Experimental Results

4.3.1 Azimuth Axis Tests

Four diferent controllers designed and tuned for the azimuth axidested under
5 different disturbances. In azimuth axis, the friction torquessed by the relative
motion of the base and gimbal are the main disturbance tergphese &ects are to

be rejected by the controller for good performance. In agesd with various works

and publications about the topic and simulation resultsgmged in this report, all

three methods utilizing acceleration feedback in contvopk shoved improved per-
formances when compared with the standard controller. Antbe three controllers
making use of acceleration feedback, state derivativebi@gddLQR has the overall
best performance, slightly better than the controller witker acceleration loop. The
disturbance observer method results in the worst perfocmahthis three although
still performing much better than the standard controRarformance improvements
can be seen clearly from the resulting stabilization ertotspgiven under each ex-
periment’s title.
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4.3.1.1 The Standard Controller

The standard controller results in the biggest stabiliregirrors of all four controllers.

This is only expected because the standard controller dutesake use of the accel-
eration feedback as the other controllers do. Howeverjmj®rtant to note that even
the stabilization accuracies achieved with this contrale quite impressive thanks
to the superior mechanical properties of the gimbal platfand high quality sensors
and actuators used.

When the plots for stabilization error are examined, it iatieély easy to spot points
where stabilization error suddenly increases. These arpdmts where the distur-
bance from the motion simulator changes direction, causicizange in the direction
of the friction torque as a result. This sudden change ottor causes a momentary
big position error since it takes some time for the contrditereact to this sudden
change in disturbance. Later, the controller closes thisr end keeps it near zero
until a new change in disturbance direction is experienEedhigher frequency dis-
turbances, the controller may not be able to bring the elwamdo zero before a new
change in disturbance is experienced, which is also theigdke following plots for
high frequency disturbances. At these high frequencies;aitroller can only reject

some portion of the disturbance and lower the amount of iposgtrror.

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.046 mrad. In the

following Figure 4.5, a 5-second stabilization error plgiven.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.062 mrad. In the

following Figure 4.6, a 5-second stabilization error pegiven.

Frequency 2 Hz, Amplitude 4°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.073 mrad. In the

following Figure 4.7, a 5-second stabilization error plgiven.

129



Standard Controller, Azimuth Axis Stabilization Test, Disturbance Profile 1
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Figure 4.5: Azimuth Axis, Standard Controller, freq. 0.5 ldmp. 20°

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.059 mrad. In the
following Figure 4.8, a 5-second stabilization error pegiven.

Frequency 10 Hz, Amplitude 0.08°; Standard deviation of a 30-second stabiliza-
tion error data obtained by integrating the angular vejosignal is 0.049 mrad. In
the following Figure 4.9, a 5-second stabilization erratjp$ given.
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Figure 4.6: Azimuth Axis, Standard Controller, freq. 1 Hz,@ar.5°

Standard Controller, Azimuth Axis Stabilization Test, Disturbance Profile 3
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Figure 4.7: Azimuth Axis, Standard Controller, freq. 2 Hz,@mam°
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Figure 4.8: Azimuth Axis, Standard Controller, freq. 5 Hz,@ar.65°
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Figure 4.9: Azimuth Axis, Standard Controller, freq. 10 Hanym 0.08°
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4.3.1.2 Controller with Load Torque Estimator

The controller with load torque estimator is good at impngvstabilization perfor-
mance as it is expected. An overall decrease in errors fdregjlencies is evident
from figures. However, once again note that the filtering ¢€udated disturbance
signal to remove the noise content limits the performandisfmethod. Better per-
formances can be achieved with higher filter bandwidths,dvewwthis is possible at

the cost of increased noise amplification and vibration efptatform.

In Figure 4.10 below, disturbance torque predicted anddesldrd by the disturbance
observer is given as a function of time together with theibtation error signal for
a 0.5 Hz disturbance profile. When compared with the frictibst pelonging to
azimuth axis of the gimbal given in Figure 3.4 of Section 3.1, one can see that
disturbance observer can predict the disturbance value gacurately, only with a

delay which is the result of the filter used.

X107 Load Torque Estimator Output vs. Stabilization Error
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Figure 4.10: Disturbance Torque Predicted by the Load ®Egtimator of Azimuth
AXis

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.021 mrad. In the

following Figure 4.11, a 5-second stabilization error péogiven.
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Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 1
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Figure 4.11: Azimuth Axis, Controller with Load Torque Esétuar, freq. 0.5 Hz,
amp. 20°

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.027 mrad. In the

following Figure 4.12, a 5-second stabilization error psogiven.

Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 2
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Figure 4.12: Azimuth Axis, Controller with Load Torque Esétar, freq. 1 Hz, amp.
9.5°

Frequency 2 Hz, Amplitude 4°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.035 mrad. In the

following Figure 4.13, a 5-second stabilization error pgogiven.
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Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 3
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Figure 4.13: Azimuth Axis, Controller with Load Torque Estétar, freq. 2 Hz, amp.

4°

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.035 mrad. In the

following Figure 4.14, a 5-second stabilization error psogiven.
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Figure 4.14: Azimuth Axis, Controller with Load Torque Estétar, freq. 5 Hz, amp.

0.65°

Frequency 10 Hz, Amplitude 0.08°; Standard deviation of a 30-second stabiliza-

tion error data obtained by integrating the angular vejosignal is 0.038 mrad. In
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the following Figure 4.15, a 5-second stabilization errot s given.

Controller with Load Torque Estimator, Azimuth Axis Stabilization Test, Disturbance Profile 5
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Figure 4.15: Azimuth Axis, Controller with Load Torque Estitar, freq. 10 Hz,
amp. 0.08°

4.3.1.3 Controller with Inner Acceleration Loop

Controller with inner acceleration loop shows greatly inya performance when
compared with the previous two results. It can be seen frofivalplots below that
stabilization errors are reduced drastically. Error pestaurring at disturbance di-
rection changing points aréfectively minimized. As already mentioned in previous
chapters, this improvement is the result of the faster iaceeleration loop detecting
the acceleration error and trying to close it before the lacagon error accumulates

and velocity loops can react to this accumulated error.

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.017 mrad. In the

following Figure 4.16, a 5-second stabilization error psogiven.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.023 mrad. In the

following Figure 4.17, a 5-second stabilization error pgogiven.
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Controller with Inner Acc. Loop, Azimuth Axis Stabilization Test, Disturbance Profile 1
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Figure 4.16: Azimuth Axis, Controller with Inner Acc. Loopefy. 0.5 Hz, amp. 20°

Controller with Inner Acc. Loop, Azimuth Axis Stabilization Test, Disturbance Profile 2
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Figure 4.17: Azimuth Axis, Controller with Inner Acc. Loopefy. 1 Hz, amp. 9.5°

Frequency 2 Hz, Amplitude 4°;

Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.025 mrad. In the

following Figure 4.18, a 5-second stabilization error pgogiven.

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.026 mrad. In the
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Figure 4.18: Azimuth Axis, Controller with Inner Acc. Loopefy. 2 Hz, amp. 4°

following Figure 4.19, a 5-second stabilization error psogiven.
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Figure 4.19: Azimuth Axis, Controller with Inner Acc. Loopefy. 5 Hz, amp. 0.65°

Frequency 10 Hz, Amplitude 0.08°; Standard deviation of a 30-second stabiliza-
tion error data obtained by integrating the angular vejosignal is 0.027 mrad. In
the following Figure 4.20, a 5-second stabilization errot 5 given.
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Figure 4.20: Azimuth Axis, Controller with Inner Acc. Loopef];. 10 Hz, amp.
0.08°

4.3.1.4 State Derivative Feedback LQR Controller

State derivative feedback LQR shows the best performaned édur controllers.
This can be seen from both the time plots of stabilizationreand from the standard
deviation numbers obtained. Error peaks resulting frormgbaf direction of applied
disturbance are almost unnoticeable in the time plots. Mewieis important to note
that this controller results in slightly higher noise andration when compared to the

other controllers, which can also be seen from the time fpleksw.

Frequency 0.5 Hz, Amplitude 20°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.019 mrad. In the

following Figure 4.21, a 5-second stabilization error pgogiven.

Frequency 1 Hz, Amplitude 9.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.019 mrad. In the
following Figure 4.22, a 5-second stabilization error psogiven.
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Figure 4.21: Azimuth Axis, State Derivative Feedback LQRqfr0.5 Hz, amp. 20°

Frequency 2 Hz, Amplitude 4°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.020 mrad. In the

following Figure 4.23, a 5-second stabilization error psogiven.

Frequency 5 Hz, Amplitude 0.65°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.017 mrad. In the
following Figure 4.24, a 5-second stabilization error pgogiven.

Frequency 10 Hz, Amplitude 0.08°; Standard deviation of a 30-second stabiliza-
tion error data obtained by integrating the angular vejosignal is 0.017 mrad. In
the following Figure 4.25, a 5-second stabilization errot s given.
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Figure 4.22: Azimuth Axis, State Derivative Feedback LQRgfrl Hz, amp. 9.5°
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Figure 4.23: Azimuth Axis, State Derivative Feedback LQRqfr2 Hz, amp. 4°
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Figure 4.24: Azimuth Axis, State Derivative Feedback LQRqfr5 Hz, amp. 0.65°
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Figure 4.25: Azimuth Axis, State Derivative Feedback LQRgfr10 Hz, amp. 0.08°

142



4.3.2 Elevation Axis Tests

Once again four dierent controllers this time designed and tuned for the &tava
axis are tested under fiveffirent disturbances. However, since friction value for
elevation axis is extremely low (less than 10% of the alrelasy friction toruge

of the azimuth axis), thefiect of friction as a source of disturbance is insignificant.
However, stabilization error plots show that another disince, this time a sinusoidal
torque acts on elevation axis and causes errors. The solutitis disturbance is the
small translational accelerations in surge axis given ¢ddidise of the platform while
the pitch motion is simulated. Thidfect is due to center of rotation of the platform
motion not being exactly coincident with the center of riatatof gimbal elevation
axis. This accelerations in turn result in a net torque gatimelevation axis since the
COG of this axis is located above the center of rotation, nmggiiiat accelerations in
surge direction will result in dynamic unbalance torquest & the case in following

experiments.

In agreement with the previous results, all three methoitiging acceleration feed-
back in control loops showed improved performances wherpeoed to the standard
controller. Again, among the three controllers making usacceleration feedback,
state derivative feedback LQR has the overall best perfocenaslightly better than
the controller with inner acceleration loop. The disturtEobserver method results
in the poorest performance of these three although stifbp@ing much better than
the standard controller. Performance improvements caed&e dearly from the re-
sulting stabilization error plots and standard deviatigurés given under each ex-

periment’s title.

4.3.2.1 The Standard Controller

The standard controller results in the biggest stabilregirrors of all four controllers
as expected. This is only expected because the standardleEmdoes not make use
of acceleration feedback as the other controllers do. Hewévis important to note
that even the stabilization accuracies obtained with thigroller are quite impressive

thanks to the superior mechanical properties of the gimlagiiqm and high quality
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sensors and actuators used.

Different from the azimuth stabilization error plots, when tlogfor elevation axis

are examined, sinusoidal variations in the error are searasult of the sinusoidal
surge disturbance which is discussed above. Frequencyesé thariations are the
same as the disturbance frequency of the test. Note thatiaostfal change in dis-

turbance torque is extremely hard to totally reject due gacd@ntinuously changing

nature.

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.045 mrad. In the

following Figure 4.26, a 5-second stabilization error psogiven.

Standard Controller, Elevation Axis Stabilization Test, Disturbance Profile 1

Stabilization Error

Stabilization Error [deg]

Time.[sec]

Figure 4.26: Elevation Axis, Standard Controller, freq. B4 amp. 17°

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.050 mrad. In the

following Figure 4.27, a 5-second stabilization error psogiven.

Frequency 2 Hz, Amplitude 3.5°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.064 mrad. In the
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Figure 4.27: Elevation Axis, Standard Controller, freq. 1 binp. 8°

following Figure 4.28, a 5-second stabilization error psogiven.
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Figure 4.28: Elevation Axis, Standard Controller, freq. 2 Binp. 3.5°

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.045 mrad. In the

following Figure 4.29, a 5-second stabilization error psogiven.
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Figure 4.29: Elevation Axis, Standard Controller, freq. 5 Binp. 0.6°

Frequency 10 Hz, Amplitude 0.1°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.041 mrad. In the

following Figure 4.30, a 5-second stabilization error psogiven.
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Figure 4.30: Elevation Axis, Standard Controller, freq. 1) Bimp. 0.1°

146



4.3.2.2 Controller with Load Torque Estimator

The controller with load torque estimator is good at impngvstabilization perfor-
mance just as it did in azimuth axis. An overall decreaserorgffor all frequencies is
evident from figures presented. However, as stated edheefjltering of calculated
disturbance signal to remove noise limits the performaritiei® method. Better per-
formances can be achieved with higher filter bandwidths,dvewwthis is possible at

the cost of increased noise amplification and induced vdmatof the platform.

In the Figure 4.31 below, disturbance torque predicted addfdrward by the dis-

turbance observer is given as a function of time togethdn thi¢ stabilization error

signal for a 0.5 Hz disturbance profile. One can see thatrhishce observer can
predict the disturbance value quite accurately when thessidal disturbance torque
acting on the elevation axis as a result of translationatlacations is considered. A
delay in the signal is possible though, which is the resutheffilter used.

Load Torque Estimator Output vs. Stabilization Error
I I I I

T
—— Stabilization Exror [deg]
——— Load Torque Estimator Output Torque [motor torque normalized o 0.1

o

il \ \‘im‘”

Ll (L M\

8
2 00021~
)
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M“‘ ¥ "y'\ ‘,' it H i M | M‘Jh }“ H‘ M” i \‘ x\‘l‘n "W v /» i \‘l‘\"l M
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Figure 4.31: Disturbance Torque Predicted by the Load T®Egtimator of Elevation
AXis

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.034 mrad. In the
following Figure 4.32, a 5-second stabilization error psogiven.
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Figure 4.32: Elevation Axis, Controller with Load Torque igsdtor, freq. 0.5 Hz,
amp. 17°

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.039 mrad. In the

following Figure 4.33, a 5-second stabilization error psogiven.
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Figure 4.33: Elevation Axis, Controller with Load TorqueiBsitor, freq. 1 Hz, amp.
80

Frequency 2 Hz, Amplitude 3.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.043 mrad. In the

following Figure 4.34, a 5-second stabilization error psogiven.

148



Controller with Load Torque Estimator, Elevation Axis Stabilization Test, Disturbance Profile 3

T T T T T
Stabilization Error

0.01

0.008

0.006

0.004

0.002

|
o
o
o
o

Stabilization Error [deg]
o

—0.004

—0.006

—0.008

I I I I I
0.5 1 1.5 2 25
Time [sec]

3.5 4 4.5 5

W

-0.01
0

Figure 4.34: Elevation Axis, Controller with Load Torque iEsdtor, freq. 2 Hz, amp.
3.5°

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.037 mrad. In the

following Figure 4.35, a 5-second stabilization error psogiven.
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Figure 4.35: Elevation Axis, Controller with Load TorqueiBsdtor, freq. 5 Hz, amp.
0.6°

Frequency 10 Hz, Amplitude 0.1°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.025 mrad. In the
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following Figure 4.36, a 5-second stabilization error pgogiven.

Controller with Load Torque Estimator, Elevation Axis Stabilization Test, Disturbance Profile 5
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Figure 4.36: Elevation Axis, Controller with Load Torque igsdtor, freq. 10 Hz,
amp. 0.1°

4.3.2.3 Controller with Inner Acceleration Loop

Controller with inner acceleration loop shows greatly inya performance when
compared to the previous two results. It can be seen fromvalldiots below that
stabilization errors are reduced drastically. Amplitudéhe sinusoidal variations in
the error signal is fectively reduced. Note that the amount of noise is also lower
when compared to the last two controllers as an additionafite As already men-
tioned, this improvement is the result of the faster inneeéaration loop detecting
the acceleration error and trying to close it before the lacagon error accumulates

and velocity loops can react to this accumulated error.

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.016 mrad. In the

following Figure 4.37, a 5-second stabilization error pgogiven.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization

error data obtained by integrating the angular velocityaigs 0.021 mrad. In the
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Figure 4.37: Elevation Axis, Controller with Inner Acc. Ladpeq. 0.5 Hz, amp. 17°

following Figure 4.38, a 5-second stabilization error pgogiven.
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Figure 4.38: Elevation Axis, Controller with Inner Acc. Ladpeq. 1 Hz, amp. 8°

Frequency 2 Hz, Amplitude 3.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.025 mrad. In the

following Figure 4.39, a 5-second stabilization error psogiven.
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Figure 4.39: Elevation Axis, Controller with Inner Acc. Ladpeq. 2 Hz, amp. 3.5°

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.023 mrad. In the

following Figure 4.40, a 5-second stabilization error psogiven.
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Figure 4.40: Elevation Axis, Controller with Inner Acc. Ladpeq. 5 Hz, amp. 0.6°

Frequency 10 Hz, Amplitude 0.1°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.018 mrad. In the

following Figure 4.41, a 5-second stabilization error psogiven.
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Figure 4.41: Elevation Axis, Controller with Inner Acc. Ladpeq. 10 Hz, amp. 0.1°

4.3.2.4 State Derivative Feedback LQR Controller

Again, state derivative feedback LQR shows the best pedoo® of all controllers.
Time plots of stabilization error and standard deviatiombers obtained shows this
clearly. The noise levels are somehow bigger when comparbe inner acceleration

loop method however still much better than the standardrobheit

Frequency 0.5 Hz, Amplitude 17°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.017 mrad. In the

following Figure 4.42, a 5-second stabilization error psogiven.

Frequency 1 Hz, Amplitude 8°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.016 mrad. In the
following Figure 4.43, a 5-second stabilization error pgogiven.

Frequency 2 Hz, Amplitude 3.5°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.021 mrad. In the

following Figure 4.44, a 5-second stabilization error pgogiven.
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Figure 4.42: Elevation Axis, State Derivative Feedback L&j. 0.5 Hz, amp. 17°

Frequency 5 Hz, Amplitude 0.6°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.017 mrad. In the

following Figure 4.45, a 5-second stabilization error psogiven.

Frequency 10 Hz, Amplitude 0.1°; Standard deviation of a 30-second stabilization
error data obtained by integrating the angular velocityaigs 0.017 mrad. In the
following Figure 4.46, a 5-second stabilization error pgogiven.
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Figure 4.43: Elevation Axis, State Derivative Feedback L&y. 1 Hz, amp. 8°
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Figure 4.44: Elevation Axis, State Derivative Feedback L®&j. 2 Hz, amp. 3.5°
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Figure 4.45: Elevation Axis, State Derivative Feedback L&j. 5 Hz, amp. 0.6°
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Figure 4.46: Elevation Axis, State Derivative Feedback L&jy. 10 Hz, amp. 0.1°
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4.4 Conclusion

Below Table 4.2 summarizes obtained experimental results.

Table 4.2: Table showing the standard deviation stabitinagrrors achieved with all
four controllers for both axes underfidirent disturbances

AZIMUTH AXIS 05Hz | 1Hz 2Hz S Hz 10 Hz

Controller 1 46urad | 62urad | 73urad | 59urad | 49urad
Controller 2 21urad | 27urad | 35urad | 35urad | 38urad
Controller 3 17urad | 23urad | 25urad | 26purad | 27 urad
Controller 4 19urad | 19urad | 20urad | 17urad | 17 urad

ELEVATION AXIS | 0.5Hz | 1Hz 2 Hz S5 Hz 10 Hz

Controller 1 45urad | S50urad | 64urad | 45urad | 41urad
Controller 2 34urad | 39urad | 43urad | 37urad | 25urad
Controller 3 l6urad | 21lurad | 25urad | 23urad | 18urad
Controller 4 17urad | 16urad | 21lurad | 17urad | 17 urad

Looking at Table 4.2 and comparing it to the Table 3.2 of satiah test results,

following additional observations can be made;

e Improvement due to the use of acceleration feedback in expatal tests is
even more remarkable; fifty to seventy percent reductionahikzation errors
compared to the standard controller is achieved. Againrtheriacceleration
loop controller and the state derivative feedback LQR perfthe best, fol-

lowed by the load torque estimator.

e Experimental results obtained in the tests are very muchiasito the results
obtained in simulation runs in azimuth axis tests. On theiottand, some

discrepancy exists in elevation axis tests which origmétam undesired linear
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accelerations given to the gimbal in experimental testaceésthe assumption
that COG and center of rotation is coincident is not compyetalid, this linear
accelerations cause disturbance torques on the gimbatigeaxis that are not
modeled in the simulation. The final result shows itself aghar stabilization

errors in elevation axis in experimental tests.

Contrary to the simulation results, higher frequency disinces do not nec-
essarily cause higher stabilization errors in experindass. It is considered
to be due to stiction in the joints being fullyfective when the disturbance
frequencies are low and at higher frequencies the stictiempmenon not hap-
pening fully, resulting in a smoother transition of distanige torque from one

direction to the other and lower stabilization errors besegn.
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CHAPTER 5

DISCUSSION, CONCLUSION AND FUTURE WORK

The objective of this thesis has been stated as to applyaelisturbance rejection
algorithms which utilizes acceleration feedback to théfptan stabilization problem

in order to improve the overall stabilization performan@éhile this objective is be-
ing reached, severalftierent problems have been tackled. This final chapter inslude
a discussion of these several problems that are addregsedtiout the studies and
tries to come to a conclusion. Possible future work thatdowlt be covered in the

scope of this thesis work is also presented in a separatersect

5.1 Discussion and Conclusion

As discussed in Chapter 1, stabilization can be considerexhea®f the two main
tasks in the more general problem of servo control of a staoilplatform, the other
being the positioning and tracking. For satisfactory penfance of the whole sys-
tem, both tasks should be executed successfully. Thissthesik focuses on the
task of stabilization and disturbance rejection, leavirggroblem of positioning and
tracking for later studies.

It is also stated in the same chapter that the main emphdsisann the smaller and
more agile platforms for the reason that methods developgalts in very dynamic
and high bandwidth controllers mainly realizable on thestesns. Although meth-
ods developed should be applicable to bigger systems, tlagycause saturation of
the actuators and excessive loading in transmission andtstal elements of these

bigger platforms.
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The platform that is going to be used in the experimentalsatd therefore all work
done is based on, is a 2-DOF gimbal platform with controtazimuth and ele-
vation axes. A detailed description of this 2-DOF gimbalieg in Section 4.1.1.
One of the most important characteristics of this gimbatfpien from servo control
point of view is that both axes are driven with direct-drivetors with no transmis-
sion elements. Direct-drive systems have several advesitatd therefore are widely
used for such small and high performance applications. Aytbese advantages
the absence of backlash and very high torsionéingss between the motor and the
driven load, and low friction, highfciency characteristics achieved by the removal
of transmission elements such as gearboxes can be combsatetiee most important.
However, one drawback of such systems is that external Sanoé torques on the
system result in bigger disturbances since removal of tlaebgs also removes the
resistance it provides against these disturbances. Asuft,rdsturbance rejection

algorithms become more important for direct-drive systems

Disturbance rejection algorithms discussed in this thesik belong to the important
class of algorithms that utilize angular acceleration bt in addition to the already
available measurements of angular velocity or positionvittasaid that, the first
problem that needs to be addressed becomes the constrifcidigh quality angular
acceleration signal. In Section 2.1, it is explained thabagndiferent methods such
as using angular accelerometers dfedientiating the angular velocity signal, use of
linear accelerometers for constructing the angular acaba information is the best

one when both performance and availability aspects are take account.

Section one of Chapter two deals with the details of anguleglacation calculation
from linear accelerometer measurements. It is shown thatxXial accelerometers
placed as described in this section isfigient for identifying the angular accelera-
tions in all three directions. In fact, the array of lineacelerometers can be packed
as a single sensor unit and mounted on any platform of whielatigular accelera-
tion vector is to be measured. One point that is of importavtuée putting together
such a unit is that, the spacing between the accelerometfing dhe range of angular
accelerations that can be measured and the amount of ndset.olVhile closely
placed accelerometers will result in a higher measurenasge, sensors placed far

apart will give a smaller amount of output noise. Howevee should note that linear
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accelerations measured by any of these linear accelersstteuld not hit the max-
imum range the accelerometer can measure, otherwise wrayngaa acceleration
values will be calculated. Therefore, selection of thedineccelerometers and their
placement on the system should be done so that saturati@nsbis does no occur

in operation.

An important assumption is done while angular acceleratfcdhe platform is being
calculated from linear accelerometer measurements; ggaraed that the body on
which accelerometers are mounted is a rigid body, which iggomg to hold true if
the sensors are mounted on parts that can move relativeliam#ser or a single body
that is not rigid enough and deflect under working loads antions. Both conditions

should be avoided for correct calculation of angular aceslens.

Once the angular acceleration signals are obtained, bgtiianvelocities and angu-
lar accelerations of the platform are available for use imti@d algorithm. It is known

that these signals can be obtained from one anotherftgrelntiation and integration
and measurement of both signals may seem redundant. Howawdies also shows

that this is not the case.

As it is the case with almost all control applications, batkdback signals are con-
taminated with noise and need filtering. At this point, iasteof applying sepa-
rate low-pass filters to these feedback signals, both sgaral combined in a single
Kalman filter. Section 3.2 starts with the inspection of diyi conditions for Kalman
filter optimality for the application at hand and later contes with the implemen-
tation of the filter. It is shown that with the additional messment of acceleration
signal, a great improvement in both velocity and accelenateedback quality is
achieved when compared with the velocity-only measurernasé. The improve-
ment in acceleration signal is intuitive since with direa@asurement of the acceler-
ation, delays originating from heavy filtering of the othesgobtained signal from
the diferentiation of velocity are discarded. However, experitsshow that the re-
sulting velocity signal also gets better with usage of aaegion measurement, in
the sense that noise on the velocity signal can be reducatlygvath this additional

information, making further filtering unnecessary.

In Section 2.2, a full mathematical model of the 2-DOF gimisatlerived starting
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from the three dimensional Newton-Euler equations. Thisiteel model includes
all possible disturbance terms, unbalanffe@s and inertial terms that develop as a
result of relative motions of the two gimbal axes. Howeverchsa detailed model
results in very complex equations of motion and thereforedeeto be simplified
in order to be suitable for usage in controller design phdserefore, Section 2.2
continues with this simplification process and it is showat tlecognizing the 2-DOF
gimbal platform as two separate uncoupled axes is posdibter work on controller

design is based on this simplified model.

Based on this simplified model, threeffdrent controllers that utilize acceleration
feedback are designed. First one of these controllersttriesprove the stabilization
accuracy by making use of a load torque estimator, which Neggon’s second law
of motion to calculate the disturbance torque on the systemn facceleration and
motor torque signals. Calculated disturbance torque ischttlthe torque command

in order to compensate for the actual disturbance torques.

A second method relies on improved disturbance rejecti@ratteristics achieved
with a fast inner acceleration loop inside the present wsidoop. Effects of any

disturbance torque is first sensed in the acceleration Idigrfiare any significant ve-
locity error can build up and velocity controller can respaa it. A fast acceleration

loop therefore can respond faster and reduce stabilizatians.

Finally, a last method is proposed which is similar to theoselomethod but this time
acceleration is used in a state feedback structure. To be precise, an optimal
controller which is very much similar to the LQR is formuldteThis new optimal
controller, called as the state derivative feedback LQRs tleeacceleration, velocity,
and position feedbacks in order to produce the optimal odlatroutput that will

stabilize the platform.

All three controllers are compared with a standard corgrahat uses angular veloc-
ity feedback only. Comparisons are done on both simulatiodetand experimental
setup. Simulation model of the setup is created using M@&latulink software,
making use of SimMechanics blockset for modeling the platssgstem. Both in
the simulation model and experimental setup yaw and pitctiom® are given to the
base of the gimbal which is mounted on the 6-DOF motion sitoukand the gimbal
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is stabilized under these disturbances. This is done fonuath and elevation axes
separately and the amount of angular deviation from thended position, which is

defined as the stabilization error, is recorded as a functisime for all tests.

In tests done, the main source of disturbance is the fridboques originating from
relative motion of gimbal axes in the course of stabilizatiblowever, the #ects of
unbalanced mass center is also recognized as an imporiacesof disturbance in
results obtained from elevation axis test done on the exygarial setup. Even though
a pure rotational disturbance around the center of rotasidred to be given by the
motion simulator, theféects of COG not being on the axis of rotation cannot be fully
negated. This is also the explanation for the somewhatHdatigerepancy between

simulation and experimental tests results obtained foel&eation axis.

In Section 3.1.4, “Friction to System Inertia Ratio” is defines an important index
related to the achievable stabilization performance foealmanical system. A lower
ratio means that the system will inherently perform bettestabilization applications,
independent from the controller used. This is indeed comfitfin tests, especially in
simulation tests where friction is the only source of disaurce. Elevation axis which
has a lower friction to inertia ratio performs much bettertithe azimuth axis for all

disturbance profiles.

Other than the already mentioned linear acceleratifeces in elevation axis tests,
simulation runs and experimental tests give comparabldtsgsespecially for fre-
guencies in the range of 1-5 Hz. This also confirms the validitthe simulation
model built. Higher and lower frequency tests show somevdnger diferences but
again even at these frequencieffatiences are not great and general trends in both
simulation and experimental tests are in agreement. 3sc8id and 4.3 gives details

of tests done on simulation model and experimental setspertively.

Assessment of performances of théelient controllers can be done by looking at the
results of these tests. To start with, it is important to rib& stabilization accuracies
obtained even with the standard controller are very goodgidening the heavy dis-
turbance profiles that are applied to the system. This isgligrtdue to the superior
mechanical design of the gimbal platform and high qualitysees used in the ap-

plication. However it should be noted that the improvemehieved in the velocity
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signal with sensor fusion, as discussed in Section 3.2&nasher factor improving

the stabilization performance of the base controller.

Improvements achieved by the usage of acceleration fekdiaacbe seen from both
simulation and experimental test results clearly. All ¢hreethods achieve some
improvement while the amount of improvement changes fronthoteto method.
Although better than the standard controller, the loaduergbserver method results
in the smallest of improvements. The reason for the limiedggmance is considered
to be the filtering required to remove the high noise contesailting from the direct

feed-forward of the estimated load torque.

Methods such as the inner acceleration loop and state teeivaedback LQR which
use the acceleration signal in a feedback structure proves better, achieving even
smaller errors. Among these two, state derivative feedh&2R results in better
stabilization accuracies in both azimuth and elevatiorsaxXdowever, this higher
accuracies comes with slightly reduced stability margivigch can be seen from the

open loop Bode plots given in Section 3.4.

Tests conducted on the experimental setup showed thaliziéibn accuracies bet-
ter than 2Qurad can be achieved with the last two methods. When similabgim
platforms that are being used in military applicationselisin Chapter 1 are investi-
gated, itis seen that a stabilization accuracy this higingtibe reached even with the
highest performance systems showing that acceleratiatb&s& methods used are

extremely successful.

In conclusion, it is shown that measurement and use of angateleration of a stabi-
lized platform greatly improves the stabilization perfamae once the system meets
certain specifications such as high structural rigiditypbaoklash or very low backlash
in the driveline, low noise and delay in sensor measurenetntsvhich are also key
requirements for designing high performance stabilizatfptms. Therefore, instead
of very high cost methods such as two-stage stabilizatiaiserof very sensitive nav-
igation grade sensing equipment, measurement and usagguwéaacceleration can
be utilized for achieving the highest grade stabilizatiequired for these extremely

demanding applications.
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5.2 Future Work

Use of linear accelerometers is advantageous for measiinengngular acceleration
of the platform for the reasons given in Section 2.1. Depasmdin the platform
and disturbance profiles the platform will be subjected &rtain problems can be

experienced with linear accelerometers used.

The most important of these problems is the sensor sataorptablem. Equations
starting from 2.44 through 2.46 gives the expressions fgukam accelerations of the
platform. Note that each angular acceleration term is tmensation of four linear
accelerations directly measured from linear accelerorseta case any of these ac-
celerometers are saturated, this will cause the angulatexetion calculation not to
be saturated but to be wrong. Furthermore, for platformé siscthe ones mounted
on land vehicles, very high linear accelerations may exighe system, causing one
or more sensors saturate. In order to avoid this, very higasorement range sen-
sors must be selected but high range sensors have the disagilwaf higher noise.
Therefore a net degradation in performance is inevitabfgdatforms where high lin-

ear accelerations are present.

In order to avoid these problems, the usage of angular acceéters should also be
investigated as a future work. These sensors use comphiitédyent technologies
for measuring angular accelerations and they are fiietted by linear accelerations,
making them suitable for use in environments described@blmstrumentation and
integration of such sensors should be done on the test pfatind similar test should
be repeated with these sensor. Performance assessmeaterdrel done by looking
at the results obtained and if satisfactory results aremddause of such sensors can

be considered a viable option, too.
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